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FOREWORD 

These proceedings represent the results of a 3 day workshop on 
the state of the practice of resilient modulus testing. The 
resilient modulus is one of the most important pavement material 
characterization properties. It is used in the mechanistic 
approach to pavement design and recognized by the 1986 American 
Association of State Highway and Transportation Officials, "Guide 
for Design of Pavement Structures." The test procedures for 
material analysis are relatively new to the State highway 
agencies and consequently needs further development. These 
proceedings provided information on current techniques, equipment 
and results. 

These proceedings will be of interest to engineers and techni
cians involved in pavement design and analysis of pavement 
materials. 

Sufficient copies of these proceedings are being distributed by 
Federal Highway Administration (FHWA) memorandum to provide one 
copy to each FHWA Region and Division offices and one copy to 
each State highway agency. Direct distribution is being made to 
the Division offices. Additional copies for the public are 
available from the National Technical Information Service (NTIS), 
5280 Port Royal Road, Springfield, Virginia, 22161. 

Stanley R. Byington, Director 
Office of Implementation 

NOTICE 

This document is disseminated under the sponsorship of the 
Department of Transportation in the interest of information 
exchange. The United States Government assumes no liability for 
the contents or the use thereof. 

The contents of these proceedings reflect the views of the 
authors, who are responsible for the facts and the accuracy of 
the data presented herein. The contents do not necessarily 
reflect the policy of the Department of Transportation. 

These proceedings do not constitute a standard, specification, or 
regulation. The United States Government does not endorse 
products or manufacturers. Trade or manufacturers' names appear 
herein only because they are considered essential to the 
objective of this document. 
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PREFACE 

The 1986 AASHTO Guide for the Design of Pavement Structures recommends 

that resilient modulus be used as the definitive property to characterize highway 

materials in the mechanistic approach to pavement design. In response to the 

AASHTO recommendations, the Oregon Department of Transportation sponsored this 

workshop on resilient modulus to address the needs of the pavement-engineering 

community. The workshop presented the first opportunity for pavement engineers to 

evaluate the resilient moduli of highway materials and to select equipment to measure 

resilient moduli appropriate to their laboratory needs. 

Workshop instructors provided participants with background information on the 

mechanistic approach to pavement design and test techniques and on systems used 

to evaluate resilient moduli. Equipment manufacturing representatives displayed and 

demonstrated their test systems and participated in a "round robin" test program that 

evaluated the resilient moduli of samples of pavement materials. The results of the 

evaluations were discussed and compared during the workshop. 

Through workshop presentations, demonstrations, and discussions, significant 

progress has been made toward understanding the complexities of resilient-modulus 

testing. Continued use of mechanistic design approaches to pavement engineering 

will ensure the future enhancement of the repeated-load test systems demonstrated 

during this conference . 
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EXECUTIVE SUMMARY OF THE ODOT WORKSHOP ON RESILIENT MODULUS TESTING: 

STATE OF THE PRACTICE 

The Workshop on Resilient Modulus Testing, held over a three day period, was structured to 

ensure that all participants would have a background in the mechanistic approach to pavement design 

that would further allow them to appreciate resilient modulus testing, the applications of resilient modulus 

test results, the interpretation of test results, and the future of resilient modulus testing. Professor Dave 

Newcomb, University of Minnesota, gave an introduction to the mechanistic approach to pavement 

design and design examples. Professor Ted Vinson, Oregon State University, gave a background on the 

history of resilient modulus testing, justification for resilient modulus testing, and the conduct of the tests. 

Professors Marshall Thompson, University of Illinois, and John Epps, University of Nevada, made 

presentations on the factors affecting resilient moduli of subgrade soils, granular materials, and asphalt 

concrete. Ample time was allowed for questions from the audience following these presentations. 

On the afternoon of the first day, five states presented applications of resilient modulus test 

results in their pavement engineering practices. Dave Seim, assistant soils engineer, New York State 

Department of Transportation, gave the results of a comprehensive study on the resilient modulus of 

subgrade soils. George Cochran presented the Minnesota Department of Transportation's experience 

with laboratory resilient modulus testing. Tom Moses reported on the Alaska Department of 

Transportation and Public Facilities applications of resilient modulus test results in their pavement 

engineering practice. The applications include research as well as design based on laboratory 

determined resilient moduli (specifically the Seward Highway, Sterling Highway, and Cold Bay Airport). 

The use of a two-axis, computerized resilient modulus test system was presented by Glenn Fager of the 

Kansas Department of Transportation. Finally, Dick Hines, flexible pavement engineer, presented the 

Colorado Department of Highway's experience with resilient modulus testing of asphalt concrete over the 

past 15 years. These presentations illustrated the ways in which the states have used commercially 

available equipment to evaluate resilient moduli of bound and unbound pavement materials. The states 

were chosen because they represented five different equipment manufacturers who have provided 

resilient modulus test equipment over the past 15 years . 



During the second day of the conference, laboratory demonstrations were given by ten 

equipment manufacturers. The equipment manufacturers included AMI, Cox and Sons, Digit"R 

al Control Systems, H & V Materials R & D, lnter1ocken Technology, MTS, Research Engineering, 

Retsina, SBEL, and VTI. The equipment manufacturers displayed a range of sophistication as well as a· 

range of cost. Not all equipment manufacturers were able to evaluate resilient moduli of both bound and 

unbound materials. 

Andrew Brickman, Oregon State University, gave an overview of resilient modulus test systems 

before the laboratory demonstration. The overview Included a consideration of methods to apply loads, 

methods to control loads, system instrumentation, signal conditioning, and data acquisition and control. 

Future developments to test systems, including the role of the personal computer in resilient modulus 

test systems, the trend toward closed-loop control, better fixtures to hold diametral specimens and 

displacement transducers, and the use of noncontact displacement transducers, also were discussed by 

Mr. Brickman. Throughout the presentation, emphasis was given to the goal common to the design of 

any quality measuring instrument, namely: 

* accuracy and repeatability 

* ease of use 

* ruggedness and dependability 

* reasonable cost 

In the afternoon of the second day, five presentations were given. Professor Chris Bell, Oregon 

State University, talked about the influence of the method of sample preparation on resilient modulus of 

asphalt concrete; Professor Gilbert Baladi, Michigan State University, discussed the influence of test 

apparatus boundary conditions on resilient moduli determined In diametral tests; Bud Furber, of 

Pavement Services, Inc., gave a presentation on the effects of strain and temperature on resilient moduli 

of asphalt concrete determined under diametral test conditions. The Influence of soil sampling operations 

on resilient moduli was presented by Newt Jackson of the Washington Department of Transportation. 

Finally, Professor Marshall Thompson talked about the influence of soil sample preparation on resilient 

moduli. 
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As part of the workshop, the equipment manufacturers were asked to participate in a round

robin test program. Jim Huddleston and Halplng Zhou of the Oregon Department of Transportation 

summarized the results of the round-robin test program. Unfortunately, the asphalt concrete cores 

provided to the equipment manufacturers before the workshop displayed a great deal of variability in 

compaction density and this variability was reflected in the test results. 

During the third day of the conference, Carl Monismith, professor of civil engineering at the 

University of Galifornla, Berkeley, gave a presentation on the use of laboratory test results for design 

purposes. Professor Monismith noted that while it may appear desirable at times for the engineer to 

adopt a single value for material parameters as a means to control specific forms of distress, caution 

should be exercised. 

Professor Bob Lytton, Texas A & M, presented the relationship of resilient moduli to 

backcalcuiated moduli using nondestructive testing equipment. It is recognized, and this was brought 

out by Professor Lytton's presentation, that substantial differences exist between backcalculated moduli 

and laboratory determined moduli. Professor Lytton encouraged the workshop participants to consider 

these differences in the design process, but pointed out the advantages of both moduli to the pavement 

engineering profession. The future of resilient modulus testing was expressed by representatives from 

four state departments of transportation. 

Robert Ho presented the Florida Department of Transportation's experience on the use of 

repeated-load tests on two granular subgrades and one base material. David Allen discussed the 

present and future of resilient modulus testing at the Kentucky Transportation Center. He noted that an 

expanded role for the use of the resilient modulus test is anticipated in Kentucky. Further, he noted 

there Is a real possibility that the test may become a part of the normal series of specifications for state 

acceptance of a particular mix design. Jagat Dhamrait presented the Illinois Department of 

Transportation's experience with resilient modulus testing. This information reflected the many research 

studies conducted by the University of Illinois in cooperation with the Illinois DOT and FHWA. 

Finally, Ok-Kee Kim presented the CALTRANS' resilient modulus test experience of yesterday, 

today, and tomorrow. He noted that since the early 1970s, CALTRANS has incorporated resilient 

modulus testing in several research studies. He further noted that the resilient modulus testing by 

3 



CAL TRANS may not extend beyond research purposes in the immediate future. If Improved test 

equipment provides acceptable repeatability, accuracy, and correlation with other design parameters, 

then the resilient modulus of pavement materials may be adopted as an additional design property. In 

conclusion, he noted that it is expected that the use of resilient modulus values for pavement structure 

evaluation and analysis will Increase in the future at CAL TRANS. 

The third day also included two panel discussions, the first moderated by Jim Sorenson of the 

FHWA. The panelists Included Professor Carl Monismith, Professor Marshall Thompson, Professor Ron 

Terrel, Oregon State University, Jim Huddleston, Newt Jackson, and Jim Wilson, a representative of AMI 

Consultants. The panel and audience discussion were recorded and transcribed. Among the questions 

asked were: Why resilient modulus? What is the appropriate stress level that one should use In a 

resilient modulus test? Have there been successful attempts to correlate resilient modulus to an asphalt 

concrete mix's rutting potential? What is the relationship between resilient modulus of an asphalt 

concrete material and the creep characteristic? Should compaction prestresses be accounted for in 

selecting the appropriate stress level for resilient modulus of unbound materials? Is It necessary to 

lubricate the end platens in a triaxial, repeated-load test? How can a resilient modulus test be performed 

on a moist sample of fine-grain noncohesive material without the water In the sample flowing to the 

bottom of the specimen during the test? Are the same amount of conditioning cycles needed for 

coheslonless and cohesive soils? What are the relative merits of internal versus external LVDT clamps? 

Other questions were specific to the differences in the types of test equipment and included: 

What is the difference between electrohydraulic and electropneumatic equipment? What are the load 

wave forms available? and How much do you have to pay for such versatility? The answers to these 

questions, as well as others, were transcribed and are included as part of the Workshop Proceedings. 

The views of ASTM, AASHTO, NCHRP, and SHRP were presented by representatives of these 

organizations during the second panel discussion. It was noted that many of the professional societies 

are in the process of revising their test procedures and that the proceedings and discussions of the 

workshop would provide valuable Input to their processes. 
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Professor R. Gary Hicks, Oregon State University, gave the closing remarks to the workshop on 

resilient modulus testing. He concluded that the workshop provided answers to the following questions: 

* What types of equipment are available and where can they be obtained? 

* 

* 

* 

* 

What factors affect resilient moduli of bound and unbound materials? 

What are the limitations of the resilient modulus tests as they presently exist? 

Are tests between the various types of equipment repeatable? 

How can modulus results be used in the pavement design process? 

* What does the future of resilient modulus testing appear to be? 

He noted that throughout the workshop there was excellent response from both speakers and 

participants in an effort to address these questions. 

Perhaps the most significant fact brought out by the workshop Is that there is a strong need to 

educate the pavement engineering community on the advantages and disadvantages of resilient modulus 

testing. Also. while specific answers were given to many questions, there still remain questions that 

could not be answered because the necessary research work has not been conducted . 
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1. INTRODUCTION 

SECTION OUTLINE 
ELASTIC PAVEMENT ANALYSIS 

Elastic pavement analysis is a computational procedure whereby stresses, strains or 
deflections c:an be c:alc:ulared for any point of inierest in a pavement Sll'IICIW'e for any 
given tire load(s). Knowledge of such parameters coupled with appropriate limited values 
(panicularly for strains) c:an be used 10 design new pavement struc:tures as well as evaluate 
existing sauc:tures. This section inll'Oduced this topic and illustrates the irnpoNnt 
material propeny of "elastic: moduJ us." 

2. TYPICAL EXAMPLES AND RESULTS 

3. 

• 
Typic:al elastic analysis results are shown for three • c:ommon" structural dtic:knesses of 
pavements. Differenc wheel load and macerial property combinations are used 10 illustraee 
how pavement surf.:e deflec:tion, horizonlal strain II the bottom of the asphalc c:onc:rete 
layer, and vertical strain II the cop of die subgrade varies. Finally, a "detlec:tion basin" is 
c:alc:ulated and illusirated. 

DESIGN CONSIDERATIONS 

A brief discussion is provided 10 show bow elastic analysis can be used in die design of 
pavemni s1r11c:tures. 

4. RELATIONSHIP BE1WEEN PAVEMENT RESPONSE AND PAVEMENT 
PERFORMANCE 

The imponant linkage belween pavement response 10 load (strain) co limicin& strain 
values (failure criteria) is illustrated for estimating fatigue c:ncking and rutting. Further, 
examples are included in this sec:lion which illuscrate how load equivalencies c:an be 
c:alculated from the use of eJa,jtic: analysis and failure criteria. 
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SECTION 
ELASTIC PAVEMENT ANALYSIS 

INTRODUCTION 

1.1 Purpose for this type of pavement analysis 

1.2 

1.1.l For new pavement design 

(a) Acc.ommodate changing load requirements 
(b) Better utilize available materials 
(c) Accommodate new materials 
(d) Improve reliability for performance prediction 
(e) Beaer define the role of consttuction 
(t) Material properties (elastic) relate better to actual pavement performance 

l.1.2 For pavement rehabiliiation 

(a) 

(b) 
(C) 
(d) 

Inputs 

1.2.1 Traffic 

(a) 
(b) 

Better define properties of existing layen (!he measured properties tie 
closer to expected pavement performance and more data can be obtained 
by nondestructive field testing) 
Accommodate new materials and/or pavement layers 
Accommodate analysis of various load levels (past. present, future) 
Accommodate material property changes due to environment and aging 

J...c:a:h 
Geonay 

1.2. 2 Materials 

(a) Resilient modulus (elastic modulus or "stiffness") 
(b) Poisson's ratio 

1.2.3 Pavement geometry 

(a) Layer thickness 

1.2.4 Pavement response locations for 

(a) Stress 
(b) Sirain 
(c) Deflection 

I-7 



1.3 Outputs (refer to Figure 1) 

Pavement response to applied load(s) in lel'1TIS of 

(a) Stress 
(b) Strain 
(c) Deflection 

1.4 Elastic pavement analysis assumptions 

1.4. l Material properties in each layer are homogeneous (elastic properties same at all 
points in a given material). 

l.4.2 Material properties in each I.ayer are isotropic (elastic properties are the same in 
all directions at any point). 

l.4.3 Each layer has a ~ thickness except the lowest layer (presumably the 
subgrade) and all are infinim in the lateral dimensions. 

1.4.4 Elastic analysis solutions require~ material properties for each layer. 

E (or Er or Mrl • elastic modulus, psi 
µ.- Poisson's ratio 

(a) Elastic modulus 

(i) Elastic modulus is sometimes called Young's modulus since 
Thomas Young published the concept of elastic modulus in 
1807 (not exactly a new idea). Essentially, elastic modulus 
can be determined for any solid material and represents a 
consi.aot ratio of~ and m.aiJl. 

E • slress/strain 

Thus, the "flexibility" of any object (be it pavement or 
airplane) depends on its elastic modulus and geomettical shape; 
however, it is impcnant 10 note that sa:emub (scress needed 10 

break something) is not the same thing as stiffness (as 
measwed by elastic modulus). 

(ii) Typical values of elastic modulus fc,- various materials include 

Material .E.wil 

1. Rubber 1,000 
2. Wood 1-2,000,000 
3. Aluminum 10,000,000 
4. Steel 30,000,000 
s. Dianmd 170,000,000 
6. Portland cement concrete 3-6,000,000 
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Bituminous bound layer 
(Finite thickness) 

Base course layer 
(Finite thickness) 

Subgrade soils 
(Assumed to have 
infinite depth) 

1. Pavement surface deflection 

Tire with specified load 
and pressure 

2. Horizontal tensile strain at bottom of bituninous layer 
3. Vertical compressive strain at top of subgrade 

Figure 1. Pavement Response Locations Used in Evaluating Load Effects 
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7. 

(b) Poisson's ratio 

Flexible pavement materials 
• Asphalt concrete (al 70°F) 

Asphalt concrete (al 32°F) 
• Asphalt concrete (al 120"F) 

Crushed stone 
• Silty soils 
• Clayey soils 

500,000(±) 
2.000.ooow 

20,000(±) 
20-40,000(±) 
5-20,000 W 
5-10,000 (±) 

Ratio of lateral strain to the longitudinal strain within the elastic nnge 
of a material Typical values include 

Mawial Poisson's ratio u 

1. Steel 0.25 • 0.30 
2. Aluminum 0.33 
3. Penland cement concrete 0.15 • 0.20 
4. Flexible pavement materials 

(a) Asphalt concrete o.JSW 
(b) Crushed stone 0.40W 
(C) Soils (fine-grained) 0.45W 

1.5 Implementation of elastic analysis 

Pavement elastic analysis has existed since the 1800's; however, multilayered elastic 
analysis which can be used to realistically characterize actual pavement structures (with 
several, separate layers) has existed since only the 1960's. During the early 1960's, the 
fust computer programs were prepared to do the complex and time consuming 
calculations required of multilayered elastic analysis. During the l 980's, as these 
"mainframe" computer programs were converted to run on "microcomputers," greater 
potential exists to use elastic analysis tools in pavement design and rehabilitation 
decision making. 

2. TYPICAL EXAMPLES AND RESULTS 

2.1 Typical pavement structures 

Three "typical" pavement structures are shown in Figure 2 (these pavements were 
selected for_illustration pwposes only). The initial "inputs" are 

2.1.1 T'u:e load • 9,000 pounds 

2.1.2 Tire pressure • 80 psi 

2.1.3 Elastic moduli 

(a) Asphalt concrete • 500,000 psi 
(b) Crushed stone base• 25,000 psi 
(c) Fine-grained subgrade • 7,500 psi 

• 

• 

• 
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• 2" ACP 

6" Base 

Fine-grained subgrade 

Section A (Thin Thickness Section) 

5" ACP 

8" Base 

• Fine-grained subgrade 

Section B (Medium Thickness Section) 

9" ACP 

6" Base 

Fine-grained subgrade 

Section C (Thick Section) 

Figure 2. "Typical" Pavement Sections 

• 



2.1.4 Layer thickness 

(a) Section A (low thickness): 

(b) Section B (mediwn thickness): 

(c) Section C (high thickness): 

2.2 Example of changed inputs 

ACP • 2 inches 
Base-6inches 

ACP • S inches 
Base • 8 inches 

ACP • 9 inches 
Base • 6 inches 

Several of the inputs were changed to show how the pavement responds to these changes. 
These include 

2.2.1 Tire load (from 9,000 pounds II 80 psi 10 900 pounds II 30 psi) 

2.2.2 Tire pressure (from 80 psi ID 140 psi) 

2.2.3 Stabiliz.e subgrade modulus (from no stabilization (7,500 psi) to lime 
stabilization (S0,000 psi) of top 6 inches of subgrade) 

2.2.4 Base coune modulus (from crushed stone base (25,000 psi) to asphalt stabilized 
base (500,000 psi)) 

2.2.S Surface course modulus (from S00,000 psi to 200,000 psi possibly due IO 

moisture sensitivity of the asphalt concrete) 

2.3 Results of sensitivity analysis (also refer IO Table 1) 

2.3.1 Change in tile load 

(a) Swface deflection 

(i) 
(ii) 
(iii) 

Section A (thin): 
Section B (mediwn): 
Section C (thick): 

decreases 118 pm:enl 
decreases 89 percent 
decn;ases 89 percent 

(b) Horizontal tensile strain boaom of AC 

(i) 
(ii) 
(iii) 

Section A (thin): 
Section B (mediwn): 
Section C (thick): 

decn;ases 7 4 percent 
llernases 84 percent 
dcrJr,a.5es 88 pm:enl 

• 

• 

• 



• 
Pavement 
Response 
Parameter 

1. Surface deflection 
top of AC (in.) 

1.1 Section A (thin) 
1.2 Section B (med) 
1.3 Section C (thick) 

2. Horizontal tensile strain 
bonom of AC or ATB 
(in/in x 1 o-6) 

2.1 Section A (thin) 
2.2 Section B (med) 
2.3 Section C (thick) 

3. Vertical compressive strain 
top of subgrade (In/in x 1 o-6) 

3.1 Section A (thin) 
3.2 Section B (med) 
3.3 Section C (thick) 

Note: Tension (+) 
Compression (-) 

• 
Table 1. Sensitivity Analysis of Various Input Parameten 

Asphalt 
Standard Low lire Hgh lire Stabilized Treated 
Pavement load Pressure Suborade Base 

0.048 0.006 0.052 0.036 0.021 
0.027 0.003 0.028 0.023 0.014 
0.018 . 0.002 0.019 0.016 0.012 

469 121 735 369 193 
279 44 352 246 88 
145 17 161 128 67 

-2,239 -284 -2,554 -956 -508 
-755 -79 -790 -431 -222 
-371 -38 -375 -245 -169 

Moisture 
Sensitive 

0.053 
0.033 
0.024 

482 
433 
258 

-2,604 
-1,037 

-608 

• 

...... 
I ...... 

w 



(C) Yenical compressive strain top of subgrade • (i) Section A (thin): decreases s 7 percent 
(ii) Section B (medium): decreases 90 percent 
(iii) Section C (thick): decreases 90 percent 

2.3.2 Change in tire pre.mue 

(a) Swfac:e deflection 

(i) Section A (thin): increases s percent 
(ii) Section B (medium): increases 4 percent 
(iii) Section C (thick): increases 6 percent 

(b) Horizontal 11:nsile strain bottom of AC 

(i) Section A (thin): increases S7 percent 
(ii) Section B (medium): jncreases 26 percent 
(iii) Section C (thick): increases 11 percent 

(C) Vertical compressive strain rop of subgrade 

(i) Section A (thin): increases 14 percent 
(ii) Section B (medium): increases s percent 
(iii) Section C (thick): increases 1 percent 

2.3.3 Lime stabilize subgrade • (a) Swface deflection 

(i) Section A (thin): decreases 2s percent 
(ii) Section B (medium): <lccn:ases 15 percent 
(iii) Section C (thick): dea:eac;es 11 paccnt 

(b) Horizont.al censile strain boaom of AC 

(i) Section A (thin): decreases 21 percent 
(ii) Section B (medium): dea:eases 12 percent 
(iii) Section C (thick): d!;creases 12 percent 

(C) Vertical compressive strain top ofunstabilized subgrade 

(i) Section A (thin): dr&Tl:ases S7 percent 
(ii) Section B (medium): decreases 4 3 percent 
(iii) Section C (thick): decreases 34 percent 

2.3.4 Base co= changed to A TB 

(a) Swfac:e deflection 

(i) Section A (thin): dea:eases 56 percent 
(ii) Section B (medium): decreases 48 paccn1 
(iii) Section C (thick): d!;creases 33 percent 



• 

• 

• 

(b) Horizontal tensile strain bottom of A TB 

(i) 
(ii) 
(iii) 

Section A (thin): 
Section B (medium): 
Section C (thick): 

decreases 59 percent 
degeases 68 percent 
cfccreases S4 percent 

(c) Vertical compressive strain top of subgrade 

(i) 
(ii) 
(ill) 

Section A (thin): 
Section B (medium): 
Section C (thick): 

decreases 77 pert:ent 
degeases 71 percent 
dearasrs S4 percent 

2.3.S Moisture sensitive asphalt concrete layer 

(a) Swface deflectia'I 

(i) 
(ii) 
(iii) 

Section A (thin): 
Section B (medium): 
Section C (thick): 

jncn;,ases 10 percent 
jncreases 22 percent 
increases 3 3 percent 

(b) Horizontal rensile strain bottom of AC 

(C) 

(i) Section A (thin): jncreases 3 percent 
(ii) Section B (medium): jncrwes 55 percent 
(iii) Section c (lhick): jncreases 78 percent 

Vertical compressive Strain top of subgrade 

(i) 
(ii) 
(iii) 

Section A (thin): 
Section B (medium): 
Section C (lhick): 

increases 16 percent 
increases 37 percent 
increases 64 percent 

(d) Figure 3 is used to funher illustrate the way the thin, medium and 
thick pavement stn1etures response to a constant load (recall P-9,000 
pounds at 80 psi) if die swface course elastic modulus is equal to 
S00,000 psi. In this case, the estimated surface deflections are shown 
for various locations which form "deflection basins." Clearly, the 
"thin" pavement has a much larger deflectia'I basin than the medium or 
thick pavements. 

Figure 4 also shows these deflection basins for the thin, medium and 
thick pavements with surface course moduli • 500,000 psi but also lhe 
basins for swface course moduli • 200,000 psi. From Figure 4 one 
can see lhat the~ in the deflection basin is affecred for a greaier 
horizontal distance for the~ surface course pavements. 

3. DESIGN CONSIDERATIONS 

The primary goal in using elastic layered analysis in design is 10 mjnjmjze critical stresses sa:ajns 
and deflections. 

Some of the ways this can be done include 

3.1 B.edUCG the modulus ratio between the upper layers (i.e .. decrease El + E2 ratio) . 

3.2 Increase the thickness ratio of the upper layers (i.e .. jncrease hl + h2 ratio). 
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Figure 3. Comparison of Deflection Basins for the "Standard" 
Typical Pavements 
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Do D1 D2 
(0 ft) (1 ft) (2 ft) 

0.00 

0.01 

0.02 

0.03 

0.04 
Thin, E ac • 500,000 psi 

0.05 I 
Thin, E ac • 200,000 psi 

0.06 

0.00 

0.01 

0.02 

0.03 
Medium, E ac • 500,000 psi 

0.04 I 
Medium, Eac • 200,000 psi 

0.05 

0.06 

0.00 

0.01 

0.02 

0.03 
Thick, Eac • 500,000 psi 

I 
0.04 

Thick, Eac • 200,000 psi 

0.05 

0.06 

Figure 4. Differences in Deflection Basins for the "Standard" vs. "Moisture 
Sensitive" Pavement Sections 
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4. RELATION SHIP BETWEEN PAVEMENT RESPONSE AND PAVEMENT PERFORMANCE 

4 .1 Introduction 

The relationship between pavement response (such as stress, strain or deflection) and 
pavement performance (such as fatigue craclrjng a rutting) is complicated and difficult to 
quantify. 

4.2 Typical relationships 

"Typical" relationships used to estimate asphalt concrete fatigue craclrjng and rutting are 
shown as Figures 5 and 6. For example, the use of these relationships can be 
illustrated as follows: 

4.2.1 Fatigue c;ra.:;lcing 

For the "standard" pavement and load (Figure 2 and Table 1), the estimated 
tensile strain 11 the boaom of the asphalt concrete layer for Section B is 
279 ll 10-6intin. This results in an estimated "life" of about 392,000 
repetitions of a 9,000 pound load on a tire with 80 psi inflati011 pressure. 

4 .2. 2 .B.!LUi.ai 

If the calculated vertical compressive strain at the 10p of the fine-grained subgrade 
for Section B is 755 x I0-6inJin., then the estimated "life" IO a rutting failure is 
about 134,000 repetitions of a 9,000 pound load on a tire with 80 psi inflation 
pressure. 

4.2.3 TIie fatigue relationship for asphalt concrete can be changed significantly due ID 
mixture and construction variables. For example, excessive air voids can 
significantly reduce the fatigue life (refer to Appendix 1 - "Effect of 
Compaction on Asphalt Concrete Life" - fa additional infCl'fflltion). 

4.3 More examples - calculation of relative damage to pavements due to different axle loads 
or structw'al conditions 

4.3.1 Founh power law 

The relative damage of one axle load when compared to another is referred to as 
the "founh power law" (confirmed by the AASHO Road Test). For example, if 
we want to determine (roughly) bow damaging a 40,000 pound single axle is 
compared to a 20,000 pound single axle, then 

G~::)4 .. 16 

Thus, the 40,000 pound Ill.le is 16 times more damaging than the 20,000 pound 
axle. Similarly, if we compare an auto axle of say 1,800 pounds 10 a 
18,000 pound single truck axle, then 

C1~s:)4 = 10.000 

Thus, based on the founh power law, a typical auto axle is 10,000 times less 
damaging than an 18,000 pound truck axle. 

• 

• 

• 



• 

• 

• 

10,000 

0 -
£1 E 

log N 1 • 15.947 • 3.291 log(~)· 0.854 log (-3 ) 
10 10 

C: 
-::; 1,000 
.E --- E • 200,000 psi 

E • 500,000 psi 

10 '------'------'------'------'-------' 
10 3 10

4 
10 5 10 6 10

7 
10

8 

Load Applications (N f ) 

· Figure 5. Limiting Horizontal Strain Criterion for 
Asphalt Concrete Fatigue Cracking . 
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Figure 6. Llntiting Subgrade Strain Criterion for Rutting 
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4.3.2 Relative damage based on "typical" pavement sections 

4.3.2.1 The equivalency of one axle load 10 another can be represented by the 
following: 

4.3.2.2 

4.3.2.3 

F. Nj8 000 
I• Nj 

Fi - equivalency factor 
N1s,ooo - repetitions 10 failure for an 18,000 lb. single

u.le load 
Ni • repetitions to failure for the axle and tire 

configuration in question 

For Section B (N values obtained from Figure 5), if we change the 
AC modulus from 500,000 psi ("standard pavement") IO 200,000 psi 
(an AC layer with high air voids and possibly moisture sensitive), 
then the following loads to failure result 

N~OOksi 

N2ooksi 

F 

= 392,000 (18,000 lb. single axle, fatigue 
failure, AC • 500 ksi), 

_ 202,000 (18,000 lb. single axle, fatigue 
failure, AC• 200 ksi}, and 
392,000 194 

• 202,000 • . 

Thus, for the same b'Uck tire load, a pavement with moisture damage 
(as characlelized by lower AC elastic modulus) is affected almost 
twice a, much (actually, 1.94 times by the .wns: llla!1); or stated 
another way, it may reduce the service life by almost 50 percent. 

An extension of changing the AC modulus from 500,000 psi to 
200,000 psi for the thin, medium and thick pavement sections 
illustrates the changes in fatigue life for each. If we do this for the 
standard load, the following results (based on data in Table 1 and 
Figure 5): 

(a) Thin pavement 
N 500:ksi = 71,000 (for et • 469 x 10-6 inJin.) 

N200ksi = 142,000 (fore t • 482 x 10-6 inJin.) 

(b) Medium pavement 
N 500ksi = 392,000 (fore t • 279 x IQ-6 in Jin.) 
N200ksi = 202.000 (fore 1 • 433 x 10-6 inJin.) 

(c) Thick pavement 
NSOOksi = 3,381,000 (fore t • 145 x 10·6 inJin.) 
N200ltsi 51,110,000 (for Et• 258 JI 10·6 inJin,) 

(d) · Thus, a loss in AC "stiffness· has a serious impact on the 
medium and thick surface counes. Further, this analysis 
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suggests th.at thin surface courses may perform better at~ 
stiffness levels; however, if a surface course is truly moisture 
sensitive, it~ performs better. Recall that lhe allowable 
fatigue criterion is a function of stiffness as well as llW!l- • 

• 
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APPENDIX 1 
EFFECT OF COMPACTION ON ASPHALT CONCRETE LIFE 

ASPHALT CONCRETE PERFORMANCE 
1.1 Fatigue 

1.2 

(a) What is fatigue of asphalt co!llcrete? Fatigue of asphalt concrete refers to 
cracking caused by repeated bending due to traffic. Fatigue related pavement 
cracking is often referred to as "alligator cracking." 

(b) How do air voids affect asphalt concrete fatigue life? Various authors [I, 2, 3) 
have shown that the fatigue life of asphalt concrete can be reduced from IO w 
30 percent for each l ~ increase in air voids. For example, if 7 percent air 
voids were achievable for a mix and 11 percent air voids resulted following 
consauction, then one can consezyative(y expect about a 40 percent reduction in 
pavement surfacing life. 

(c) How do air voids affect the lhiclcness of asphalt concrete? At first glance, this 
question makes Jll2 sense. However, due 10 fatigue considerations, Finn and 
Epps [ l) showed that the effe,;rjve !hid::ness of asphalt concrete layen are~ 
due to jncreasjng air voids. They considered two thicknesses of asphalt coocme, 
4 and 6 inches both at a starting point or 7 percent air voids (generally 
considered achievable in normal paving construction). The following 
summarizes their example [after Ref. 1): 

Aging 
(a) 

Asphalt Concrete 
Air Voids C%l 

7 
8 
9 
10 
12 

Etrectlveness Thickness 
AsnhaU Concrete Clns:hc5l 

4.0 
3.S 
3.0 
2.S 
2.0 

6.0 
s.o 
4.S 
4.0 
4.0 

Thus, if the air voids are inaeased from a desirable level of 7 percent to a poor 
compaction level of 12 percent, then a 4-inch--thick asphalt concrete layer will 
ef(ecgjyc)y last as long as only a 2-inch layer (and a ~inch layer would 
effectively be reduced to a 4-inch-lhick. laye:r). 

What is "aging" of asphalt concrete? Aging can be defined in many ways. One 
way is to base a judgment of aging by determining asphalt cement properties 
such as asphalt penettation. 

(b) What do typical iest resu Its show relative to air voids and asphalt hardening 
(lower asphalt penetration)? A study by Goode and Owings (4) showed for 
asphalt concrete mixtures 4 years after constt"Uctjon that the asphalt penetration 
is ~ about 6 percent for each 1 percent jncrease in air voids. For example, 
they showed that mixes retained about 75 percent of their original (immediately 
after consauction) asphalt penetration for an air void level of 6 percenL If the 
air voids immediately after consauction were 12 percent, then the a.~phalt 
penetration was only 30 percent of is original after construction level. 
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A&ain, the lower lhe asphalt penetration, the more susceptible die mixlUl'e is ro 
various effects such as freeze-thaw cycles, moisture damage and cracking. This 
was well illustrated by Hubbard and Gollumb (5) which showed that asphalt 
penetrations of 30 or less (at 77 degrees F) generally leads 10 distressed asphalt 
concrete. High air void pavements as shown by Goode and Owings [4] can be 
expected ro result in these low penetration levels for original (before mixing) 
85-100 penetration asphalt cement (similar penetration levels for the WSOOT 
AR-4000 specification). 

2. RECOMMENDATIONS 

The recommendations by Finn, et al [6], appropriate with respect ro ~ m31jmµm air voids for asphalt 
concrete constructioo: 

Amball Concrete Laver 

(a) 

(b) 

Upper 1.5-2 inches of 
asphalt CC11crete pavement 

Asphalt concrete pavement 
deeper than 2 inches 

Maximum Air Voids <nerccnO 

Light 
~ 

8 

7 

Moderate ID 
Hqyy Traffic· 

7 

6 

• 

• 

• 



• 
1. 

2. 

3. 

4. 

5. 

6. 

• 

• 
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Introduction 

Fundamentals of Resilient Modulus Testing 1 

Ted S. Vinson 2 

A prediction of stresses, strains, and deflections induced in a 
layered pavement structure under traffic wheel loadings requires an 
understanding of the stress-strain behavior of the materials compris
ing the structure. Combined stress-strain behavior is typically 
expressed in terms of modulus. The major component of deformation or 
strain that is induced by a single wheel load is not permanent or 
associated with rupture; it is recoverable. Therefore, it is appro
priate to identify the resilient modulus as the required input to 
determine the stresses, strains, and deflections in a pavement struc
ture under wheel loadings. 

Over the past three decades, a number of test systems and pro
cedures have been used to determine the resilient modulus of pavement 
materials. These include the follow basic repeated-load tests: 

(1) direct tension 
(2) beam flexure (bending or rotating cantilever) 
(3) indirect diametral tension 
(4) triaxial compression 

Of these four tests, diametral indirect tension and triaxial compres
sion are presently considered to be the simplest, most practical, and 
economical methods to obtain resilient moduli of pavement materials. 
In general, the diametral indirect tension test is used for bound 
materials, such as asphalt concrete or cement-treated base, and the 
triaxial compression test is used for unbound materials, such as 
cohesionless base course soils or cohesive subgrade soils. 

Purpose 

The purpose of this paper is to present the fundamental aspects 
of resilient modulus (i.e., repeated load) testing of pavement materi
als using diametral indirect tension or triaxial compression test 
systems. A historical background of repeated load test methods and 

1Presented at the Workshop on Resilient Modulus Testing, Oregon 
State University, Corvallis, OR, March 28-30, 1989 . 

2Professor, Department of Civil Engineering, Oregon State Universi
ty, Corvallis, OR 97331. 

Vinson 
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load application conditions is presented so that the currently used 
diametral and triaxial test systems and procedures may be better 
appreciated. 

Historical Background - Test Methods 

Pavement thickness design prior to World War II was basically 
empirical, based on experience, soil classification, and the response 
of a pavement structure to static load, e.g., a plate load or CBR 
test. A mini mum thickness for a surface course was often se 1 ected 
based on plastic deformation as the only failure criterion. The 
possibility of extensive cracking of asphalt concrete pavements 
resulting from excessive elastic deflections and without any signifi
cant plastic deformation was not even considered. Concerns about this 
approach were expressed by many, however, including Professor A. 
Casagrande (Burmister, 1943), who wrote: 

"Irrespective of the theoretical method of evaluation of 
load tests, there remains the important question as to what 
extent individual static load tests reflect the results of 
thousands of dynamic load repetitions under actual traffic. 
Experience and large-scale traffic tests have already indi
cated that various types of soils react differently, and 
that the results of static load tests by no means bear a 
simple relation to pavement behavior." 

Shortly after World War II, several investigators (e.g., Campen and 
Smith (1947), McLeod (1947), Phillippe (1947), Hittle and Goetz 
(1947)) used repeated plate load tests on model pavement sections with 
the number of load repetitions of the order of 10. The primary objec
tive of their investigations was to determine the effect of repetition 
of load on the deformation and not to determine the resilient modulus. 

Repeated pl ate load tests were costly to perform and involved 
considerable time. Consequently, within a few years after the transi
tion from static to repeated plate load tests in the field a transi
tion was made from static triaxial to repeated load triaxial tests in 
the laboratory. A substantial contribution in this pioneering effort 
was made by Seed, Chan, and Monismith (1955), Seed and McNeill (1958), 
and Seed, Chan, and Lee (1963). The collective work of these inves
tigators focused on the determination of the deformation characteris
tics and resilient modulus of compacted subgrades. In the early 
stages of their work, a comparison was made between values of initial 
tangent modulus determined from the stress versus strain relationships 
in unconfined compression tests and the values of resilient modulus 
determined by repeated application of a 25 psi axial stress on 
unconfined specimens. The results, shown on Figure 1, indicate the 
differences between these moduli are considerable, suggesting the 
behavior of soils under traffic loading can only be obtained from 
repeated loading tests. This conciusion is further substantiated with 
data obtained by the California Division of Highways (Hveem, 1955) 

2 Vinson 
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Unconfined Compression and Repeated Loading Tests (after 
Seed and McNeill, 1958) 
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presented in Figure 2 which shows the marked difference in pavement 
deflections occurring under standing and slowly moving wheel loads. 

Seed et al. recognized that their work was only a useful first 
step towards the ultimate solution of the problem. A determination 
of pavement deflections and the prediction of the fatigue life of the 
pavement also requires a determination of the resilient modulus of the 
base course and asphalt concrete surface, as well as characterization 
of the fatigue life of the asphalt concrete. 

Early work to evaluate the characteristics of asphalt concrete 
under repeated loadings were conducted in the United States by Papa
zian and Baker (1959), Monismith, Secor, and Blackmer (1961), Jimenez 
(1962), and Jimenez and Galloway (1963), Monismith (1963, 1964, 1965), 
Deacon (1965), Deacon and Monismith (1966), Monismith, Kasianchuk, and 
Epps (1967), Epps (1968), and Kasianchuk (1968). In Europe, early 
work included contributions by Nijboer (1959), Pell, McCarthy, and 
Gardner (1961), Pell and McCarthy (1962), and Pell (1963, 1966, and 
1967). While the focus of much of this work was on the influence of 
mix characteristics on asphalt concrete fatigue life, a byproduct of 
the work was a determination of resilient modulus. The majority of 
the U.S. work referenced is associated with repeated loads applied to 
beam specimens in a test system configuration as shown in Figure 3. 
A point load rotating cantilever system was used by Pell et al., as 
shown in Figure 4. The resilient modulus, MR, for beam specimens may 
be calculated from an equation of the form 

MR= 
p 

K~ (1) 

in which 

K = constant depending on load, end constraint, and specimen 
geometry 

p repeated load 

I:,. measured deflection at critical location for load geometry 
(e.g.' center or loaded end) 

I = moment of inertia of beam cross section. 

Repeated load triaxial compression tests were conducted on 
asphalt concrete specimens to obtain resilient moduli by Secor and 
Monismith (1961, 1964), Terrel (1967), and Dehlen (1969). Fatigue 
life characteristics could not be determined with the test. 

In the early 1970s, Schmidt (1972) proposed the use of the 
repeated load indirect diametral tension test to obtain resilient 
moduli of asphalt concrete specimens. The test was immediately 
recognized to be simple and less expensive than either the beam 
flexure tests or triaxial compression test. Also, the fatigue life 
characteristics of asphalt concrete could be determined with the 
indirect tensile test. 
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Schmidt (1972) compared the resilient moduli obtained in the repeated 
load indirect tension test to resilient moduli determined using direct 
tension, triaxial compression, and beam flexure tests. The compara
tive results are shown in Figure 5. A favorable comparison was 
obtained. 

Seed and Monismith (1963) in their Moderators' Report to the 
International Conference on the Structural Design of Asphalt Pavements 
noted 

"On the basis of the results reported at this Conference 
there would seem to be great need for increased emphasis on 
the study of base-course materials. The base-course charac
teristics may play a large part in determining both tran
sient pavement deflections and curvature, yet apart from the 
new device, the resiliometer, there are no laboratory test
ing techniques available to evaluate base-course character
istics in this regard. The large scatter of values for 
base-course moduli reported by different authors is somewhat 
disturbing and the development of new procedures for evalu
ating the transient deformation characteristics of base
course materials together with a systematic study of differ
ent materials and conditions, would be highly desirable." 

Of course, it was recognized by Seed and Monismith that much of the 
scatter of values for base course moduli was associated with the 
stress-state dependency of modulus of granular materials and the lack 
of incorporation of this dependency in an interpretation of resilient 
modulus results for these materials. 

The repeated load triaxial compression test is the logical choice 
of test system to evaluate resilient moduli of base course materials. 
Mitry (1964), Seed et al. (1967), Shifley (1967), Kallas and Riley 
(1967), Kasianchuk (1968), Dehlen (1969), and Hicks (1970) conducted 
tests on granular materials which, taken collectively, provided a 
comprehensive picture of the influence of type and gradation of the 
aggregate, void ratio (dry density), and degree of saturation on 
resilient moduli. 

A method to address the stress-state dependency of base course 
materials was suggested by Biarez (1962) who established that the 
resilient modulus of a uniform sand measured after a few cycles of 
compressive stress in a triaxial apparatus could be represented by 
the following equation: 

MR= Ka; 

in which 

6 

(2) 
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Kand n = constants which depend on the material characteristics 
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Historical Background - Applied Load 

Ideally, to estimate resilient moduli of the materials comprising 
a pavement structure in the laboratory one would apply stress state 
histories to a specimen associated with a moving wheel load passing 
over a representative element at some depth in the structure. Specif
ically, the elements in a pavement structure are subjected to a series 
of rapidly applied and rapidly released stresses on vertical and hori
zontal planes. The stress variations are shown in Figure 6a. While 
the magnitudes of the stress variation will differ between points in 
the same layer, the basic pattern is similar throughout the pavement 
structure. Another way of representing this situation is that the 
orientation of the principal stress axes of an element of material is 
gradually rotated as a wheel load moves along the surface. This is 
shown in Figure 6b. At an instant when the load is directly above the 
element, the principaJ stresses are oriented horizontally and verti
cally. Due to the fact that the principal stress rotates as the wheel 
load approaches and passes over an element, a reversal of shear 
stresses occurs on vertical and horizontal planes of an element. 

Seed and McNeill (1958) made one of the earliest attempts to 
duplicate the stress state history by considering the actual variation 
in vertical stress on a soil element at a depth of 27 in. below the 
pavement surface at the Stockton test track, shown in Figure 7. Owing 
to the limitations of their test equipment, they did not use the 
actual form of the vertical stress that was observed but chose to use 
a square wave as shown in Figure 7. Seed and McNeill also applied a 
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Figure 7. Changes in Stress on Soil Element Due to Moving Load (after 
Seed and McNeill, 1958) 

repeated confining pressure to the specimens in their program to 
assess the consequences of changes in both the vertical ind horizontal 
stress states on the permanent deformation characteristics of subgrade 
soils. Beyond this initial effort, however, only a few researchers 
have cycled both the vertical and horizontal stresses in repeated load 
triaxial tests. 

Barksdale (1971) noted that vehicle speed and depth beneath the 
pavement surface are of great importance in selecting the appropriate 
axial compressive stress pulse time to use in repeated loading 
testing. Based on the results of a linear elastic finite element 
representation of a typical pa\/ement structure, he established the 
relationship shown in Figure 8. For full-depth construction with 5 
to 12 in. of asphalt concrete and vehicle speeds of 50 to 60 mph, 
pulse times of 0.03 to 0.05 sec are appropriate. 

Terrel, Awad, and Foss (1974) note that since asphalt mixes 
exhibit viscoelastic behavior, a computed value of modulus will be 
dependent upon the rest period between individual stress pulses. The 
dependency is not significant at low temperatures and short stress 
durations, but may be considerable at warm temperatures and long 
stress durations. In the latter instance the viscoelastic response 
must be included as a parameter in the material characterization. 

Terrel, Awad, and Foss (1974) also investigated the influence of 
the shape of the wave pulse on the total and resilient strains induced 
in an asphalt treated base material. The tests were conducted on a 
cylindrical specimen in a triaxial cell using a full size, triangular, 
and square wave pulse. Based on their test results, they concluded 
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(1) there is no significant difference in the magnitude of 
the total or the resilient stress between the triangu-
1 ar or the sinusoidal stress pulse, 

(2) an equivalent square pulse can be obtained by applying 
(i) the same stress for a duration of 33 percent of the 
equivalent sinusoidal, or (ii) 66 percent of the stress 
with the same duration as the equivalent sinusoidal, 

(3) a square vertical stress pulse is a reasonable approxi
mation of the actual conditions within a pavement 
1 ayer. 

Fundamentals of Repeated Load Triaxial Testing 

The resilient modulus of cohesionless base course materials or 
cohesive subgrade materials is determined in a repeated load triaxial 
compression test. A triaxial cell suitable for use in repeated load 
testing of soils is shown in Figure 9. This equipment is similar to 
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most standard cells except that it is somewhat larger to facilitate 
the internally mounted load and deformation measuring equipment and 
has additional outlets for the electrical leads for the measuring 
devices. For the type of equipment shown in Figure 9, air would be 
used as the cell fluid. The external loading source may be any device 
capable of providing a variable load of fixed cycle and load duration. 
The device can range from simple cam and switch control of static 
weights or air pistons to closed loop electrohydraulic systems. 

The test is conducted by placing a specimen in the triaxial cell. 
The specimen is subjected to an all around confining pressure, oc 
(= o ), and a repeated axial stress, od (= o1 - o3), is applied to the 
sample. During the test the recovera6le axial strain, c., is deter
mined by measuring the recoverable deformations across a known gage 
length. The resilie~t modulus is calculated from the following 
equation: 

(3) 

The pattern of soil deformation under repeated loading and a 
sustained confining pressure is illustrated in Figure 10. There is 
a small volumetric compression of the specimen when the confining 
pressure is first applied. Under the first application of the devi
ator stress there is an immediate deformation followed by a plastic 
deformation while the load is sustained, and then partial recovery or 
rebound when the load is removed. Similar patterns of deformation 
occur with successive load applications, although the magnitude of the 
deformation occurring decreases with each successive stress applica
tion. The rebound or resilient deformation remains approximately the 
same but the total deformation and cumulative permanent deformation 
both increase progressively as the number of stress applications is 
increased. Thus, if the total deformation is plotted against the 
number of applications, a curve such as that shown in Figure 10c is 
obtained. 

The repeated axial or deviator stress is calculated from the 
following equation: 

(4) 

in which 

P repeated load 

A cross-sectional area 

The cross-sectional area is assumed to remain constant during a test. 
This is a reasonable assumption since damaging stresses are usually 
avoided during a test. If a load cell is internal to the cell the 
effect of any load piston friction is eliminated. 
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Sustained Confining Pressure (after Seed and McNeill, 
1958) 

The deformation measurements which support the calculation of 
axial strain may be made with displacement transducers which are 
external to the cell or displacement transducers which are clamped to 
the specimen. The axial strain is calculated from the following 
equation 

(5) 

in which 
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A = axial deformation 

Lg= gage length 

With external displacement transducers the gage length is the speci
men height. It is possible that deformations in the load train can 
occur during load application. For stiff materials (generally con
sidered to be materials with MR ;?: 15,000 psi), the error may be 
unacceptable and the internal displacement transducers should be used. 

Poisson's ratio may be calculated from a measurement of radial 
and axial deformations of the specimen which are then used to calcu
late radial and axial strain. The following equation is employed 

fr 
µ = -

fa 

in which 
er= radial strain 

(6) 

The standard method of test for "Resilient Modulus of Subgrade Soils" 
was specified in 1982 by the American Association for State Highway 
and Transportation Officials (AASHTO T274-82). It is generally 
accepted that the method is fundamentally sound. However, the test 
procedure requires fairly rigorous conditioning of soil specimens 
(i.e, the elimination of the effects of (I) the interval between 
compaction and loading, (2) initial loading versus reloading, and (3) 
initially imperfect contact between the end platens and the test 
specimen). The method also requires an evaluation of resilient 
moduli under a substantial number of stress states for both cohesive 
and granular (cohesionless) soils. In the opinion of many researchers 
and practitioners, the conditioning history and number of stress 
states required may be excessive and unnecessary. 

For base course and other granular (cohesionless) soils, the 
resilient moduli obtained in a repeated load triaxial test program are 
expressed by an equation of the form 

MR= Ki 
K 

(= Kl 8 2) 

in which 

8 bulk stress 

al+ a2 + a3 

( 7) 

experimental constants which depend on the 
material characteristics 

a1 + 2a3 (for a triaxial test) 
ad+ 3ac (for a triaxial test) 
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Equation (7), which is similar to Equation (2), was used by Hicks and 
Monismith (1971) and Kalcheff and Hicks (1973) to interpret test 
results for base course material. The constants Kand Care derived 
from a set of test results by rewriting equation (7) as follows: 

log MR= log K +Clog 8 (8) 

In this form it may be noted that the relationship between MR and 8 
should be a straight line on a log-log plot. K is the antilog of the 
y-intercept and C is the slope of the line. Representative test 
results which illustrate this relationship are shown in Figure 11. 
The data shown were obtained following the stress sequence and stress 
ratios presented in Table 1, which were recommended by Kalcheff and 
Hicks (1973). In some cases the stress sequence would be repeated to 
provide a more complete data set for a given material condition. 
Measurements of load and deformation for the determination of resil
ient properties were made after approximately 100-150 stress repeti
tions at a given stress condition. 

The last column in Table 1 is the stress ratio, aifa3 • At 
failure, the stress ratio for a cohesionless material is given by the 
following equation: 
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Figure 11. Res i 1 i ent Modulus versus Sum of Pri nc i pal Stresses for 
Fremont Highway Base Material (after Hull et al., 1980) 
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Table 1. Stress Sequence and Ratios Used for Repeated Load Tests 

Confining Deviator 
Pressure, Stress, 

. a3,. ad (= a1-:-03) Stress Ratio, 
Material in ps1 1n pSl al/a3 

( 1) (2) (3) 4) 

Base Course 2 6 4.0 
(Cohesionless) 5 15 4.0 

10 30 4.0 
20 60 4.0 
2 6 4.0 

Subgrade 6 8,6,4,8 2.3,2.0, 1. 7,2.3 
(Cohesive) 4 8,6,4,8 3.0,2:5,2.0,3.0 

2 6,4,2,6 4.0,3.0,2.0,4.0 
6 8,6,4,8 2.3,2.0, 1. 7,2.3 

Note: Testing sequence is vertical for base materials; 
testing sequence is horizontal then vertical for 
subgrade materials. 

in which 

¢=angle of internal friction of the material 

(9) 

If this ratio is exceeded for the test material the specimen will fail 
along a plane or bulge during the conduct of the test. For cohesion
less soils a generally accepted range of¢ values is 30° to 45°. This 
suggests a corresponding range of stress ratios at failure of 3 to 
5.8. 

For cohesive subgrade soils the resilient modulus obtained in a 
repeated load triaxial test program is not expressed by an equation 
but is genera 11 y represented as shown in Figure 12. The stress 
sequence and stress ratios presented in Table 1 were used to obtain 
the data. 

Fundamentals of Repeated Load Diametral Indirect Tension Tests 

The resilient modulus of an asphalt concrete or bound (i.e., 
stabilized) material specimen may be determined either with the 
repeated load triaxial or diametral test equipment. The diametral 
equipment is generally used because of its simplicity. It consists 
of four components as follows: 
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Figure 12. Resilient Modulus versus Deviator Stress for McKenzie 
Highway Subgrade Material (after Hull et al., 1980) 

(1) control cabinet 
(2) load frame 
(3) diametral yoke 
(4) recording system with transducer signal conditioning 

(e.g., strip recorder or personal computer) 

An environmental cabinet may be placed around the load frame and 
diametral yoke to achieve temperature control of the specimen during 
testing. Alternatively, the specimen may be heated (or cooled) in an 
oven (or low temperature cabinet) to a desired test temperature, then 
rapidly removed for testing. (Obviously, this is not as desirable as 
the use of an environmental cabinet.) 

To determine the resilient modulus of an asphalt concrete speci
men, the specimen is placed in the diametral yoke as shown in Figure 
13. The yoke with specimen is next placed in the load frame on a load 
cell platen with bottom loading strip attached to the cell as shown 
in Figure 14. The piston loading ram is used to apply an initial 
seating load to a top loading strip. Linear variable differential 
transformer (LVDT) gauge heads which are mounted on the diametral yoke 
are used to measure lateral deformation during repeated load. The 
lateral deformations are very small, of the order of 50-100 micro
inches. Consequently, the LVDTs employed with the diametral yoke must 
be very sensitive. Further, they must be adjusted prior to repeated 
load application to ensure they are in contact with the diametral 
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specimen and are in their linear range of response. This adjustment 
is very often time consuming. 

With the specimen in the diametral yoke, the seating load 
applied, and the LVDTs in cont act and within their linear range of 
response, a test may be conducted. The load is applied by a suitable 
loading system connected to the loading ram. The duration and fre
quency of the repeated load are controlled with a suitable device. 
The magnitude of the repeated load and resulting deformation are 
recorded and/or processed. 

The material properties of the test specimen (i.e., resilient 
modulus and Poisson's ratio) may be calculated with the following 
equation: 

MR= (P/Ht) (v + .27) 

in which 

MR= resilient modulus 

p = repeated load 

H = total recoverable horizontal deflection 

t = specimen thickness 

V Poisson's ratio 

The tensile strain at the center of the specimen is given by 

[
0.16 + 0.48 u] H 

Et= 0.27 + U 

in which 

ft= tensile strain at the center of the specimen 
(microstrain, µ) 

(10) 

( 11) 

If vertical deformations are also recorded during the test then 
Poisson's ratio may be calculated from the following equation: 

where 

_ -3.50 -0.27 (V/H) 
u - 0.063 + (V/H) 

V = total recoverable vertical deflection 

(12) 

The American Society of Testing and Materials has published a 
standard method of "Indirect Tension Test for Resilient Modulus of 
Bituminous Mixtures" (ASTM D 4123-82). The procedure described in the 
standard method identifies a range of temperatures, loads, and loading 
frequencies. Specifically, the recommended series consists of tests 
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conducted at 41, 77, and 104°F (5, 25, and 40°C) at one or more 
loading frequencies, typically, 0.33, 0.5, and 1.0 Hz for each 
temperature. This recommended series will result in nine test values 
for one specimen which ca1 be used to evaluate the overall resilient 
behavior of a bituminous mixture. Both laboratory molded specimens 
(prepared in accordance with acce~ted procedures such as ASTM 01561, 
01559, 03496, 03187) and core specimens (with relatively smooth, 
parallel surfaces) may be used. Specimens will normally be either a 
nominal 4 or 6 in. in diameter. A metal loading strip with concave 
surfaces and a radius of curvature equal o the nominal radius of the 
test specimen is required. The load strips must be either 0.5 or 0.75 
in. wide for the diameters identified, respectively. The specimens 
should have a thickness of at least 2 in. and a diameter of 4 in. for 
aggregate up to 1 in. maximum size, and a thickness of at least 3 in. 
and a minimum diameter of 6 in. for aggregate up to 1.5 in. size. 

The test proceeds with a specimen placed in the temperature con
trol cabinet set at a specified test temperature. If the temperature 
of the specimen is monitored (for example, with a thermistor attached 
to the specimen), then the test may proceed when the specimen in noted 
to be within ±2"F (±l"C) of the specified temperature. If the speci
men is not monitored, then the specimen should remain in the cabinet 
at the specified temperature for at least 24 hours prior to testing. 
When the specimen is at the prescribed temperature it is next precon
ditioned by applying a repeated haversine (or other simple wave form) 
load for a period of time sufficient to obtain a uniform horizontal 
deformation response. Depending upon the load frequency and tempera
ture, a mini mum of 50-200 1 oad repetitions may be required. The 
recommended load duration is from 0.1 to 0.4 sec., with 0.1 sec. con
sidered to be more representative of transient pavement loading. The 
recommended load range is that required to induce 10-50% of the ten
sile strength. If tensile strength data are not available, then load 
ranges from 4-200 lbs/in. of specimen thickness may be used (loads as 
low as 10 lbs have been used by some researchers). It is noted that 
if the cumulative vertical deformation exceeds .001 in. during the 
test, the applied load or the test temperature, or both, should be 
reduced. 

Following the conduct of a test at a specific load (magnitude, 
frequency, duration) and temperature, the specimen is rotated approxi
mately 90° and the test is repeated. The average recoverable horizon
tal and vertical deformations of the specimen are obtained over at 
least three load cycles after the repeated resilient deformation has 
stabilized. To reduce permanent damage to the specimens, it is 
suggested that testing begin at the lowest temperatures, shortest load 
duration, and smallest load. Subsequent tests on the specimen should 
be for conditions that produce progressively lower moduli. 

It may be noted from the description of the "standard" test 
procedure that resilient moduli may be substantially different for 
different test conditions. For example, a modulus obtained at a low 
temperature, and under high frequency and low load duration, may be 
substantially greater than a modulus obtained at high temperatures 
under low load frequency and extended load duration. Obviously, this 
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suggests the need of identifying the specific test conditions (e.g., 
specimen temperature, load magnitude, load frequency, load duration, 
load wave form, and tensile strain) to insure that equivalent moduli 
are being compared. 

Equations (IO), (II), and (12) are supported by the work of 
Hadley et al. (1970). He developed equations to evaluate the material 
properties (i.e., elastic modulus, E, and Poisson's ratio, v} of 
diametrically loaded cylindrical specimens. These equations have 
subsequently been applied to the elastic response of specimens sub
jected to repeated loads. The following assumptions are made in the 
development of the equations: 

(1) The material is elastic, thus Hooke's Law is valid. 

(2) The material is homogeneous and isotropic, allowing the 
use of a single value for the modulus and Poisson's 
ratio. 

( 3) Plane-stress conditions exist and, therefore, the prob
lem can be modeled as two-dimensional. 

(4) The x- and y-axes are principal planes. This assump
tion follows from the stress analysis, in which 1r0 = 0 
along these axes . 

(5} A uniform strip load is• applied directly to the 
specimen. 

The stress analysis of a perfectly elastic, homogeneous, isotro
pic, and weightless, circular element with a diametrically applied 
compressive strip was performed by Hondros (1959) using a Fourier 
series. The definition sketch for the theoretical development is 
shown in Figure 15. Figure 16 illustrates the unit stress distribu
tions that result from Hondros' analysis for a 4-in. diameter disk 
with a 0.5-in. loading strip width. 

Any of the four stress distributions (a a a a ) can be 0x• rx' 0y' ry 
written 

a= ±(2P/~at)[/(r,R,a)] (13) 

If the width of the loading strip is fixed (a 0.5-in. for this 
case), Equation (13) can be rewritten 

a (P/t){2/~a[/(r,R,a)]} = (P/t)a* 

in which 

a*= unit stress 

(14) 

For any differential element along the x-axis, Hooke's Law is 
expressed as 
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Figure 16. Unit Stress Distribution Along the Vertical and Horizontal 
Axes for a Diametrically Loaded 4-Inch Diameter Circular 
Element with a 0.5-Inch Strip Load (after Hondros, 1959) 
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(15} 

In terms of the t~tal horizontal deflection, 

from which 

H = 1/E [Jo arx - v Jo asx] (16) 

in which 

J
0 

= integral over the diameter 

Next, the previously defined expression for unit stress is sub
stituted into Equation (16). Solving for E, 

( 17) 

Performing the same operations along the y-axis results in 

(18) 

Equations (17) and (18) can now be equated to solve for v 

f * V J * 0 ary - H O arx 

V = I * V J * o asy - HD asx 
(19) 

An equation for tensile strain can now be obtained by first 
expressing Hooke's law for the deflection over a finite length at the 
center of the specimen, 

(20) 

in which 

J
1 

= integral over a finite length at the center 
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By the definition of strain, 

(21) 

Expressing Equation (21) in terms of unit stress and solving for E, 

(22) 

The modulus, E, has now been expressed in terms of the total 
horizontal deflection and in terms of tensile strain. Equating these 
two expressions results in 

(23) 

• The Mean • Va 1 ue Theorem can now be applied to the expressions 
f 1arxfl and f 1a9Jl to arrive at 

(24) 

where 

I indicates "evaluated at r = O" 
r=0 

The expressions for Poisson's ratio, resilient modulus (MR= E), 
and tensile strain at the center (et= e. 1) can be solved by numerical
ly integrating the unit stress over the diameter of the specimen and 
solving the unit stress at the origin: 

MR= (P/Ht)(0.27 + u) (10) 

(t [0.16 + 0.48 u] H 
0.27 + u ( 11) 

u • -3.59 -0.27 (V/H) 
0.063 + (V/H) (12) 

It should be noted that the calculation of MR and ft requires the 
determination of Poisson's ratio. The determination of Poisson's 
ratio requires measurements of both horizontal and vertical deflec
tions. From a practical standpoint, it is difficult to measure the 
vertical deflect ion of a test specimen during the performance of a 
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resilient modulus test. However, if a value of Poisson's ratio is 
selected as input to Equations (10) and (11), the vertical deflection 
is not needed. 

A typical value of Poisson's ratio for asphaltic concrete is 0.35 
(Yoder and Witczak, 1975). Based on this assumption, Equations (10) 
and (11) may be rewritten as: 

MR= 0.62 {P/Ht) (25) 

(26) 

The values of MR and €tare obtained using the following proce
dure: 

(1) the values of repeated load and horizontal deflection 
are recorded from tests on two mutually perpendicular 
diametral axes; and 

(2) the average value of horizontal deflection (the load 
usually remains constant) and the value of the repeated 
load are input to Equations (25) and (26). 

A typical load-time pulse and deformation-time relationship for 
an asphalt concrete specimen is shown in Figures 17 arid 18. The 
results shown identify two possible measurements for v.ert i cal and 
horizontal measurements. In one case, the instantaneous resilient 
horizontal and vertical measurements, H1 and V1, are measured. 
Substitution of these values into Equations (10), (11), and (12) 
result in a determination of instantaneous resilient modulus, tensile 
strain, and Poisson's ratio. In the second case, total resilient 
horizontal and vertical deformations are measured which result in a 
determination of total resilient modulus, tensile strain, and Pois
son's ratio. Obviously, care must be exercised when reporting values 
of resilient properties to distinguish between instantaneous versus 
total response. 

The results of a theoretical investigation of the influence of 
test specimen boundary conditions on indirect tension test resilient 
moduli are presented in Appendix A. A summary of this work is as 
follows: 

(1) The diametral resilient modulus test is adequately 
represented by elastic theory based on an assumption 
of plane stress response of the specimen. 

(2) For a resilient modulus test performed under typical 
loading conditions (i.e., a steel/asphalt concrete 
interface), the estimate of resilient modulus is less 
accurate when vertical deflections are employed to 
first estimate Poisson's ratio. However, the estimate 
using vertical deflections is more accurate if a low 
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a= Duration of loading during one 

load cycle b = Recaveri time 
c = Cycle time 
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Figure 17. Load Pulse and Associated Deformation Relationships for 
the Repeated Load Indirect Tension Test {after Kennedy and 
Anagnos, 1983) 

Number of Lood .O.Ollil!C0h01'11 Numbtf of Lood ADDhcooom 

Figure 18. Relationships Between Number of Load Applications and 
Vertical and Horizontal Deformation for Repeated Load 
Indirect Tension Test {after Kennedy and Anagnos, 1983) 
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(3) 

(4) 

modulus material is placed between the steel platen and 
asphalt concrete. 

Placing a low modulus material between the steel load 
platen and the test specimen significantly reduces the 
induced shear stresses, and the normal stress di stribu
tion is more closely modeled by the theoretical stress 
distribution. Therefore, only horizontal deflections 
should be used in the determination of the resilient 
modulus if the diametral test is performed with a steel 
1 oad i ng p 1 a ten/asphalt concrete interface. Vertical 
deflections will improve the estimate of the resilient 
modulus if a low modulus material is placed between the 
steel and the asphalt concrete at this interface. 

Although the assumed value of Poisson's ratio directly 
influences the magnitude of the modulus, it has little 
effect on the accuracy of the estimation of the 
resilient modulus. 

Summary and Conclusions 

The work of a number of researchers and practitioners has been 
presented to provide an appreciation of the fundamentals of resilient 
modulus testing. Particular emphasis has been given to the repeated 
load triaxial compression and diametral indirect tension tests. These 
tests are based on sound theoretical principles, and if they are prop
erly conducted on specimens that represent in situ conditions, they 
will provide values of resilient moduli that support the mechanistic 
approach to pavement design. 
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APPENDIX A 

Influence of Test Specimen Boundary Conditions on 
Indirect Tension Test Resilient Moduli 

by 

J. Heinicke and T.S. Vinson 

The finite element structural analysis program ANSYS PC/LINEAR 
(Gorman, 1986) was used to investigate the influence of an assumed 
plane stress condition and an assumed uniform strip load applied 
directly to the specimen on resilient moduli determined in an indirect 
tension test. The effect of Poisson's ratio on the accuracy of the 
determination of the resilient modulus was also studied. 

Under the assumption of a plane stress condition, the out-of
plane stresses are set equal to zero. However, out-of-plane stresses 
are present under actual test conditions for the following reasons: 
(1) the test specimen has a finite thickness which necessarily creates 
out-of-plane resistance to deflection, and (2) the presence of the 
thumbscrews used to attach the diametral yoke (see Figure 14) provide 
out-of-plane resistance at their respective locations. 

The assumption that a uniform strip load is applied directly to 
the specimen ignores the surface traction forces and related shear 
stresses. These forces result from the material i ncompat i bi l i ty at 
the boundary of the steel platen {high modulus) and the test specimen 
(low modulus). Further, the load distribution is slightly nonuniform 
owing to the method of application, i.e., a point load is applied to 
the steel platen at the center of the test specimen. 

The finite element models considered in this study include: 

Case 1: plane stress, with a uniformly distributed load 
applied directly to the circular model; 

Case 2: plane stress, with a uniformly distributed load 
applied to the circular model through a steel 
loading platen; 

Case 3: three-dimensional, with a point load applied to the 
cylindrical model through a steel loading platen; 
and 

Case 4: three-dimensional, with a point load applied to the 
cyl i ndri cal model through a tefl on coated steel 
loading platen. 

The two-dimensional mesh utilized for Case 2 is shown in Figure 
Ala. The same mesh is used for Case 1; however, the steel loading 
platen is absent from the model. Only one-quarter of the circular 
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model is needed owing to symmetry. The three-dimensional models can 
be visualized by expanding the two-dimensional mesh in the z-direc
tion, as shown in Figure Alb. Again, symmetry may be employed, 
resulting in a model that represents one-eighth of the test specimen. 
The actual boundary conditions are simulated in the three-dimensional 
model by: {l) applying a point load through the steel loading platen 
to model the loading ram, and {2) restricting the outward (z-direc
tion) deflection of two nodes lying on the x-axis at the position 
where the thumb screws confine the specimen (see Figure Alb). No 
slippage is permitted at the loading interface for Cases, 2, 3, and 
4. 

The resilient modulus test procedure involves first applying a 
small seating load (5% of the repeated load) to maintain the alignment 
of the steel platen and the test specimen. The specimen is then sub
jected to the repeated load. This loading condition {i.e., seating 
load plus repeated load) could not be modeled using the ANSYS 
PC/LINEAR program. Therefore, initial seating load has been ignored, 
and a static 1 oad was used to represent the repeated load in the 
analysis. The use of such loading is reasonable since the model is 
assumed to be linear elastic. 

The following test and material conditions (control conditions) 
were input to the finite element models: 

(1) Asphalt concrete properties, 

MR 300 ksi 

u = 0.35 for Cases 2 and 4 

u = 0.15, 0.35, and 0.45 for Cases l and 3 

(2) Steel loading strip properties, 

E = elastic modulus= 29 x 103 ksi 

u = 0.30 

(3) Load (backcalculated using Equations (6) and (7) with 
€ t = 100 µ), 

P = 232 lbs 

(4) Specimen thickness, 

t=2.5in. 

The output from the finite element analyses includes values of 
horizontal and vertical deflections at each node. These can be used 
as input to the theoretically developed equations to compare differ
ences between the finite element solution and the theoretical solu
tion. Further, the stresses output at each node can be compared to 
Hondros' theoretical stress distribution. 
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The deflection results of the finite element analyses and the 
values backcalculated from these results are given in Table Al. The 
theoretical solutions, which represent the initial (and compatible} 
conditions, are identified as control. The resilient modulus is 
calculated by the following methods: 

Method L The output va 1 ues of H and V (total horizontal 
and vert i ca 1 deflection obtained from the exterior 
nodes on the x- and y-axes} are input to Equation 
(12) to solve for v. This computed value of v and 
Hand Pare used in Equation (10) to solve for 
MR. 

Method 2. The control value of v and P and the output value 
of Hare input to Equation (10) to solve for MR. 

Note that Method 2 represents the typical procedure for the determina
tion of the resilient modulus from laboratory data (i.e., horizontal 
deflection and repeated load are measured, and vis assumed). Thus, 
Method 1 may be viewed as an attempt to improve the estimation of the 
resilient modulus by obtaining the vertical deflection to calculate 
the actual value of Poisson's ratio. 

The% error and tensile strain given in Table 2 are determined 
as follows: 

(I} % error equals the difference between MR (control) and 
MR (backcalculated), divided by MR (control); and 

(2) tensile strain equals the horizontal deflection of the 
central element, H(int), divided by the width of the 
element (0.125 in.). 

The Case I model best represents the conditions assumed in the theo
retical solution. Thus, the accuracy of the mesh employed in this 
study can be verified by comparing Case 1 to the control condition. 
As noted in Table Al, the output moduli are within ±3% for either 
method of calculation and Poisson's ratio is within 5%. There is 
similar close agreement between the tensile strain levels and the 
stress distributions. Based on this comparison, the accuracy of the 
finite element representation is acceptable. 

The inclusion of the steel platen (Case 2) does not significantly 
affect the horizontal deflection. Based on Method 2, the output modu
lus is 1% less than the control modulus and the tensile strain is 
within 6%. However, owing to the reduction in vertical deflection, 
Poisson's ratio exceed 0.50 when Method 1 is employed. This value is 
theoretically impossible and represents a 50% increase from the 
control value of 0.35. The resulting value of the resilient modulus 
is 27% greater than the control value. 

The moduli of Cases 3 and 4 that are backcalculated using Method 
2 al so match the contra 1 moduli reasonably we 11 . However, there is 
a significant difference between the two models when the vertical 
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0.45 
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Table Al. Results of Finite Element Analyses 

Method 1 
(calculated 

using 
vertical and 

Deflections horizontal 
(x . 001 inch) deflections) 

(2) (3) (4) (5) (6) (7) 
H(int) H V V MR % 

( ks i) Error 

-- 0.130 -1. 142 0.15 300 0 
- 0.192 -1. 182 0.35 300 0 
- 0.223 -1.201 0.45 300 0 

0.0088 0.134 -1.102 0.17 304 1 
0.0125 0.196 -1.098 0.38 306 2 
0.0143 0.227 -1.096 0.48 307 2 

0.0120 0.195 -0.887 0.53 380 27 

0.0079 0.126 -0.986 0.19 340 13 
0.0110 0.183 -0.985 0.40 341 14 
0.0125 0.212 -0.956 0.53 352 17 

0. 0111 0.182 -1.099 0.33 305 2 

• 

Method 2 
(calculated 

using 
horizontal 

deflections) 

(8) (9) (10) 
MR % Strain 

(ksi) Error (µ) 

300 0 72 
300 0 102 
300 0 117 

291 -3 70 
294 -2 100 
295 -2 114 

296 -1 96 

310 3 63 
315 5 88 
316 5 100 

316 5 89 

• 



• 

• 

• 

deflections are considered. Using Method I, the moduli of Case 3 are 
from 13 to 17% greater than the control moduli. This represents an 
error that is approximately 10% greater than the error resulting from 
Method 2. The Case 4 model behaves in a opposite manner; i.e., the 
modulus is improved by 3% when the vertical deflections are taken into 
account. This implies that if measurements of vertical deflection are 
obtained in the laboratory, the estimate of modulus is not improved 
unless a low modulus material is positioned between the steel loading 
platen and the test specimen. 

Figure A2 illustrates Hondros' theoretical unit stress distribu
tion with the nodal unit stress values for Cases 1 through 4 (with 
v = 0.35) superimposed. The stress values for Cases 3 and 4 represent 
the weighted average of the nodal stress values along the width 
(z-direction) of the specimen. The stress distributions along the 
horizontal axis are practically identical to the theoretical solution 
for each model and similar agreement may be noted along the inner two
thirds of the vertical axis. However, the stress distributions 
diverge at the exterior of the specimen (near the load) as follows: 
(1) for Case 1, the stresses are almost identical to the theoretical 
stresses, (2) for Case 4, the vertical stresses decrease by 25% and 
the horizontal stresses decrease by 50%, and (3) for Cases 2 and 3, 
the vertical stresses decrease by 50% and the horizonal stresses 
decrease by 90%. 

The differences in stress may be attributed to the effect of 
surface traction forces that result from the material incompatibility 
at the loading interface. In the theoretical solution, the horizontal 
and vertical axes are principal planes (i .e, there are no shear 
stresses along these axes). However, the finite element models con
firm that shear stresses exist along these axes. Thus, the stresses 
output in the finite element analyses are normal stresses rather than 
principal stresses. The greater reductions of normal stress for Cases 
2 and 3 reflect the high shear stresses that are induced at the load 
interface. The stresses for the Case 4 model are closer to the theo
retical stresses owing to the inclusion of a low modulus material 
(e.g., Teflon, E = 100 ksi) between the high modulus steel and the 
relatively low modulus asphalt concrete. Comparing Case 4 to Case 3, 
the shear stresses at the interface are reduce approximately 300%. 

As previously noted, the stress distributions for Cases 3 and 4 
represent the weighted average of stresses across the width of the 
model. These stresses change from the middle of the model to the free 
face as follows: (l) the compressive stresses are higher in the 
middle of the specimen than at the free face, (2) the tensile stresses 
are lower in the middle of the specimen than at the free face, (3) the 
shear stresses are higher in the middle of the specimen than at the 
free edge, and (4) the out-of-plane compressive stress increases 
slightly near the location of the thumb screws. 

Varying Poisson's ratio from 0.15 to 0.45 has little effect on 
the accuracy of the estimation of resilient modulus. The backcalcu
lated moduli increase slightly (4% for Case 3) as Poisson's ratio 
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increases from 0.15 to 0.45. Also, the stress distributions are 
nearly identical for each assumed value of Poisson's ratio. 

The results of the finite element models indicate that the resil
ient modulus diametral test is adequately represented by elastic 
theory based on the assumption of plane stress response of the test 
specimen. Although the actual boundary conditions create traction 
forces that result in the propagation of shear stresses through the 
specimen, the effect is relatively insignificant with respect to the 
horizontal deflection actually used in the determination of the resil
ient modulus. However, if vertical measurements are obtained in an 
effort to estimate Poisson's ratio, a low modulus material must be 
placed between the steel load platen and the test specimen . 
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r274 MU IIODS or S/\MPLIN(j AND TESTING 1157 

Standard Method of Test for 

Resilient Modulus of Subgrade Soils 

AASHTO DESIGNATION: T 274-82 

I. SCOPE 

I. I These rnclhods cover procedures for preparing and testing untreated soils for deter
minalion or dynamic elastic modulus under conditions that represent a reasonable simulation ot 
the physical conditions and stress stales or subgradc materials beneath nexible pavements sub
jected lo moving wheel loads. 

1.2 The methods described are applicable to undisturbed samples or natural and com
pacted suhgrade materials and to distributed samples prepared for testing by compaction in the 
laboratory. 

1.3 The values or resilient (dynamic elastic) modulus determined with these procedures 
can be used in the available linear-elastic and non-linear elastic layered system theories lo calcu
late the physical response or pavement structures. 

2. SUMMARY 01• THl MHHOD 

2.1 /\ repeated axial deviatur stress or tixetl magnitude, dura1ion, and frequency is applied 10 
an appropriately prepared and conditioned cylindrical test specimen. During and bet,.·een the 
dynamic deviator stress applications, the specimen is subjected Lo a s1a1ic all-around sire,~ 
provided by means or a Lriaxial pressure chamber. The resiliem (recoverahle) axial strain response 
or 1he specimen is measured and used Lo calculate 1he dynamic strcss-dcpcndenl resilicm 
moduli. 

3. SIGNIFICANCF. AND usr. 

3.1 The resilient modulus test provides the basic const11u11ve relationship between stress 
and deformation or ncxihlc pavement construction materials for use in structural analysis of 
layered pavement systems. 

3.2 The resilient modulus test provides a means or evaluating pavement construction 
materials, including subgrade soil!(under a variety or environmental conditions and stress states 
that realistically simulate the conditions that exist in pavements subjected to moving wheel loads. 

4. BASIC DEHNITIONS 

4.1 U, is the Iota! a,ial stress (major principal stress) 
4.2 o, is the total radial stress; that is, the applied contining pressure in the tnaxial chamber 

(minor and 1nlermcdialc principal stresses) 
4.3 o a ~ o, - a, is the deviator stress, that is, the repeated axial stress for this procedure 
4.4 F., is the total a,ial strain due to od 
4.S F.r is the resilient (recovered) axial stram 
4.6 Mr = Od/F.r is the resilient modulus, i.e., the dynamic stress-strain relationship that can 

be substituted in analytical procedures involving dynamic traffic loading requmng a modulus of 
elasticity 

4.7 l.oad duration is the time interval the specimen 1s suhJected to a dcviator stress 
4.11 Cycle duration is 1he time interval bet,.·een successive applications of a dev1ator stress ...... 

I 
~ ,-... 
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-GTw 
4.9 Td - I + (WG/S) 

where Yd = weight or dry soil, pounds per cuhic foot (kilo-newtons per cubic meter). 

G = specilic gravity or soil solids, dimensionless 
W = water content or soil,(%) 
S = degree or saturation,(%) 
T w = unit weight or water, pounds per cuh,c fool (kilo-newtons per cubic meter). 

T274 

NOTE: buth W and S musl be uprc!iscd a'i either a da:1mal or a number, cg., 20% i'i cuher .20 or 20, 
but is is impcrati\le 1hat there i'i con!ii'iloicy betwcc:n the Lwo 

5. APPARATUS 

5.1 Tria:,cial Pressure Chamber-The pressure chamber is used lo contam the lest specimen 
and the conlining fluid during the test. A triaial chamber su11ahle for use in resilience testing 
or soils is shol'n ,n Figure I. The chamber is similar to most standard tria,ial cells except that ii is 
somewhat larger to facilitate the internally mounted load and deformation measuring equipment, 
and has additional outlets for the electrical lead, from the measuring devices. 

5.1.1 Standard tria.ial cell, with e,ternally mounted load and deformation measuring equip
ment (Figure Z) may be used for materials whose maximum resilient modulus is less than I S,(XXl 
psi (104,000 kPa). 

5.1.2 Air is used as the chamher fluid in both conligurations. Water or waler/alcohol mi,turc 
can also be used. 

5.2 Loading Device-The exlernal loading source may he any device capable or providing 
varying repeated loads in r,.ed cycles or load and release. These devices range from simple 
cum and switch control or static we,ghls or air pistons lo closed-loop electro-hydraulic systems. 
A load dura1ion or 0.1 second and cycle duralion or from I lo 3 seconds is required. A sine, 
haversine, rectangular, or triangular shaped slress pulse form may be used. 

5.3 Load and Specimen Respon.r, Mea.wrinl( Equipment 
5.3.1 The axial load measuring device " an clcc1ronic load cell. Prdcrahly, the load i, 

measured by placing the load cell hclween the specimen cap and the loading piston as shown in 
Figure I. Load cells may also be mounlcd oulside the test chamher provided corrections are 
made for any dynamic pislon friction in the chamher gland. 

5.3.2 Tesl chamher pressures are monitored with convcn1ional pressure gauges, mano
meters or pressure transducers of 'iuitable scn!-r.itivity rang.cs. 

5.3.3 Axial deformalion-mea,unng equipment for use with materials with maximum resilient 
modulus in excess or 15,000 psi (104,000 kPa) consisls or Z linear variable differential trans
formers (LVDT's) allachcd dircclly 10 the specimen by a pair or clamp,. The clamps and LVDT's 
arc shown in position on a lest specimen in Figure I. Dclails or lhe clamps are shown in Figure 3. 

5.3.3.1 Axial deformation measuremenls on materials with maximum resilient modulus less 
than 15,000 psi (104,000 kPa) may be made with LVDT's clamped 10 the piston rod ou1side lhe 
lest chamber as shown ,n Figure Z. 

5.3.4 II is necessary to mainlain suilahle signal cxcilation, conditioning, and recording equip
ment in addition 10 lhe measuring devices for simuhaneous recordrng or axial load and deforma
tions. The LVDT's should be wired ,o 1ha1 the average signal from the pair is recorded. 

5.3.5 In order lo minimize errors in tesl specimen response measurement and recording, 
the system is calihrated immedialely bcrore and arter each 1cs1. A device found to be satisractory 
for this purpose consists or a high quality load nng supponed in an incompressible (sleel) jig 
whose overall dimensions are similar to the lest specimen's (Figure 4). To calibrale the system, 
the devic-e is placed on 1he base or the lriaxial chamber and lhe load c-cll and LV DT's are 
a11oched. The device is suhJecled 10 repealed a,ial load, or lhc magnitude and duralion used for 
measuring lhe resilient response or the test specimen. Hy holding a card against the foce or lhe 
load ring dial, the resulling dynamic dencc1ions or the ring can be observed withoul difficulty. The 
load ring displacements arc compared lo the recorded L VDT trace lo ob1ain the deformation 
calibralion. The load ring's own force-displacement rclalionship is used lo establish the magni
tude or load represented by 1he recorded load cell I races. 

• • 
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Trll/\XIAL CltA~-\CER \'/ITH HHE~NAL LVDT'S AND LOAD Cf.LL 

IA)CHAMBER 
PRESSURE 
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CCI~~~~~~~ 
11 Q) ·------
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CHAMBER 
COVER 111 
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-~LVDT (21 

~~:EM~~:TEtMI 
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IF) 

TABLE OF MEASUREMENTS(TYPICALI 

DIMENSICN A B C D E r G H I J K L M N 
METRIC,nwn 64 12,7 1524 64 38 I 64 127 _, l'l 1 ,, 381 -2 2~4 64 
ENGLISH in. 02~ 0~ 6 00 0.25 1.50 025 O.~ 0 75 '-~ 10 025 
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l RI/\XIAL CH/\rl.BER ',IITH EXTERNAL LVOT'S /\NO LOAD CELL 
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(Kl ~g1r~:c.E SATURATION Ill 

TABLE OF MEASUREMENTS I TYPICAL) 

!DIMENSION I ,. I - I - I 
METRIC.nm. 

ENGLISH in 

I OimMlll."ft woriH ••lh monufoi;h•• 

2 Oun1m1m1 worin "''" spec,men t.11• 
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fl;urt 2 

G H K L 

3611''°"21:16.11 E.41£,.~ 
1.50 1.50025025 le• 25 
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5.4 Specimen Prepara1ion Equipmen1-A vari~ty or test specimen prepara• 
tion equipment is required to prepare undisturbed samples for testing and to obtain compacted 
specimens that are representative or field conditions. Use or different materials and different 
methods or compacting in the field requires the use or varying compaction techniques in the 
laboratory. Typical equipment required is listed as follows: 

5.4. I Equipment for trimming test specimens from undisturbed samples as described in 
AASHTO T 234, Strength Parameters or Soils by Tria.ial Compression. 

5.4.2 Equipmenl for impact compaction as described in AASHTO T 99, Moisture-density 
Relations or Soils Using a 5.5-lb. (2.5 kg) Rammer and a 12-in. (305 mm) Drop or AASHTO 
T 180, Moisture-Density Relations or Soils Usmg a 10-lb. (4.54 kg) Rammer and an lK-in. (457 
mm) Drop. 

5.4.J Apparatus for kneading compaction as described in AASHTO T 190, Resistance R
Value and Expansion Pressure or Compacted Soils or other apparatus which utilize kneading 
methods or compaction. 

5.4.4 Apparatus for statically compacting a known weight or moist soil to a predetermined 
length and diameter fixed by the dimensions or a mold. A typical mold assembly for the prepara
tion of 2.8-in. (71 mm) diameter by 6-in (152 mm) high specimen for )-layer static compaction is 
shown in Figure 5. 

5.4.5 Split mold and hand-held air-operated vibratory compactor as shown in Figure 6. 
5.4.6 Static loading machine with an adequate capacity for compacting different materials. 
5.5 Mi.Jcellanrou.r Appara1w-This includes calipers, micrometer gauge, steel rule (cali-

brated to 0.02 in. (0.5 mm)) rubber membranes from 0.ol 10 0.025 in. (0.254 lo 0.635 mm) in 
thickness, rubber O-rings, vacuum source with bubble chamber and regulator, membrane 
e•pander, porous stones, scales, moisture content cans, and data sheets as required. 
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6. PREPARATION OF TEST SPECIMENS 

6.1 Specimen Siu-Specimen length should be no1 less 1han 1wo limes lhe diameter. 
Minimum specimen diameter is 1he larger of 2.8-in. (71 mm) or si, limes the largest particle size. 
Four-inch (102 mm) diameter, 8-in. (203 mm) high specimens can be accomodated in the tri
uial cell shown m Figure I, and this is 1he minimum sue specimen required when the ring clamp 
LVDT holders shown in Figure 3 are used. 

6.2 Undisturbed Specimen.,-Undisturbed specimens are trimmed and prepared as described in 
AASIITO T 234, Strength Parameters of Soils by Tria.ial Compression. 

6.3 /'reparation of Soil for Laboratory Compacted Specimens-The following procedure is 
used to prepare soil samples for laboratory compaction. 

6J,I If the soil sample is damp when received from the lield, dry it until it becomes friahle 
under a trowel. Drying may be in air or by use of drying apparatus such that the temperature 
does not e,ceed 60C ( 1401'). Then thoroughly break up the aggregations in such a manner as 
10 avoid reducing the natural size of individual particles. 

6..1.2 Sieve an adequate quantity of the representative pulverized soil over the 1/,-in. ( 19.0 
mm) sieve. Discard the coarse material. if any, retained on the 1/,-in. (19.0 mm) sieve. 

6JJ Determine the ,ur-dry moisture content W, of the soil. The moisture sample shall 
weigh not less than 200 g for soils with a ma,imum particle s11e smaller than 0.187-in. (4.75 mm) 
and not less than 500 g for ,oils with ma.imum particle s11e greater lhan 0.187-in. (4 75 mm) 

6J.4 Determine the volume V of the compacted specimen to he prepared. For 01her than 
static compaction methods, the height of the compacted specimen must be slightly greater than 
that required for resilience testing to allow for trimming of the specimen ends. An c.cess of 0.5-in 
( I J mm) is generally adequate for this purpo,e. 

6.3.S Determine the weight of oven-dry soil solids w, and "•ler w, required lo ohtain 
the desired dry densil>" Td and "atcr content we a, follows: 

Ws (pounds)= T d (pounds per cu hie fool) X V (cubic feet) 

Ws (gram,)= Ws (pounds) X 454 [ ] 

W c (pounds) ~ Ws (pounds) X we l'~r;nl__ 

Wc (grams) = We (pounds) X 454 
6.3.6 Determine the weigh! of air-dried soil Wad required to obtain Ws. An additional 

amount Was of at least 500 grams should he allo"ed 10 provide material for the determination of 
water content at the time or compacl1on. 

Wad (grams= (Ws + Was) x (I +"I 
100 

6.3.7 Determine the weight of "ater Wa" required to increase the "eight from the e,isting 
WI to the we1~h1 or water W c corrc~ponding to the dc~1red compacuon water con lent we. 

W,(grnms) ~ (Ws + Was> X (_"'._I__) 

" 100 
w, (grams = (W s + W asl X (--'='-) 

100 
Waw (grams)= W' - W' 

6.3.8 Determine the "cl "eight of the soil W 1 lo he compacted. 

W 1 (grams)= w, X (I +we .. ) 
JOO 

6.3.9 Place the mass of the soil Wad determined in 6.J.6 into a mi,ing pan. 
6.3.IO Add the "aler W 3., to the ,ml ,n small amount, and mix thoroughly after each 

addition. 
6_1,11 Place the mi,ture in a plastic bag. Seal the hag and ,tore it in an atmosphere of at 

least 75 percent rclati,·e humidity for 24 hours. Ensure a complete ,eal by using 2 or more bags. 
6.3.12 After mi,ing and storape. "eigh the "Cl soil and container 10 the nearest gram and 

rcc.:ord lhi~ value on the :1rruopnatc forms a~ sho"n in 1-"if,!urc 7 and k. 
6.4 Cumpacting Sprcimrn., of Coh,.,i•·• Soil.,-The resilient hchav,or of compacted 

cohesive soil'ii containing subMantial amounts uf day is dependent on the structure imparted 
lo the soil particle~ by the compacuon pruc.:css. Coht.""ivc soils containing substantial amounts 
of clay are defined for 1his procedure a, ,nil, classified A-2-6. A-2-7, A-6 and A-7 using the cri
teria of AASHTO M 145, The Classilicat,on of Soil, and Soil-Aggregate Mi,tures for Highway Con
struction Purposes. 
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Af-'PARATUS FOR VIBRATORY COMPACTION OF COHESIONLESS SOILS 
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6.4.1 Selection of Compaction Method-The mclhod of compaclion and the compaction 
(molding) water contenl we of cohesive soils depends on the field condilion to be simulaled by 
the labora1ory specimen. 

6.4.1. I Specimens represenling cohesive subgrades compacted al water contenls cor
responding to less lhan 80 percenl saluration which remain in the as-constructed condition can 
be compacted to lhe field dry dcnsi1y and water conlenl by any slandard gyratory, kneading, or 
slatic procedures. 

6.4.1.2 Tesl specimens representing a subgradc 1ha1 was originally compacled al a waler 
conlenl less 1han 1ha1 corresponding Lu lhe 80 percent saturation value, hul which has ,ubse
qucntly experienced an increase in in-service water contenl are compaclcd at the in-service water 
con1en1 using the s1a1ic mclhod described in 6.4.4. 

6.4.1.3 Kneading is used for lest specimens representing the field compaclion and in
service conditions of 6.4.1.2 only if lhe specimens arc compacted al 1he intilal field (as-con
s1ruc1ed) waler content and then subjecled 10 pns1-compac1ion changes in waler conlent. 
Controlled posl-compaclion changes in waler con1cn1 are limited in 1he labora1ory 10 lhe back 
pressure saturation lechniques dcscnhcd in 6.4.5. 

6.4.1.4 Test specimens repre,enling cohesive suhgrades compacted in 1he field al waler 
conlents greater 1han lhe 80 pcrcenl saturation value are compac1cd in 1he laboratory using 
kneading compac1ion. These lcsl specimens may also he subjeclcd 10 posl-compaclion waler 
conlenl increases if lhe field malerial 10 be represented has experienced post-compac1ion waler 
content increase~. 

6.4.1.5 Table I summarizes lhc above d,scussion of compaclion melhod sclecl10n. 
6.4.l Moi.,·ture Den.,ity Relatiomh,p.r-Whcn the range or compaclion condi110ns and lhe 

range of in-service cond11ions are known, selecl the required lahoralory compaclion method from 
lhe allernatives listed. If lhe in-service cond1110ns are nol well defined, prepare and 1es1 speci
mens over a range of dry densilies and waler contents. Four sieps are followed 10 select lhe 
densities, water contents, and compac1ion methods used 10 prepare specimens represenlalive of 
the range of resilient behavior: 

6.4.2.1 Eslablish lhe moisture-densily relalionship for the s01I according 10 lhe procedure of 
AASIITO T 99, Moi,ture Density Relalions of Soils Using a 5.5 lh. (2.5 kg) Rammer and a 12-in. 
(30.5 cm) Drop. 

6.4.l.2 Delermine 1he specific gravity of the soil according Lo the procedure or AASHTO 
T 100, Specific Gravily or Solis. 

6.4.2.2 Use the data ohlained in 6.4.2.1 and 6.4.2.2 10 determine 100 and 80 pcrcenl of 
saturation al various dcnsilies. Place thi~ information on the graph of the mo1sture-dcnsity relal1on
ship determined in 6.4.2. I; Lhal is, drav, a 100 percent and an 80 percent salura11on line. 

6.4.2.4 Sclccl the dcns111cs, waler content,, and compaction melhods to be used 10 pre
pare test specimens. 

6.4.3 Compacrion hr Kneadinli M,rhod1-S1andard molds associated wilh kneading com
paction methods such as AASHTO T 190 or the Harvard miniature mc1hod may not be of the 
correct dimensions for direct use in rc!-.1hcncc tcs1ing.. Moi.i.t:vcr, molds of lhc correct dimensions 
can be obtained, and the mel hod, referred lo a hove can he adapted 10 the ne" mold slles This 
generally will require Lnal-and-error adju,1mcnls in Lhe number of compacted layers or the 
numhcr of tamps per layer (or bolh) 10 produce specimens of the required densities. Large size 
compacted specimens also can be prepared and lhe correct size Lcsl specimen trimmed from 
Lhe larger compacled specimen. Eight steps are required for lhe kneading compaction procedure. 

6.4.3.1 Establish the number of layers N 10 be used Lo compacl the soil. Determine the wel 
weight or soil required per layer, WL. Layer thickness should nol exceed 2 inches. 

WL (grams)= Wt_ 

N 
6.4.3.2 Place the mass of sml determined in Step I in the mold. Compact according to the 

procedure established for the mold dimensions and compactor used. Scarify the surface for the 
remaining layers. 

6.4.3.3 Repeal Step 2 for lhe remaining layers. 
6.4.3.4 After the spe<:imcn has been completed. determine (verify) Lhc compaction water 

conlenl, we of the remaining soil. The moisture sample shall weigh not less lhan 200 g for soils 
with a maximum particle si,e smaller than 0.187-in. (4.75 mm) and not less 1han 500 g for soils 
with maKimum particle size grealer than 0.187-in. (4.75 mm). Record this value on a form for 
cohesive soils as shown in Figure 7. 
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6.4.3.S Carefully remove the specimen from the mold. If 1he compacted specimen is not of 
the desired dimensions, trim the test specimen in accordance with the procedures described in 
AASHTO T 2)4, Strength Parameters of Soils by Triaxial Compression. If the compaction mold 
has the same dimensions as the desired lest specimen. plane end surfaces can be obtained by apply
ing a small static load to the specimen before it is carefully removed from the mold. 

6.4.3.6 Weigh the specimen to the nearest gram. Determine the average height and diameter 
to the nearest 0.02-in. (0.5 mm). Record these values on a form for cohesive s01ls as shown in 
Figure 7. 

6.4.3.7 Using a vacuum membrane expander. place the thin leak-proof membrane over the 
specimen. Place 0-rings or Olher pressure seals around the membrane to provide a positive seal to 
top and bouom solid end platen• like those used with the tria,ial chamber. 

6.4.3.8 Wrap the membrane-enclosed sample in a plastic bag, seal. and place it in an atmos
phere of at least 75 percent relative humidity for a period of not less than 24 hours to insure a 
uniform moisture distribution. If no post-compaction conditioning such as freeze-thaw cycling or 
back pressure saturation is to be used, the specimen is now ready for transfer to the triaxial 
chamber for resilience testing. 

6.4.4 Compacrio,r by Sratic Loading-In the absence of standard methods for static compac
tion, the method described in this procedure is used. The process is one of compacting a known 
weight of wet soil to a volume that is fixed by the dimensions of the mold assembly. A typical mold 
assembly for the preparation of a specimen with a 2.8-in. (71 mm) diameter and a 6-in. ( 152 mm) 
height using ) layers is shown in Figure 5. Other suitable equipment and number of layers necessary 
lo produce specimens of larger dimensions can be developed. Sixteen steps are required for static 
compaction. 

6.4.4.1 Establish the number of layers N to be used 10 compact the soil. The thickness of 
individual layers should be limited lo 2 inches. Determine the weight of wet soil per layer. 

WL (grams)= W1 
N 

6.4.4.2 Place one of the loading rams into the sample mold. 
6.4.4.3 Place the mass of soil WL determined in Step I into the sample mold. Use a spatula 

lo draw the soil away from the edge of the mold and form a slight mound in the center. 
6.4.4.4 Insert the second loading ram and place the assembly in the static loading machine. 

Apply a small load. Adjust the mold so that ii rests equidistant from the caps of the load rams. 
Soil pressure developed by the initial loading will serve to hold the mold in place. By having both 
loading rams each the zero volume change positions simultaneously. more uniform layer densities 
are obtained. 

6.4.4.S Slowly increase .the load until the loading ram caps rest firmly against the mold. Hold 
the load at or near the maximum load for not less than one minute. The rate of loading and load 
duration depend on the amount of soil rebound. The slower the rate of loading and the longer the 
load is held. the less the rebound. 

6.4.4.6 Decrease the load to zero and remove the assembly from the loading machine. 
6.4.4. 7 Remove the loading ram. Scarify the surface of the compacted layer. put the correct 

weight of soil WL for a second layer in place. and adjust the soil as in Step )_ Add a spacer 
ring and insert the loading ram. 

6.4.4.8 Invert the assembly and repeat Step 7. 
6.4.4.9 Place the assembly in the loading machine. Load slowly while holding the load al 

or near ma,imum when the spacer disk firmly contacts the mold. 
6.4.4.10 Repeat Steps 6. 7, 8 and 9 as required. 
6.4.4.11 After the specimen has been completed determine (verify) the compaction water con

tent we of the remianing soil. The moisture sar(lple shall weigh not less than 200 g for soils with 
maximum particle 51ze smaller than 0.187-in. (4.75 mm) and not less than 500 g for soils with 
ma,imum particle size greater than 0.187-in. (4.75 mm). Record this value on a form for cohesive 
soils as shown in Figure 7. 

6.4.4.12 Place the extruder ram into the sample mold and force the specimen out of the 
sample mold into the e,trusion mold. 

6.4.4.13 Use the extrusion mold to carefully slide the compacted specimen onto a glass plate. 
6.4.4.14 Determine the weight of the compacted specimen to the nearest gram. Measure the 

height and diameter to the nearest 0.02-in. (0.5 mm). Record these values on a form for cohesive 
soils as shown in Figure 7. 
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6.4.4.15 Using a vacuum membrane expander, place the thin leak-proof membrane over the 
specimen. Place O-rings or other pressure seals around the membrane to provide a positive seal to 
solid top and bonom end platens similar to those to _be used with triaxial chamber. 

6.4.4.16 Age the specimen as described in 6.4.3.8. If the no post-compaction conditioning such 
as post-compaction back pressure saturation or freeze-thaw cycling is to he used, the specimen is 
now ready for transfer lo the iriaxial chamber for resilience testing. 

6.4.5 Post-Compaction Back-Pressure Saturation of Undisturbed or Compacted Cohesive 
Soil Specimens-If a specimen of undisturbed soil or cohesive soil compacted by the methods of 
6.4.3 or 6.4.4 is to be saturated before testing, the following 22 steps are required. 

6.4.5.1 Remove the test specimen from sohd end platens by first removing the rubber O-rings 
and then carefully folding or rolling the membrane hack from the ends of the specimen a distance or 
approximately one-quarter inch (6.4 mm). 

6.4.5.2 Place a saturated porous stone on lop of the pedestal or bouom end platen of the 
triaxial chamber. Saturate the bouom drainage line of the triaxial chamber and the pore pressure 
measuring device prior 10 beginning this process by forcing de-aired water through it. If a 
removable type bouom platen is used, tighten it firmly lo the lriaxial chamber to obtain an airtight 
seal. 

6.4.5.3 With the bollom drainage valve closed, place the test specimen on the saturated 
porous stone, carefully fold down the membrune, and seal the membrane 10 the pedestal or bouom 
end platen with an O-ring or other pressure seal. 

6.4.5.4 Place the lop porous stone and lop end platen (with vacuum saturation inlet) on lop 
of specimen, fold up the membrane, and seal ii 10 the lop end platen. 

6.4.5.5 With the drainage line 10 lhe bouom of the specimen closed, connect the vacuum 
inlet at the top of the specimen LO a vacuum source through the medium of a bubble chamber and 
apply a vacuum of 5 psi (35 kPa). If bubbles are absent, an airtight seal has been obtained for the 
system. If bubbles arc present, check for leakage caused by poor connections, holes in the 
membrane, or imperfect seals al the end platens. 

6.4.5.6 When leakage has been eliminated, disconnect the vacuum supply. If specimen 
response is to be measured using internal clamp-mounted LVDT's, Steps 7, 8, and 9 arc required. 
If externally mounted LVDT's are to be used, the method continues with Step 10. 

6.4.5.7 Open the lower LVDT clamp and carefully clamp it al approximately the lower 
quarter point of the specimen. 

6.4.5.8 Repeal Step 7 for the upper clamp, placing ii at the upper quarter point. Ensure 
that both clamps lie in horizontal planes. 

6.4.5.9 Connect the LVDT's to the recording unit and balance the recording bridges. This will 
require recorder adjustments and adjustment of the L VDT stems. When a recording bridge balance 
has been obtained, determine to the nearest 0.02-in. (0.5 mm) the vertical spacing between the 
LVDT clamps and record this value on a form for cohesive soils as shown in Figure 7. 

6.4.5. 10 Set the load cell in place on the sample cap if the internal load cell configuration 
of Figure I is used. 

6.4.5.11 Place the chamber cylinder and cover plate. Insert the loading piston and obtain a 
firm connection with the load cell. 

6.4.5.12 Tighten the chamber tic rods firmly. 
6.4.5,13 Slide the assembly apparatus into position under the axial loading device. Bring the 

loading device down and couple ii to the triaxial chamber piston. 
6.4.5.14 Connect the chamber pressure supply line and apply confining pressure of 5 psi 

(35 kPa). 
6.4.5.15 Connect the bouom specimen drainage line to a reservoir of de-aired distilled water 

for which a back pressure can be controlled and monitored. 
6.4.5.16 Reconnect the specimen top drainage line to the vacuum source through the bubble 

chamber. Apply a vacuum of J psi (21 kPa) to the lop of the specimen. 
6.4.S.17 Open the bi>llom drainage valve and allow water lo be drawn up slowly through the 

specimen. When water appears 10 now out of the specimen in the lop drainage line, disconnect the 
vacuum source from the specimen. 

6.4.5.18 Connect the top drainage line lo a second reservoir of de-aired distilled ,.ater. 
Maintain the back pressure in this reservoir 5 psi (35 kPa) lower than the pressure in the reservoir 
connccted_to the bouom of the specimen. 

6.4.5.19 Raise the chamber pressure and back pressure slowly in increments or 5 psi (35 kPa) 
lo 7S psi (S 18 kPa) and 70 psi (483 kPa) respectively, being careful to maintain the chamber 

• 
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pressure approximately 5 psi (35 kPa) greater than the back pressure in the bouom drainage 
reservoir in order to prevent no"' between the specimen and the membrane. 

6.4.5.20 Continue to nush water through the system by maintaining the 5 psi (35 kPa) 
difference in back pressure applied to the top and bouom drainage line reservoirs until all air has 
been eliminated. 

6.4.5.21 When all air has been eliminated from the test specimen, an increase in chamber 
pressure (with valves lo the top and bouom back pressure reservoirs closed) will result in an 
approximately equal increase in pore pressure. When this condition is achieved (ii may take 
several days) reduce the back pressure to zero and the chamber pressure to 5 psi (35 kPa), again 
being careful to maintain the ·chamber pressure 5 psi greater than the back pressure. 

6.'-5.ll Aflcr both back pressures have been reduced to zero, disconnect both the top and 
bouom specimen drainage lines and open them to atmospheric pressure (outside the triaxial 
chamber). The specimen is now ready for resilience testing. 

6..5 Compacring Sprciml!m of Granular Soils-Granular soils that exhibit sufficient cohesion 
(apparent) 10 permit handling (removal from the mold. transporting, and sealing in the rubber 
membrane) can be compacted by the methods described in 6.4.3 and 6.4.4. However, it is generally 
not necessary 10 consider soil structure effects. The exceptions arc some plastic sills that may also 
exhibit resilient properties that arc dependent on compaction conditions. Granular materials that 
cannot be handled arc compacted as described in 6.5.2. 

6..5.1 Moi.rrure Drmiry Rrlotiomlrip.r-When the range of field densities and moisture condi
tions to be represented by the test specimen is known, laboratory test specimens can be compacted 
directly 10 the in-service water content using the methods of 6.4.3, 6.4.4, or 6.5.2. If the service 
conditions are not well defined, prepare and test specimens over a range of dry densities and water 
contents. Establish the moisture-density relationship of the soil according 10 the procedure of 
AASHTO T 99, Moisture-Density Relations of Soils Using a 5.5-lb. (2.5 kg) Rammer and a 
12-in. (30.5 cm) Drop. 

6..5.2 Compacting Granular Soil Using a Split Mold and Vibrotor-Cohesionless granular 
materials arc compacted readily by use of a split mold mounted on the base of the triaxial cell as 
shown in Figure 6. Compaction forces arc generated by a vibrator, such as a small hand-operated 
air hammer. Twcnty-si, steps arc required to compact the specimen. 

6.5.l.l Tighten the sample base into place on the triaxial cell base. It is essential that an air 
light seal be developed. 

6..5.l.2 Place the ll"O porous stones plus the sample cap on the sample base. (Two stones arc 
required for saturated specimens, but generally only the lower stone would be used for tests of 
unsaturated specimens). Determine the height of base. cap, and stones 10 the nearest 0.02-in. (0.5 
mm), and record this value on a form for granular soils as shown in Figure 8. 

6.5.2.J Remove the sample cap and upper porous stone if used. Measure the thickness of the 
rubber membrane with a micrometer gage. Record this value on a form for granular soils as shown 
in Figure 8. 

6.5.1.4 Place the rubber membrane over the sample base and lower porous stone. Fix the 
membrane in place with an O-ring seal. 

6.5.2.5 Place the split-mold sample former around the sample base and draw the rubber 
membrane up through the mold. Tighten the split mold firmly into place. Exercise care to avoid 
pinching the membrane. 

6.5.2.6 Stretch the membrane tightly over the rim of the mold. Apply a vacuum to the 
mold to remove all membrane wrinkles. The use or the porous plastic forming jacket liner as shown 
in Figure 6 helps to insure that the mcmhranc lits smoothly around the inside perimeter of the mold. 
The vacuum is maintained throughout the compaction procedure. 

6.5.1.7 Use calipers to determine to the nearest 0.02-in. (0.S mm) the inside diameter of the 
memhranc-lined mold. Determine 10 the nearest O 02-m (0.5 mm) the distance from the top of the 
porous stone 10 the rim or the mold. 

6.5.1.8 Determine the volume V of specimen to be prepared. The diameter of the specimen is 
the diameter in Step 7 and height IS a value less than that determined in Step 7 hut at least 2 times 
the diameter. 

6.5.1.9 Determine the weight or material that must be compacted into the volume V de
termined in Step S to ohtain the desired den,ity and water contcn1 as described in 6.3.4 through 
6.J.8. 

6.5.1.10 Determine the number or layers N to be used for compaction. Normally, layer 
depths will be I to I.S-1n. (25.4 to 38.1 mm). Determine the weight of wet soil required for each 
layer WL as in 6.4.J. I. 

• • 
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6.5.1.11 Place the total required mass of soil Wad into a mixing pan. Add the required 
amount of water Waw and mi• thoroughly. 

6..5.l.12 Determine the weight of wet soil plus mixing pan and record on a form for granular 
soils as shown in Figure 8. 

6..5.1.13 Place the amount or wet soil WL required for I layer into the mold. Eurcise care to 
avoid spillage. Use a spatula to draw the material away from the edge of the mold and form a small 
mound at the center or the mold. 

6.5.1.14 Insert the vibrator head and vibrate the soil until the distance from the surface of the 
compacted layer to the rim of the mold is equal to the· distance measured in Step 7 minus the 
thickness or the lifl selected in Step 10. This may require removal and reinsertion of the vibrator 
head several ·1imcs until experience IS obtained in gauging the required vibration time. 

6.5.1.15 Repeat Steps 13 and 14 for each new liR. The measured distance from the surface or 
the compacted layer to the rim of the mold is successively reduced by the thickness of each new lift 
from Step IO. The final surface should be a smooth, horizontal plane. 

6.5.1.16 When compaction is completed. observe the weight or the mi,ing plan plus e,cess 
soil and record it on a form for granular soils as shown in Figure 8. The weight determined m Step 
12 less the weight observed is the weight of wet soil incorporated in the specimens. Determine 
(verify) the compaction water content wc of the soil remaining in the pan. The moisture sample shall 
weigh not less than 200 g for soils with a maximum particle size smaller than 0.187-in. (4.75 mm). 
Record this value on a form for granular soil as shown in Figure 8. 

6.5.1.17 Place the porous stone and top sample cap on the surface or the specimen. Roll the 
rubber membrane off the rim of the mold and over the sample cap. If the sample cap projects 
above the rim of the mold, the membrane should be scaled tightly against the cap with the O-ring 
seal. If it does not, the seal can be applied later. 

6..5.1.18 Connect the vacuum-saturation inlet to a vacuum source and apply 5 psi (35 kPa) or 
vacuum through the medium or a bubble chamber. The vacuum serves to detect leakage and to 
impact a stress induced rigidity to the material to prevent collapse when the mold is removed. 

6.5.1.19 Carefully remove the sample mold. Seal the membrane to the sample cap if this has 
not been done. Determine to the nearest 0.02-in. (0.5 mm) the height or specimen plus cap and base 
and the diameter or the specimen plus membrane. Record these values on a form for granular soils 
as shown in Figure 8. 

6.5.2.20 Observe the presence or absence of air bubbles in the bubble chamber. If bubbles 
arc absent, an airtight seal has been obtained. If bubbles arc present. check for leakage caused by 
poor connections, holes in the membrane, or imperfect seals at the cap and base. The existence of 
an airtight seal ensures that the membrane will remain firmly in contact with the specimen. "bis is 
essential for use of the clamp mounted internal L VDT's. Leakage through holes in the membrane 
can frequently be eliminated by coating the surface of the membrane with liquid rubber latex or by 
using a second membrane. 

6.5.1.21 When leakage has been eliminated, open the lower LVDT clamp and place it care
fully over the specimen at approximately the lower quarter point or the specimen. 

6.5.2.22 Repeal Step 21 for the upper clamp and place it at the upper quarter point. Ensure 
that both clamps lie in horizontal planes. 

6.5.1.23 Connect the L VDT's to the recording unit and balance the recording bridges. This 
will require recorder adjustments and adjustment or the L VDT stems. When a recording bridge 
balance has been obtained, determine to the nearest 0.02-in. (0.5 mm) the vertical spacing between 
the LVDT clamps and record this value on a form for granular soils as shown in Figure 8. 

6.5.1.24 Place the load cell on the specimen end platen, assemble the remainder of the cell. 
and tighten the tic rods firmly. Slide the assembled apparatus into position under the axial load
ing device, and couple the actuator and tria,,.ial cell pistons. 

6.5.2.25 Connect the chamber pressure supply line and apply a pressure or 5 psi (35 kPa). 
6.5.2.26 Remove the vacuum supply from the vacuum saturation inlet and close this line. If 

the specimen is to be tested at the as-compacted water content, it is now ready for resilience testing. 
If the specimen is to be subjected to post-compaction back-pressure saturation, the steps listed in 
6.5.3 are completed. 

6.5.J Post-Compocrion Bock-Pressure Soturarion of Granular Soils-Test specimens or granu
lar soil to be saturated by back pressure noshing are prepared by the method described in 6.5.2. 
Afler completing the steps of 6.5.2, the following additional steps arc necessary to saturate the soil. 

6.5.J.1 Connect the vacuum supply 10 the vacuum inlet (at the top of the specimen) and 
connect the bonom drainage line to a source or de-aired distilled water. 

.... 
I ....., 
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6.5.J.2 Apply a vacuum of 2 10 J psi ( 14 lo 21 kPa). open lhe bot1om water drainage valve. 
and allow waler to be drawn slowly upward through the specimen. 

6.5.3_1 Continue to nush waler through the system to remove all entrapped air. To evalu
ate the presence or ah!-icnce of air the pore water pressure rcspon'ic lo a chamber pressure 
increase 1s observed as dcscrihed for cohesive soils in 6 4 ~.21. 

6.S.J_4 When all air has been ehmina1ed. set the chamher pressure al 10 psi (69 kPa). apply a 
5 psi (35 kl'a) hack pressure IO the water supply while dosing the vacuum inlet valve. The effec
livc confining pressure (5 psi (35 kPa)) on the specimen is now equal to the chamber pressure (10 
psi (69kPa)) minus lhe back pressure (5 P" (JS kPa)). The saturaled specimen is now ready for 
resilience lcsting. 

7. PROCEDURF. 

7.1 Resilienc, Trs1.< on Cohesive Soil.,-The procedures descrihcd in lhis section are used 
for undis1urbcd and laboratory compacled specimens of cohesive subgrade soils as defined in 6.4. 

7.1.1 Assembly of Triaxial Chamber-Resilience testing of specimens previously subjected lu 
lhe back-pressure sa1ura1ion procedures of section 6.4.5 begins with Slep 7.1.2. Specimens trimmed 
from undisturbed samples and laboratory compacted specimen, which have not been suhjected to the 
post-compaction back-pressure saturaliun techniques are placed in 1he triaxial chamber and loading 
apparalus in lhe following steps. 

7.1.1.1 Place lhe trrnx1al chamber base as,emhly on the pla1form of the loading machine. If 
the chamber has a removable bouom platen (sample base) tighten ii firmly to obtain an air1ight 
seal. 

7.1.1_2 Remove the solid end plalcn, from lhe previously membrane-enclosed test specimen by 
firsl removing the rubber O-rings anti then carefully folding or rolling the membrane hack from 
the ends of the specimen a dis1ance of approximalely one-quarter inch (6.4 mm). 

, 7.1.1.J Place a porous stone on 1hc top or lhe pedestal or bouom end platen of the 1riaxial 
chamber. 

7.1.1.4 Carefully place the specimen on lhc porous stone. fold down 1he membrane. and seal 
the membrane to lhe pedestal or end plalen with an O-ring or other pressure seal. 

7.1.1.5 Place lhc lop plalen (sample cap) and load-cell on lhe specimen. fold up 1he mem
hranc. and seal ii 10 the lop plalcn. 

7.1.1.6 Close 1he valve on lhc vacuum saturalion line lo lhe lop plalen (lhi, hnc is nol 
rc4u1red for resilience tes1ing of !-ipt:c1mens nol subjected to posL-compact1on saturation; closing the 
valve will prevent loss o[ air from lhe chamber during lesting). 

7.1.1.7 Connect the specimen·, bollom drainage line 10 a vacuum source 1hrough 1hc medium 
o[ a buhhle chamber. Apply a vacuum or J psi (21 kPa). I[ hubbies arc presen1. check for lcakar,c 
as descrihed in 6.4.5.5. 

7.1.1.8 When leakage has heen climina1ed disconnecl lhe vacuum supply. Install lhe 1.VDT"s 
assemble the iria.ial cell, and pu"llon It under 1he axial loading device as descrihcd in 6.4.5.7 
through 6.4.5 14. 

7.1.2 Conduc/ of Re.<ili,nrr Te.,1- Tv.elvc steps arc necessary lo conduct 1hc rc,ihcnt modulus 
lcsl on cohesive soils v.hich have heen inslallcd in the 1ria,ial chamhcr and placed in lhe loadin~ 
apparatus as described in ei1her 6.4.5 or 7.7.1. 

7.1.2.1 Open all drainage valves leading inlo lhe specimen. 
7.1.2.2 I[ ii 1s not already conncclcd, connccl lhe chamber pressure supply hnc and apply a 

confining prc.ssure (chamber pressure) o[6 psi (41 kPa) lo 1he tcsl specimen. 
7.1.2.J Rebalance the recording bridges for the I.VDT\ and load-cell. 
7.1.2.4 Begin the 1esi hy applying 200 rcpc1i1ions of a dev1alor stress o[ I psi (6.9 kPa) and 

lhcn 200 repetitions each of 2, 4. 8. and lO psi (14, 28. 55, and 69 kPa). The foregoing s1ress 
sequence constilutes sample condi1ioning. 1hat is. the climina1ion o[ lhe effects or lhe interval 
be1ween compaction and loading and lhc ehm1na1ion of mi1ial loading versus relaoding. This load 
conditioning also aids in minimizing 1hc effecls or inilially impcr[cct con1ac1 between the end plalens 
and lhe test specimen. 

7.1.2.~ Decrease the dcvia1or sircss 10 I psi (6.9 kPa). Apply 200 repclitions or dcviawr 
stress and record the recovered dcforma1ions at lhe 2001h repe1i1ion on a form [or cohesive soils a, 
shown in Figure 7. 

7.1.2.6 Decrease the confining stress (chamber pressure) to 3 psi (21 k Pa). Repeal Slep 5. 
7.1.2.7 Decrease the confining stress (chamber pressure) 10 ,cro. Repeat Step 5. 

• • 
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7.1.2.8 Increase the confining slress (chamber pressure) 10 6 psi (41 kl'a) and 1he deviator 
sires. 10 2 psi (14 kPa). apply 200 repetitions of load and record lhe vcr1ic;1I recovered deforma-

1ion, al 1hc 2001h repcti1ion. 
7.1.2.9 Wi1h lhe dcvialor stress at 2 psi ( 14 kPa). apply 200 dcviator stress repc1i1ions and 

record vertical recovered deformations at successive confining stresses (chamber pre!-.sures) of 3 p!-.i 

(21 k Pa) and lero. 
7.1.2.10 Conlinuc recording 1he ver11cal recovered ddorma1ium arter 200 rcpc1i1ions or 1hc 

constant devia1or stress-decreasing conlining stress (chamher pressure) sequence for devia1or slress 
values of 4, 8. and 10 psi (28, 55. and 69 kPa). 

7.1.2.11 At the complelion of 1he loading (with chamber pressure al ,ero) disassemble 1he lri-

a.ial cell and remove the LV DT clamps. 
7.1.2.12 Use the entire specimen for determining the water conlcnl. Record 1his value on 1he 

form for cohesive soils as shown in Figure 7. 
7.2 Resilience Testing of Granular Soils-The procedures lis1cd in 1his section arc used for 

both satura1ed and unsa1urated specimens or cohesion less ,oils. For soils salurated a her compaclion 
using the steps o[ 6.5.J. the confininr, slresse, called for in lhe condi1ioning phase are effcc1ivc 
conlimng slresses·, thal "• lhe confining ,tress is equal lo the chamber pressure less lhe back 
pressure . 

7.2.1 Afler 1he tesl specimen h;1s been prepared and placed in the loading device a, described 
in 6.5.2 or 6.5.3. the following steps are necessary to conducl the res1hcnl modulus teslin~: 

7.2.1.1 II nol already done. adjust lhe position or lhe a.ial loading device or lria,ial chamher 
base supporl as necessary 10 couple 1hc load-generation device pislon and lhc lriaxial chamher 
piston. The triaxial chamher pislon should hear firmly on lhc load cell. 

7.2.1.2 Rebalancing lhc recording hridgcs for lhe LVDT"s and loadcell. 
7.2.1.3 Sci 1he conlimng slress to 5 psi (35 kPa) and apply 200 repetitions or an axial devia1or 

slress or 5 psi (35 kPa). For ,a1urated specimens the drainage valve from the base or 1hc specimen 
to the back-pressure reservoir is open throughout lhc resilience tesling. 

7.2.1.4 Sci the axial load generator 10 apply a deviator stress or 10 psi (69 kPa). ,\c1iva1e 1he 
load gencralor and apply 200 rcpe1i1ions of this load. 

7.2.1.S Sci 1hc confining slrcss 10 10 psi (69 kPa) and apply 200 repelitions or an axial 
devialor stress o[ 10 psi (69 kPa). 

7.2.U, Apply 200 repc1i1ions or an axial deviator slress or 15 psi (104 kPa). 
7.2.1.7 Sci 1he confining stress to 15 p,i (104 kPa) and apply 200 repetitions or an """I 

dcvialor sircss o[ I 5 psi ( 104 kPa). 
7.2.1.8 Apply 200 rcpelitions o[an axial dcvialor stress of20 psi (IJ8 kl'a). 
7.2.1.9 I[ 1hc specimen is one v.hich has been saturaled by the back-pressure ,a1uralio11 pro

cedu,cs or 6.5.3 reduce the back-pressure to ,cro. 
7.2.1.10 Begin 1he recorded rcsihenl modulus tesl hy using a confining pressure o[ 20 psi 

(13H kPa) and a deviator slrcss of I psi (6.9 kl'a). Record lhe verlical recovered deformaliuns on a 
form for granular soils hke 1hat shown in hr,urc X arier 200 rcpc1i11ons have been applied. 

7.2.1.11 Increase lhc devialor stress to 2 p,i ( 14 kPa) and record the ver1ical recovered 
deformations after 200 repel1lion!-.. Continue to record vertical recovered deformations after 200 
repelillons [or dcv1alor stress levels o[ 5, 10. 15, and 20 psi (35, 69. 104. and 138 kPa). 

7.2.1.12 Reduce lhe confining pressure 10 15 psi (104 kPa) and record vcrlical recovered 
dcforma11ons arier application o[ 200 rcpc1i1ions of each of lhe following dcvialor stress levels· I. 2, 
'\_ 10. I 'i, and 20 psi (l>.9, 14. 35. 69. 104. and 138 kPa). 

7.2.1.13 Reduce 1hc conrining pressure to 10 psi (69 kPa) and record vcrl1cal recovered 
tleforma11on, aher applica1iun of 200 repetilions or each o[ lhe [ollowing devialor ,1ress levels: 
I, 2, 5. 10. and 15 psi (6.9. 14. 35. 69. and 104 kPa). 

7.2.1.14 Reduce 1he confining pressure 10 5 psi (JS kl'a) and record ver1ical recovered de[or
malions aher application o[ 200 repetitions of each or the following deviator ,tress levels: I. 2, 5, 10, 

and 15 psi (6.9. 14. 35. 69, and 104 kPa). 
7.2.1.15 Reduce lhc confining pressure to I psi (6.9 kPa) and record vertical recovered ddor

malions aher applicalion o[ 200 repctilions or each or the following devialor stress levels: I. 2. 5. 
7 S. and 10 psi (6.9, 14, 35. 52, and 69 kPa). Stop the loading a[1er 200 repc1i11nns or the lasl dcvia
lor slress level or when the specimen fails. 

7.2.1.16 Reduce the chamber pressure to 0, disman1lc the cell. and remove 1he LVDT clamps. 
7.2.1.17 Use 1he en1ire test specimen to determine the waler conlcnt. Record this value on the 

form for granular soils as shown in Figure 8. 

• 
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8 CALCULATIONS 

8.1 Calculations arc performed by using the i,,bular arrangement rrom a rorm as shown in 

Figure 7 and 8. 

9. RF.PORT 
9.1 Cohesive Soi/.,-The report ror resilient modulus tests on cohes!Ve material shall include 

the rollowing. 
9.1.1 Data sheets wilh calculat,on, in tabular rorm as sho"'n in Figure 7 ror each spo::imen 

tested. 
9.l.2 Plot, showing vanal1on in resilient modulus with deviator stress and confining stress 

or 1he form shown in Figure 9 for each specimen tested. 
9.1.3 Plot or moi,1ure-dens11y relauon for the soil tested showing the 100 and 80 percent 

!-.a tu ration lines and the points (mmslUrc-dcnslly coordinate) of the specimens tested 
9.1.4 Rcmark!-.-note any unu-.;ual cond1t1on\ or other data that Y.ould be considered neces-

sary 10 properly interpret lhe results ohtained. 
9.2 Granular Soil.<- I he report for re,il,enl modulus lesls on granular materials shall include 

the following: 
9.2.1 Data sheets with calculauons in tabular form as shown in l"igure 8 for each specimen 

tested. 
9.2.2 Plots !-.ho"'ing variation, in rc~1llcnt m1H..IUIH"i w11h dcv1a1or stress and confining stress 

of 1hc form !-.hown in Figure 9 for cad1 !-.pc1.:1mc11 te,tcd. 
9.2.3 Log-log plot of re,ilienl modulus versu, the sum of the principal .,lresse, of lhe form 

shown in Figure 10 for each ,pc:eimen 1e,1ed. Value< of the regression constants K, and K 1 shall 

be stated on each plol. 
9.2.4 Plot of moisture-density rclat,on fur the ,oil teslc-d ,howin~ the 100 and 80 percent 

saturation lines and the points (moisture-density coordinates) of the spt:e1mens tested. 
9.2.5 Remarks-note unusual conditions or other dala that would he considered necessary 

lo properly interpret the results obtained. 
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INTRODUCTION 

Subgrade soils have a major impact on the design, construction, 

structural response, and performance of a pavement. All pavement 

struct:ural design procedures require a "subgrade soil" input (i.e. CBR, 

soil support number, resilient: modulus, k value, R value, etc). 

The subgrade has a large effect on pavement construction operations 

and efficiency. Unstable subgrades present problems relative to placing 

and compacting subbase and base materials and providing adequate support 

for subsequent paving operations. Such construction operations as 

placing reinforcing steel, dowels, and jointing devices are sensit:ive to 

placement details. Without an adequate "working platform", critical 

pavement construction details may not be accomplished within acceptable 

tolerances. Frequently, such construction deficiencies are undetected 

because they are "hidden" in the finished pavement! 

I-85 

Pavement structural responses (stresses, strains, displacements) are 

significant:ly influenced by the subgrade. A large percentage of the 

surface deflection of a pavement is accumulated in the subgrade. If 

surface deflection is a design criteria, the need for good subgrade 

characterization is obvious. Adequate subgrade characterization requires 

consideration of the fluctuation of subgrade soil properties as a 

function of space (various locations with depth in the subgrade and 

longitudinal location along the project) and time (seasons of the year 

and yearly climat:e variation). 

Granular base and subbase layers are essential component:s of a 

flexible pavement. Their function is to reduce the repeated wheel loading 

related stress state on underlying layers and minimize rutting within 

the granular layers. Granular layers are of particular significance in 

1 



low ESAL (equivalent single axle load) applications where the AC 

(asphalt concrete) surface course is thin (less than 4-6 inches) or only 

a surface treatment is utilized. 

The major recent emphasis in granular material and subgrade soil 

evaluation has been repeated load testing. Resilient moduli and 

permanent deformation behavior can be quantified based on appropriate_ 

repeated load testing data. In a well designed pavement system the 

permanent strain accwnulated per load cycle is very small compared to the 

total strain. 

In the 1986 AASHT0 Guide (1), resilient moduli are used to 

characterize subgrade soils and assign "layer coefficients" to granular 

base and subbase layers. State Highway Agencies are experiencing 

considerable difficulty in establishing the appropriate "resilient 

modulus" inputs for these purposes. 

Repeated Load Testing 

Suggested procedures for repeated load testing have been proposed by 

several agencies and groups (2,3,4). AASHT0 (5) has adopted a procedure 

(T274-82) for, "Resilient Modulus of Subgrade Soils." ASTM is currently 

developing a suggested procedure. 

Triaxial test conditions (generally constant confining pressure) are 

used for granular materials. Cohesive soils can be tested in unconfined 

compression or under triaxial conditions. 

Pnewnatic and electrohydraulic repeated loading equipment have been 

successfully utilized. The equipment must be capable of producing a load 

pulse duration of approximately 25 to 150 msec. The load pulse is 

generally repeated 15 to 30 times a minute. 

2 

• 

• 

• 



• 

• 

• 

Specimen deformation over a portion, or in some cases the entire 

length, of the specimen is typically measured used LVDTs. Total, 

resilient (rebound), and permanent deformations are typically recorded. 

Figure 1 illustrates the response of a soil to a repeated load 

pulse. 

RESILIENT BEHAVIOR 

A commonly used measure of resilient response is the "resilient 

modulus" as defined below: 

ER resilient modulus 

un repeated deviator stress 

ER recoverable axial strain 

The concept is apparent from an examination of Figure 1. The resilient 

response of granular materials and fine-grained soils is stress 

dependent. 

Fine-Grained Soils 

Cohesive soils display stress-softening resilient behavior under 

repeated loading. Robnett and Thomspson (2) have demonstrated that for 

practical pavement design and analysis purposes repeated unconfined 

(u3~0) compression testing is satisfactory for resilient testing of 

cohesive soils. 

Two basic stress dependent behavior models have been utilized. The 

arithmetic model is demonstrated in Figures 2 and 3 and the semi-log 

model is shown in Figure 4 . 

3 
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Recent extensive resilient testing studies at the University of 

Illinois (6, copy attached) have been primarily analyzed based on the 

arithmetic model. ERi• see Figure 2, is a good indicator of a soil's 

resilient behavior. ERi is typically associated with a repeated deviator 

stress of about 6 psi. The slope values, Ki and K2, display less 

variability and influence pavement structural response to a smaller 

degree than does ERi· 

There are many factors that influence the resilient response of 

fine-grained soils. A general summary of the major factors, based on the 

Illinois study (6) of 50 typical fine-grained soils, is presented below. 

Soil Properties - For a given compaction condition (for example 95% 

AASHTO T99 density and optimum or optimum+ water content), ERi is 

significantly correlated with liquid limit, plasticity index, group 

index, silt content, clay content, specific gravity, and organic carbon 

content. Those properties that tend to contribute to low resilient 

moduli (low ERi) are low plasticity (LL, PI), low group index, high silt 

content, low clay content, low specific gravity, and high organic 

carbon contents. Regression equations for predicting ERi based on soil 

properties were developed by Thompson and Robnett (6). 

For Illinois fine-grained soils, Thompson & LaGrow (7) have proposed 

using the following relation for conventional flexible pavement design 

purposes. 

ERi(OPT) - 4.46 + 0.098 C + 0.119 (PI) 

R2 - 0.63 SEE - 2.7 ksi 
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where: 

ERi(OPT) - "Breakpoint Resilient Modulus", ksi, (see Figure 3) 

at AASHTO T-99 optimum moisture content and 95 % 

compaction 

C - less than 2 micron clay content(%) 

PI - Plasticity index(%) 

Soil Classification Effects - Analysis of variance results (6) indicated 

that the resilient behavior (ERi, K1 response parameters) of the various 

groups in the classification systems (Unified, AASHTO, USDA) frequently 

are not significantly different. Thus, classifying the soil in the 

AASHTO, Unified, or USDA system does not place fine-grained soils into 

distinctive resilient behavior groups. 

Moisture-Density Effects - Degree of saturation is a factor that reflects 

the combined effect of density and moisture content. ERi is strongly 

correlated with degree of saturation. The regression equations shown in 

Figure 5 indicate that ERi can be estimated based on degree of 

saturation. The ERi-degree of saturation regression equations differ for 

95% AASHTO T-99 and 100% AASHTO T-99 compaction. One hundred percent 

compaction provides higher ERi for a given degree of saturation. The 

difference in ERi values for 100% and 95% AASHTO T-99 compaction is 

reduced at increased degrees of saturation. 

The combined effects of compaction moisture content and density are 

easily discerned using the ERi-degree of saturation relations. For soils 

substantially wet of optimum, high degrees of saturation and low ERi 

values are characteristic, regardless of level of compaction . 
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Additional ERi-degree of saturation regression equations of the form 

ERi =a+ b SR were developed (ERi - "breakpoint" resilient modulus, 

a= intercept, SR= degree of saturation, %) for various soil 

classification groups. The regression coefficient, b, is indicative of 

moisture sensitivity. It was noted that for the Band C horizons those 

classification groups with higher clay contents and increased plasticity 

tend to be less sensitive to changes in degree of saturation. For 

example, the CH group in the Unified system and the silty clay loam, clay 

and silty clay groups in the USDA system have regression coefficients 

substantially less than the other groups. 

Based on subsequent analyses of the U of I data, Thompson and LaGrow 

(7) proposed using the following "moisture adjustment" factors to adjust 

ERi (OPT) values for moisture contents in excess of optimum. 

USDA Textural Class 

clay, silty clay, 
and silty clay loam 

silt loam 

loam 

* Moisture Sensitivity 

0.7 

1.5 

2.1 

* ·- ERi decrease (ksi) for a 1 % moisture increase 

Compressive Strength Effects - University of Illinois data (6) 

indicate that ERi can be predicted using unconfined compressive strength. 

The regression equation is : 

where: 

ERi = 0.86 + 0.307 Qu 

R2 = 0.47 SEE= 2.61 ksi 

ERi = "breakpoint" resilient modulus, ksi 

Qu = Unconfined compressive strength, psi 
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The unconfined compressive strength should be representative of the 

insitu conditions. It is important to note that insitu strength typically 

displays considerable seasonal variability. In the U of I study (6) the 

effect of increased(+ optimum) compaction moisture content on 

compressive strength was considered. For 32 Band C horizon soils, the 

unconfined strength at optimum+ 2% moisture content was (on the average) 

78 % of the strength at optimum. Increased silt content and lower Pis 

indicated increased moisture sensitivity (greater decreases) relative to 

both strength and modulus. 

Freeze-Thaw Effects• Studies by Bergan and Fredlund (8), Culley 

(9), Chamberlain (10), Bergan and Monismith (11), Bergan and Culley (12), 

and Robnett and Thompson (13), have shown that the resilient behavior of 

fine-grained cohesive soils is also greatly affected by cyclic 

freeze-thaw action. The studies revealed that substantial increases in 

resilient deformation (reduced resilient moduli) were caused by the 

imposition of a small number of freeze-thaw cycles, even though no gross 

moisture changes were allowed (closed system freeze-thaw). 

Typical data illustrating the freeze-thaw effect for Tama B [LL= 

46, PI= 25, 32% < 2 clay, AASHTO Class A-7-6(27)] are shown in Figure 

6. It is significant to note that~ freeze-thaw cycle is sufficient to 

drastically reduce the resilient modulus of the soil. 

Summary· It is apparent that many factors influence the resilient 

behavior of fine-grained soils. Careful engineering consideration must 

be given to determining the resilient properties (subgrade support 

values) utilized in pavement analysis and design. 

Granular Materials 
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Granular materials "stiffen" (increased resilient modulus) as stress 

state increases. Repeated load triaxial testing is required to 

characterize the resilient behavior of granular materials. Resilient 

modulus is a function of the applied stress state. The "theta model" is 

frequently used to characterize this behavior. In fact the "theta model" 

is recommended in the 1986 AASHT0 Guide (1). The model is : 

where: 

ER= ken 

ER= resilient modulus 

k & n = experimentally derived factors 

9 = bulk stress= a1 + a2 + a3 

(Note 9 a1 + 2a3 in the triaxial test) 

Figure 7 is an ER - 9 relation for a sandy-gravel [AASHTO A-1-a(0)]. 

Several investigators (14-21) have conducted comprehensive 

laboratory studies on the repeated loading behavior of granular 

materials. The studies support the following generalized statements 

concerning resilient modulus trends for granular materials: 

1. The resilient response after a limited number of load repetitions 

(100 or so) is representative of the response determined after 

several thousand repetitions. 

2. The same specimen can be used to measure the resilient response 

over a wide range of stress levels, and the stresses can be applied 

in any order ( with the caveat that the repeated stress states are 

not greater than approximately 60 ~ of the ultimate shear strength 

of the material). 
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3. Resilient modulus is only minimially affected by variations in 

stress pulse duration. In fact, Kalcheff and Hicks (22) demonstrated 

that if the stress pulse is rapidly applied, and then sustained; the 

resilient response is the same as that obtained from a rapidly 

applied and released short duration stress pulse of the same 

magnitude. In a recent TRB presentation, Barksdale and Itani (23) 

indicated that a "slow cyclic test" (they used a 0.25 % / minute 

strain rate and 5 cycles of loading) 

"can be used to evaluate the resilient modulus of unbound 

aggregate bases for design purposes. The modulus obtained from 

a slow cyclic test could, if desired, be increased by 10 

percent to give better results, which is in agreement with 

other studies" 

4. For practical purposes, CCP (constant confining pressure) and VCP 

(variable confining pressure) triaxial resilient moduli are 

similar. 

6. For a given gradation, crushed materials provide increased 

resilient moduli. 

7. For a given gradation and nature of material (crushed, uncrushed, 

etc), material source (limestone, granite, trap rock, etc) is not a 

highly significant factor. 

8. For a given material, density has a limited impact on resilient 

modulus. 

9. The effects of minor gradation changes are of limited 

significance. However, the resilient moduli of "open-graded" 

aggregates (such as AREA #4 or AREA #5 ballast) tend to be somewhat 

lower than for conventional dense-graded aggregates . 

9 
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10. Increased moisture contents (above optimum) tend to decrease 

resilient modulus. Moisture sensitivity will vary depending on 

specific gradations and the amount and nature (primarily PI) of the 

minus# 200 material. Lary and Mahoney's study (24) developed 

moisture sensitivity data for several granular base materials 

sampled from typical U.S. Forest Service roads in the Northwest. 

Their regression equations indicate that for an initial modulus of 

20 ksi, a 1 % increase in moisture content would induce resilient 

modulus decreases from about 0.6 to 1.6 ksi. Open-graded aggregates 

that do not contain fines are practically "moisture insensitive." 

Rada and Witczak (18) SUIIllilarized typical resilient property data 

(derived from available technical literature) for granular materials. 

Their findings are shown in Table 1. Note that ask increases, n 

decreases. Rada and Witczak's proposed "k - n" relation is shown in 

Figure 8. Higher quality granular materials display larger k's and 

smaller n's. 

Suggested typical k and n values presented in the AASHTO Guide (1) 

are shown in Table 2. Note that the moisture efeect is considered. 

Elliott and Thompson (25) demonstrated that for a range of granular 

materials (k = 9000 psi, n= 0.33; k= 4000 psi, n= 0.5), the maximum 

effect on ILLI-PAVE calculated structural responses (deflections, 

subgrade stresses, and AG strain) is about 10 %. Their analyses of the 

AASHO Road Test deflection results for Loop 4 also indicated that the 

nature of the granular materials ( crushed stone base/ sandy gravel 

subbase) was not a significant factor. The combined thickness of the base 

and subbase layers was a significant factor. 
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Hicks et al (21) considered the effects of percent fracture and 

gradation on aggregate bases. The study demonstrated the relative 

insensitivity of predicted pavement life and required pavement thickness 

for the range of aggregate variables (percent fracrure, percent fines). 

It is important to note that "rutting" was not included in the 

performance assesment. 

I-95 

It is apparent that for practical apriori structural analysis design 

purposes typical resilient moduli data for generic type granular 

materials are probably satisfactory. This does not imply that the shear 

strength and "rutting potentials" of the granular materials are similar! 

In fact, many of the factors that have little or practically 

insignificant effects on resilient behavior very strongly and 

significantly influence the shear strength and rutting potential of a 

granular material. Thus it would appear that the granular material -

resilient modulus relations presented in the 1986 MSHTO Guide (1) may 

well be inappropriate and misleading, particularly for those cases where 

granular layer lutting is a major factor influencing pavement 

performance. 

SUMMARY 

Repeated load testing data are important inputs for flexible pavement 

analysis and design. Static testing procedures are not adequate for 

characterizing the behavior of soils and granular materials subjected to 

the impulse type repeated loading representative of moving wheel loads. 

Repeated load testing procedures can be used to quantify resilient 

moduli and permanent deformation behavior. General material resilient 

modulus and permanent deformation behavior models have been developed, 

Only resilient behavior is considered in this paper. 

11 



The repeated loading responses of fine-grained soils and granular 

materials are quite variable. Many factors influence resilient moduli. 

The resilient moduli of cohesive soils cover a very wide range. 

Soil texture, PI, and degree of saturation (moisture content, density), 

are particularly important factors for fine-grained soils. 

The resilient moduli of granular materials display more "generic" 

type behavior and are less variable than for fine-grained soils. 

Gradation, shape/angularity/surface texture (crushed - uncrushed), and 

moisture content (especially for "high fines content" materials) 

influence granular material resilient moduli. The magnitude of the 

repeated stress state (as expressed by the bulk stress - theta) is the 

most dominating and significant factor. 

Data and study findings are presented indicating that the "resilient 

modulus" of a granular material may not be an appropriate property for 

assigning "layer coefficients" in the utilization of the 1986 MSHTO 

Guide. The rutting potentials of granular materials are not adequately 

defined by "resilient modulus" relations. 
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TABLE 1 

TYPICAL RESILIENT PROPERTY DATA 

Granular Material 
Type 

Silty_Sands 

Sand-Gravel 

Sand-Aggregate Blends 

Crushed Stone 

* E a K0n where 
R 

(Reference 

Number of 
Data Points 

8 

37 

78 

115 

ER• resilient modulus, psi 

18) 

K* ~Esi) 

Mean Standard 
Deviation 

1620 780 

4480 4300 

4350 2630 

7210 7490 

n* 

Mean Standard 
Deviation 

0.62 0.13 

0.53 0.17 

0.59 0.13 

0.45 0.23 

K,n = experimentally derived factors from repeated triaxial testing data 

TABLE 2 

Typical values for k1 and k2 for unbound base and subbase 
materials (MR= k 1 8 k2). 

Moisture 
Condition 

Dry 
Damp 
Wet 

Dry 
Damp 
Wet 

(Reference 1) 

{a) Base 

k • 
1 

6,000 - 10,000 
4,000 - 6,000 
2,000 - 4,000 

{b) Subbase 

6,000 · 8,000 
4,000 - 6,000 
1,500 - 4,000 

• Ran~e in k 1 and k2 is a function of the material quality, 

k • 
2 

0.5 · 0.7 
0.5 · 0.7 
0.5 - 0.7 

0.4 - 0.6 
0.4 · 0.6 
0.4 - 0.6 
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2. INTRODUCTION 

2 .1 Background 

Cyclic testing of subgrade soils has been used to investigate various 

roadway support problems, Some of these include liquefaction, seasonal strength 

variations, rutting and- resiliency. This report deals with a test method for 

evaluating the latter. 

The New York State Department of Transportation Soil Mechanics Bureau 

acquired _its cyclic apparatus in the early 198O's for the purpose of testing 

Westway Project soils in New York City for· possible liquefaction, Although 

Westway has been abandoned, the advent of . the AASHTO pavement design guide 

provided an impetus for the SMB to develop its cyclic test system and a 

procedure to determine the resilient modulus (Mr) of subgrade _soils. This task 

may become more pertinent should pavements be designed in the future in 

accordance with the AASHTO guide to design for the dynamic loading effects from 

heavy traffic, 

The SMB's procedure is based on the AASHTO Test T 274-82, {"Standard Method 

of Test for Resilient Modulus of Subgrade Soils") modified to enable testing on 

the Bureau's equipment. This report describes the test development and the 

organization and results of a variability study, 

2.2 Concept of Resilient Modulus 

The resilient modulus parameter is a stress-strain relationship defined as: 

M •o-d/E'r 
r 

whereo-d • repeated deviator stress { °cic Oj - cr3=repeated axial 

load/specimen area), and 

E, • recoverable axial strain (Er= recoverable deflection/ 

specimen height) • 

- 3 -

( 1) 
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Sinply stated, it is the repeated stress imposed on a soil specimen versus 

the strain recovered when the stress is released. It is dependent on soil type, 

soil stress history, test stress state, and soil moisture conditions. 

The M is obtained by imposing 200 load-unload cycles on a specimen of 
r 

known cross-sectional area, under a specific confining pressure. The load and 

the deflection recovered after the load is removed are measured at the 200th 

cycle and are used to compute the repeated stress and recoverable strain in 

equation O). The deviator stress and/or the confining pressure are changed at 

every 200th cycle and the process is repeated. AM is computed for each stress 
r 

state. Computation is illustrated in the diagram appearing in Figure 1. 

Values could typically range from several thousand psi for a very soft or 

loose soil to 20,000 to 30,000-psi for a very stiff or dense soil, 

2.3 Test Apparatus 

The Soil Mechanics Laboratory (SML) cyclic loading test system includes the 

following pieces of equipment shown in Figure? through Figure 4. 

1. The axial loading machine is Structural Behavior Engineering 

Laboratories' (SBEL) Model SDT-1000. The mechanics of operation are as 

follows: a solenoid valve, controlled by a timer, alternates the supply 

pressure to an air cylinder between on-load and off-load pressures. The 

air cylinder cyclically loads the specimen by pressing it agR:lnst the 

machine's reaction frame. Separate valves control the rate of air flow 

entering and exhausting from the cylinder, allowing 

- 4 -

• 

• 

• 



• 

• 

• 

shaping of the load vs. time wave. The timer controls the durations of 

load application and load release. Ad<l it ional valves control the load 

applied during and between pulses. Loading capacity is from Oto 1250 lb. 

2. The triaxial cell is SBEL Model HX-100, which includes specimen 

platens of 1.4, 2.8 and 3.375 inches in diameter. During testing, the cell 

rests on the loading machine's platen. A ram extends from the top specimen 

cap through the cell top to the load cell mounted on the reaction frame. 

Confining pressure may be varied between O and 150 psi. 

3. The load cell measures the load being applied to the specimen. 

4. The SBEL Model RM 808-1 signal conditioning unit receives the load 

cell's electronic output, interfacing it with the recording system. 

5. A linear motion potentiometer (LMP) strain transducer measures 

specimen deflections. 

6. A Houston Instrument Microscribe 4521 strip chart recorder plots the 

load and deflection data from the load cell and LMP. This was purchased 

early in the trial testing to replace an XYY' plotter, the initial means of 

the cyclic system for recording load and deflection data. The plotter used 

paper having only a 15 in. long grid which could only record data from a 

small portion of the test. Constantly changing paper and reorienting pens 

proved very inconvenient and time consuming. The Microscribe recorder was 

chosen after investigating various brands and receiving several 

demonstrations. It is much better suited to the M test and saves about 1 
r 

hr of testing time per test . 
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7. Various other pieces of equipment are required for specimen 

preparation and conduct of the test, most of which were constructed 

in-house. 

The SMB apparatus would lie relatively low on a scale for sophistication of 

cyclic equipment. Some systems have the capabilities of cyclic torsion, 

cyclically variable confining pressure, generation of multiple load-wave forms, 

tailoring of load vs. time waves to 0,01 sec and other capabilities that the SHB 

equipment cannot perform. With the exception of cyclic torsion, these 

capabilities can be pertinent to M testing. Costs range from about $20,000 to 
r 

well over $300,000 with the SMB system at the low end. It should be noted, 

however, that some groups doing pavement related testing have obtained usable 

test results with medium to low cost or even homemade equipment. The more 

sophisticated high cost equipment generally was found to be used by 

organizations involved in very complex work such as earthquake studies. 

2.4 Initial Experimentation And Testing 

One of the first project objectives was to determine control settings on 

the loading machine that would achieve the deviator stresses required by AASHTO 

Test T 274-82. These stresses are listed in Table 1, This was accomplished in 

the following manner. A proving ring was mounted between the platen and the 

load cell in place of the triaxial cell. Pulsing was started and the load wave 

produced on the recorder was monitored. Control settings were varied until the 

load required to produce a specific stress for a 3.375 in. diam specimen was 

developed. Settings were found that would produce triangular and rectangular 

shaped waves at each stress level. The proving ring had a twofold 
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purpose. First, it eliminated the need for setting up the numerous soil test 

specimens that would likely fail in such a trial and error process. Second, the 

proving ring, in the early experimentation, was used as a check for accuracy of 

the recorded load wave. 

During the process of determining control settings, trials were made at 

different cyclic frequencies. The loading machine's timer has the capability of 

varying both the on-load and off-load times between 0.3 and 10.0 sec. However, 

when the on-load time was reduced to about 0,7 sec, the load wave recorded on 

the XYY' plotter became very erratic. Further reduction in time resulted in a 

straight-line load wave. These occurrences were significant in indicating the 

machine's limited ability to produce certain cyclic frequencies. Similar 

findings were made when the strip chart recorder was put into use; therefore all 

testing was done at a~ Hz frequency wi.th I sec on-load and off-load times • 

Trial testing using natural soil specimens was next attempted, using the 

sequence of stress states specified by MSHT0. As can be seen in Table 1, the 

sequence is different for cohesive and cohesionless soils. However, in both 

cases a specimen condi.tioning phase precedes the data collection phase. The 

latter is the portion of the test where load and deflection data are recorded 

for use in computations. Specimen conditioning consists of subjecting the 

specimen to the range of deviator stress that will be imposed on it during the 

data phase. Its purpose is to eliminate strains from the M phase that would 
r 

result from disturbances of sampling and specimen preparation and seating of the 

specimen caps. 

The trial tests were run on both cohesive and cohesionless soils. The 

cohesionless specimens were prepared by mixing a fine sand to 5 percent moisture 

content, then compacting it with Standard Proctor effort in a mold fabricated 
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from a 3,375 in. diameter thin wall undisturbed sampling tube, Cohesive 

specimens were taken from undisturbed sample tubes left over from a design 

project. Their visual descriptions were gray clay and, layered gray clay and 

silty clay. The soil was moist, had a firm consistency and was plastic. 

Results were different for the two soil types. Cohesive specimens failed 

during specimen conditioning before any data could be obtained from the M r 

phase. Testing of the sand progressed through conditioning without any visible 

signs of failure and with data always obtainable in the M phase. 
r 

3, DIFFERENCES BETWEEN AASHTO AND SNB TEST PROCEDURES AND APPARENT 

EFFECTS ON TEST RESULTS 

Mechanical 1 imitations of the equipnent and results of the trial tests 

indicated modifications to the AASFTO procedure would be required to enable M 
r 

testing on the SMB apparatus. The ma_; or changes are as follows: 

1. Cyclic Frequency 

A 0.1 sec load duration and a load release time ranging from 0.9 to 

2.9 seconds are specified bv the AASHTO procedure. Since the SMB equipment 

generated erratic load wave data for on-load times shorter than 0.7 sec, 

a load duration of 1.0 second was chosen for testing. The off-load time 

was also set at 1.0 sec and is within the specified range. The times are 

about as close to AASHTO specifications as the Bureau's system is capable. 

Indications from several sources are that this change will have no 

significant effect on test results. A paper hy Allen and Thompson(~) 

dealing with resilient properties of granular materials, indicates that 

changes in M due to varying the pulse duration between 0.1 and 1.0 sec are 
r 

small. Thompson emphasized this during a March 6, 1986 telephone 

conversation and mentioned that a similar trend exists for cohesive soils. 
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David Allen (l) indicates in a report concerning rutting in flexible 

pavements that cyclic frequency had no significant effects in his M 
r 

testing on a dense graded aggregate. These authors refer to numerous 

other researchers whose testing has drawn similar conclusions for a variety 

of soil types. 

2. Sequence of Stress States 

AASHTO specifies that each test begin with a specimen conditioning 

phase preceding the data collection phase where load and deflection data 

are acquired. However, should too high a conditioning stress be applied, 

the specimen will fail prior to the data phase and no data can be obtained. 

Two methods can be used to avoid this. The first consists of obtaining 

strength data for the specimen. This information would be used to 

eliminate conditioning stress states that would likely cause failure. This 

method is not totally reliable however, since there has been little work 

done in estimating a soil's dynamic strength from routine triaxial tests. 

Professor Thompson uses UU (unconsolidated, undrained) triaxial tests, 

which yield conservative strength values to approximate a soil's dynamic 

strength. He concedes, however, that this provides only an estimate of the 

cyclic stress under which a specimen will fail, and is not foolproof. A 

specimen may fail at a lesser cyclic stress than the failure stress 

·determined from a UU test. 

Another drawback of this method is the increased cost and time 

required to perform the triaxial tests. 

The second method involves rearranging the sequence of stress states 

to be used in testing. The sequence can be organized with a conditioning 

phase preceding the data phase at each deviator stress level. Using this 

method, a failure occurring during a conditioning phase does not affect 
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data acquired from all previous data phases. Since this method requires no 

previous knowledge of the specimen's strength, it was used in design of the 

SMB procedure. 

The sequence was further modified to include additional deviator stress 

levels. The AASHTO procedure specifies small deviator stress increases 

early in the test and larger ones as it progresses. The trial test 

specimens withstood the 1-, 2- and 4-psi levels but failed immediately at 

the 8-psi stress. Inclusion of additional intermediate deviator stress 

levels would allow the failure point to be approached in smaller 

increments, thereby obtaining more data from each test. 

Table 2 shows the sequence used in the SMB procedure, A study by Allen 

and Thompson(l) indicates that reorganization of the specimen conditioning 

and M test phases and the additional stress levels incorporated into the 
r 

SMB procedure would have no significant effect on the resilient modulus 

values. 

3. Load Cell Location 

The axial load imposed on the specimen is measured by an electronic 

load cell which is mounted on the crosshead of the loading machine's 

reaction frame. The AASHTO test method prefers mounting the load cell 

within the triaxial cell between the top cap and loading ram. Such 

positioning would require modifications to the triaxial cell to bring the 

electric leads outside to the recording equipment. An internal load cell 

would also have to be submersible if water is used for the confining 

fluid, 

An internal load cell is available for the SMB's cyclic system from 

the manufacturer, but it would be mounted beneath the specimen. This 

• 

• 

location might allow the load data to be affected by inertial effects and • 

is not addressed by AASRTO. 
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The AASHTO procedure does allow external load cells to be used if 

corrections are made for dynamic piston friction. To determine these 

corrections, the triaxial cell was cycled without a specimen at all test 

confining pressures with the piston in contact with the load cell. In all 

cases the friction amounted to a one pound load. Bowever, this may not be 

an accurate indication of friction during actual testing. With the piston 

in contact with a specimen, it would slide a much shorter distance through 

the triaxial cell cover port. 

The best way to determine corrections for friction would be to compare 

the outputs from load cells within and outside the triaxial cell. This is 

not possible with the Bureau's present apparatus. If, in fact, the 

friction during testing is approximately one pound, its effect on M values r 

would be small • 

4. Deformation Measuring Equipment 

Axial deformation measuring equipment, specified by the AASHTO test 

consists of two linear variable differential transformers (LVDT's) wired so 

the average signal is recorded, Averaged signals result in more accurate 

deflection data. Soils with a maximum resilient modulus in excess of 

15,000 psi are to have the LVDT's clamped directly to the specimen. This 

location would yield the most accurate data when extremely small 

deflections are measured.· If the maximum modulus is less than 15,000 psi, 

the LVDT's may be clamped to the loading ram with the shafts connected to 

the triaxial cell. 

The SMB's apparatus measures cyclic deflections by means of a single 

linear motion potentiometer (LMP) clamped to a post of the loading 

machine's reaction frame. An LVDT has a longer life, can be made with a 

- 11 -

11-11 



finer resolution and better linearity and is considerably more expensive 

than an LMP. Mounting the measuring devices on the loading ram would 

automatically zero out deflections occurring within parts of the apparatus. 

Clamps for such mounting of the LMP are not included in the Bureau's 

apparatus but are available, However, this would only be a partial 

improvement at best. The problem with mounting one device to the loading 

ram is that me~surements can be affected by any lateral movement of the ram 

which may be allowed by the small clearance between it and the port in the 

triaxial cell cover. Two LVDT's mounted 180° opposed, and wired for the 

average signal to be recorded, would be the most accurate method of 

measuring resilient deflections occurring only within the specimen, 

S. Specimen Saturation 

The AASHTO test contains a section for the specimen saturation 

procedure which is similar to this Bureau's for the consolidated undrained 

with pore pressure triaxial test. AASHTO does not specify that all 

specimens be saturated, and the SMB cyclic test system does not have this 

capability. However, if needed a saturation procedure incorporating back 

pressure and deaired water could be devised. Research by Thompson and 

Robnett (10) indicates that M values decrease with increasing percent 
- r 

saturation, 

6, Specimen Compaction 

The AASHTO test describes procedures for laboratory compaction of -

specimens by vibratory, kneading and static methods and contains a section 

explaining the selection of the appropriate method to simulate particular 

field conditions. The SMB does not use these compaction methods. All 

specimens are either undisturbed specimens, 3.375 in. in diameter or are 
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compacted in a mold fabricated from a 3.375 in. diameter thin wall sampling 

tube in a manner similar to the Standard or Modified Proctor compaction 

test. 

Professor Robert Elliot of the University of Arkansas at Fayetteville 

was contacted concerning M values obtained from specimens compacted by r 

different methods, He stated in a October 28, 1986 telephone conversation 

that University research has shown the following: a) static compaction 

generally gives the highest but most variable resilient moduli. b) 

kneading yields the lowest and most consistent results, and c) M values 
r 

and variability from specimens compacted by the Proctor methods fall in 

between those obtained from static and kneading compacted specimens but are 

closer to the kneading compaction results, 

7 • Length:Diameter Ratio 

AASHTO specifies that the specimen length should not be less than two 

times the diameter. This condition is met by the SMB procedure with 

respect to cohesive specimens. The ratio of length to diameter for 

cohesionless specimens, however, is 1.93:1. The effect of this reduction 

is considered to be small since the ratio is very nearly 2:1. 

4, DETERMINATION OF PROJECT GOALS 

After a procedure was written, modifying AASHTO's test T 274-82 for SMB use, 

it was then deemed desirable to investigate the variability of test results 

which could be expected from the Bureau's system. In a November 27, 1985 memo, 

Lyndon H. Moore, then the Director of Technical Services, suggested that the SMB 

consider a parallel testing program involving the SM1l and an outside 

organization such as Rensselaer Polytechnic Institute (RPI). RPI was mentioned 
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because of its 10 year involvement with a cyclic program, its sophisticated 

testing equipment, and its proximity. As Mr. Moore also suggested, a Research 

Needs Statement was submitted to the Engineering Research and Development Bureau 

concerning the proposed program. 

Meetings with personnel from the SMB, Research Bureau and the Pavement 

Management Section were held to discuss the feasibility of such a program. Some 

of the points expressed were as follows: 

1, The SMB's test procedure is an adaptation of the AASHTO test which is 

a complex procedure. Obtaining good data can be difficult since many 

sensitive factors can influence test results. For example, a one percent 

variation in a silty specimen's moisture content could change the M by 
r 

1,500 psi. 

2. Putting laboratory M values to use in design work using AASHTO's r 

pavement design guide is a very complex, sometimes confusing matter. 

3. Due to a lack of experience with this type of design and an 

unfamiliarity with AASHTO's methods, no one knew if employing M related 
r 

design procedures would result in significant savings. Analyses were 

needed in this area, 

4. The cost of the proposed parallel testing program could be as high as 

$50,000. 

The following decisions were made to give some short term direction to the 

SMB's M work: 
r 

1, A sensitivity analysis would be done to investigate the likelihood of 

realizing significant savings by employing the Mr related AASHTO pavement 

design procedures. 
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2. Due to the uncertainty of the Bureau's future involvement in M r 

testing, the potentially high cost SMB-RPI research project would be 

deferred. 

3. An in-house study would be undertaken to investigate the variability 

of M test results obtained using the SMB's procedure and apparatus. 
r 

5. ORGANIZATION OF THE VARIABILITY STUDY 

5.1 Objectives 

The objectives of the SMB variability study and how they were met include 

the following: 

1. The study was to examine the effects of deviator stress and confining 

pressure on M values. This was done with a two way analysis of variance 
r 

(ANOVA) using the STATGRAPRICS computer program. 

Three cases were examined. First, an analysis was done using all~ r 

data. A second analysis was performed ignoring M values for deviator r 

stress levels of 1-psi. 

deviator stress levels. 

The third case ignored M values for 1- and 2-psi r 

2. The project was to determine if the resilient modulus can be 

correlated with deviator stress and confining pressure and what the 

relationships are if correlations do exist. This objective was met by 

performing simple regressions using the STATGRAPHICS program. The same 

three cases mentioned above were examined. 

3. A third objective was to determine if certain stress states of the 

test procedure yield more variable M results than others. This was r 

accomplished by computing the certainty (i.e., confidence level) with which 

the mean M values of future SMB testing will lie within a pre-selected r 
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range (i.e., confidence interval). The interval was set at the mean M r 

value obtained for each stress state of the study testing, plus and minus 

15 percent. This was the range used by the Engineering Fesearch Bureau in 

their cyclic testing on asphalt pavements. A confidence level was 

calculated for each stress state since the resilient modulus is a stress 

dependent parameter. The t distribution was used in these calculations 

because the concern was the mean of a small sample. 

5.2 Const1tuent Study Details 

Based on consultation with Professor Dimitri Grivas of RPI, 10 tests were 

run on each soil type included in the study. Since procedures allowed 

convenient preparation of eleven cohesive specimens, twenty one tests were run; 

ten en a silty fine sand and eleven on a commercially available clay. The sand 

is mapped by the Soil Conservation Service as Colonie Sand and was obtained 

locally from the Pine Bush area of Albany. The clay, marketed as Millers Clay, 

was purchased from Northeast Ceramic Supply of Troy, N. Y. Specific gravity, 

Atterberg limits and hydrometer tests on soil from each batch showed the clay to 

be a homogeneous material. Results of index tests appear in Table 3. 

The majority of test results were hand calculated while software was being 

developed. Calculations for the last few teE:ts were performed by the RF.SMOD 

program, written in-house by Kevin H, Gary of the Soil Mechanics Laboratory, 

Required input data include soil type, specimen dimensions, weights, heights of 

load and deflection waves and stri.p chart recorder scale voltages for each wave . 
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The program presents test results in the typical form of 1-i vs. deviator stress 
r 

for each confining pressure for cohesive specimens, or log of M vs. log of the 
r 

sum of the principle stresses for cohesionless soils. RESMOD also calculates 

coefficients of determination for correlation purposes and regression constants 

for cohesionless testing. Samples of the RESMOND plots are shown in Figures 5 

and 6. A hard copy of the program is available from the SML. 

Other details concerning the variability study are as follows: 

Sine, haversine, rectangular and tri~ngular shaped load waves are allowed 

by the AASFTO test. The SMB apparatus is c~pable of triangular or rectangular 

shapes. The former was used in the study due to much lower air demands. The 

SML compressor was unable to sustain rectangular load waves throughout the test. 

As was previously mentioned, no corrections were made to account for ram 

friction since they could not be determined with confidence • This, however, 

should have onlv a small effect on M values and should not affect the study . r 

since any correction would be identical from test to test. 

One technician performed all testing to further reduce causes of 

variability. 

5.3 Specimen Preparation 

All specimens were prepared using the following procedures to reduce 

specimen variability. 

5.3.1. Cohesionless Specimens 

The sand was thoroughly mixed in a large tare to ensure a homogeneous 

source, and allowed to air dry for several weeks. For each specimen 2,500 grams 

of sand were taken fro!!! the tare, thoroughly mixed with l :is cc of water and 
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allowed to cure for several hours. This brought the soil to a 5 percent 

moisture content at which specimens remained intact after extrusion from the 

compaction mold, Excess soil remaining after specimen preparation was tested to 

check the cured moisture content. In every case. results were very nearly 5 

percent. 

Test specimens were compacted in a manner similar to the Standard Proctor 

compaction test in a mold fabricated from a Shelby tube. The Shelby mold makes 

specimens 3. 37 5 in. in diameter, the largest the test apparatus will accept. 

Compactive effort was 12,421 ft-lb/ft 3
• After compaction, each specimen was 

extruded, set up in the triaxial cell and tested ilillllediately using the SMB 

procedure. 

5,3.2 Cohesive Specimens 

The Millers Clay was cut into small chunks and placed in a large container, 

By adding water and mixing with an electric drill, the clay was whipped into a 

slurry at a 75 percent moisture content. This content allowed pouring the 

slurry into consolidation equipment. A curing period of at least two weeks was 

allowed to soften any lumps to the slurry consistency. 

Consolidation was necessary to densify the slurry to a firm consistency 

suitable for manufacturing specimens and was accomplished in the following 

manner. The slurry was poured into a split open-bottom container lined with a 

heavy fabric to expedite water drainage. Layers of fabric were also placed 

under the container and between the slurry and loading plate. The assembly was 

placed in a heavy frame and loads were applied incrementally by an air cylinder. 

Consolidation was monitored by a Hewlett-Packard computer which received data 

from an electronic strain transducer. The CONREAD program, required for 

acquisition and plotting of consolidation data, was written in-house. For each 
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load, beginning at 62,5 psf, the computer plotted consolidation vs. the square 

root of elapsed time. This was used to determine when 90 percent of primary 

consolidation for each load increment was complete. At this point, the load was 

doubled and the process repeated until the normal stress reached 8,000 psf, the 

highest preload pressure that could safely be obtained in the laboratory, After 

90 percent consolidation was achieved at the last increment, the load was 

maintained for an additional 21 days. 

Shelby tubes were then pressed into the clay using either the SML's tensile 

test machine or a pneumatic cylinder. The tubes were sealed at both ends using 

molten wax and plastic caps, and then stored in SML's fog room until testing to 

prevent drying. 

Consolidation testing was done on specimens taken from the top and bottom 

of each tube. The middle portion was used for cyclic testing. Preconsolidation 

pressures (Pp) determined from testing for the top specimens ranged mostly 

between 6,000 and 7,000 psf. Bottom-of-tube specimens generally showed Pp' s 

between 4,500 and 6,000 psf. These Pp's are considered less accurate since the 

bottom of the tube is susceptible to increased disturbance. 

6.1.1. M Values r 

6. RESULTS 

6.1. Experimental 

M values ranged from about 6400 to 27, 200-psi for the sand testing r 

and 1200 to 21,700 for clay testing. Average values were about 13,600 for sand 

and 5,500 for clay • 
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Certain observations were made when reviewing the data arranged in the 

form of Tables 6 and 7, Table 6 lists M data from sand testing at each stress 
r 

state. It seems that when deviator stress is kept constant, M values vary 
r 

substantially over the range of confining pressures. However, when confining 

pressure is kept constant and deviator stress is varied, the range of M values 
r 

encountered is not nearly as large. 

Table 7 lists M data from clay testing in the same form. The above r 

trends of sand testing appear reversed with regards to clay, Varying deviator 

stress at constant confining pressure appears to have a significant effect on M 
r 

results for clay testing. Varying confining pressure at constant deviator 

stress does not produce as great a range of M values as with the sand testing, 
r 

6.1.2. Apparatus 

One occurrence which went unexplained is the final moisture content 

being greater than the initial generally by 0.5 percent to 2.5 percent for all 

10 sand specimens. This continued to be the case during the sand testing in 

spite of the care taken to check for and prevent leaks. To find how leakage 

occurred, a dummy specimen was set up with a vacuum introduced inside the 

membrane and a confining pressure of SO-psi applied to the outside. Although 

these conditions were more severe than those during testing, no bubbles were 

noticed in the bubble chamber during an hour of monitoring. 

Another observation made a number of times throughout the clay testing 

phase of the study, involved specimen deflections at various confining 

pressures. For the majority of cases, specimen deflections would increase as 

confining pressure decreased at a particular deviator stress level. However, 

there were a number of instances where deflections actually decreased under 

these conditions. This occurrence was attributed to the test system's 

• 

• 

deflection measuring equipment and will be discussed in a latter section of this I 
report. 
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As the cyclic project progressed it became evident that certain 

aspects of the apparatus could cause erroneous data to be obtained unless dealt 

with carefully. Several points are discussed below. 

1. The LMP has a "dead zone" at both ends of the shaft travel. While 

there is still room for travel in these zones, no output signal is 

generated. If sufficient permanent strain occurs to the specimen during 

the course of the test some portion of the shaft's cyclic movement may 

occur within these zones. The effect is to chop off the top or bottom of 

the deflection wave. Occurrence of this condition is obvious by the shape 

of the deflection wave, but will cause M data to be lost. 
r 

2. When testing cohesionless specimens, decreasing the deviator stress 

from a high level to the 1-psi level of the next confining pressure (see 

Table 2), could easily result in reducing the between-pulse load to zero • 

If this happens, the triaxial cell with the specimen will drop down from 

its floating between-pulse position. Thus, contact between the specimen 

and reaction frame is lost. The next pulse, however, will accelerate the 

specimen upwards impacting it with the frame. A greatly exaggerated 

deflection will be recorded. This condition is also obvious by reviewing 

the strip chart output, but M data again, may be lost. 
r 

3. The axial loading machine has several controls which together adjust 

the magnitude and shape of the load wave. However, a particular 

combination of control settings will not indefinitely produce the same 

wave. Continuous attention must be given to the strip chart output to 

adJust the load as needed . 
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6.2.1 

values, 

6,2 Statistical Analysis 

Confidence Levels 

The analyses which calculated the confidence with which 

at each stress state, will fall within a specific range, 

mean M 
r 

yielded 

different results for the two materials tested. Results of these analyses 

are summarized in Tables 4 and 5. As seen in Table 4, the confidence levels of 

sand testing are relatively low for the 1- and 2-psi deviator stresses with an 

average of 79%. Generally they are higher at deviator stresses of 5 psi and 

higher with an average of 96h, This is the same basic trend found by Allen of 

the KTRP in his cyclic testing as described in a telephone conversation. The 

KTRP's axial loading machine is the same as that owned by the SMB. Numerous 

other groups contacted also reported a larger scatter of data at lower stresses. 

The analysis was repeated at the lower deviator stresses for both sand 

and clay testing after close scrutiny of the load and deflection waves from the 

strip chart recorder. Results obtained, after any possible erroneous data were 

eliminated, still indicate lower confidence levels at lower stresses. 

Analysis of clay testing resulted in different trends than those of 

the sand testing. Table 5 shows that confidence levels remained relatively low 

at the 1- and ?.-psi deviator stresses, and greatly increased at 3-psi. However, 

instead of slowly increasing or remaining fairly high, they dropped sharply at 

the 4- and 5-psi stresses. A small increase was seen at the 6-psi level. 

However, this is insufficient evidence to assume that the trend is reversing and 

is beginning to parallel that of the sand testing. 

Results of the analysis were also reviewed by Peter Bellair of the 

Research Bureau's Geotechnics Section, who has a greater familiarity and 

involvement with statistical analysis methods, 

comments on variability. 
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Based on results of these analyses, further analyses were performed on data from 

sand testing only. 

Discussion: 

A search for causes of the large scatter of clay test results began 

with a recheck of the analysis calculations. No errors were found. Load and 

deflection data and M calculations had been previously reviewed. 
r 

To examine the effect of the variation in preload pressures, average 

M values at each deviator stress were plotted vs. Pp values obtained from the 
r 

consolidation test on the specimen taken from the top of each tube. This plot 

appears in Figure 7. As is seen, the M values do not seem to be affected by 
r 

the fairly small range of Pp. 

Mechanical factors were investigated next with the most likely cause 

being the LMP deflection transducer . Prior to the study, its accuracy was 

checked by comparing its output against a dial indicator when the plungers of 

both instruments were moved an equal amount. At that time, the LMP was 

consistent and closely agreed with the di11l indicator. This comparison was 

repeated after the study using a depth micrometer with a resolution equal to the 

indicator (0.0001 in.). The LMP output was then inconsistent and erroneous, 

Also, equal deflections with the LMP plunger in different positions (i.e., 

extended or depressed) gave different output. In some cases, the difference 

was as much as 25 percent of the larger recorded deflection. 

These facts point to the LMP as the cause of lower confidence levels 

for the clay testing. The relatively good results of the sand testing may be 

explained by how the LMP works. Randy Eller of Bourns Instruments Inc. , 

manufacturer of the device, explained that the steel plunger shaft slides along 
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a conductive plastic element, thus creating an output signal. Steel in moving 

contact with plastic means that the device will eventually wear out. After 

desc.ribing the SMB testing and accuracy checks on the LMP, Eller said he woulc'! 

strongly suspect that its useful life ended between the sand and clay phases of 

the study. 

The cyclic apparatus load cell was checked against another and was in 

close agreement and was consistent. Thus, the load waves from the strip chart 

recorder were assumed to be accurate. 

6.2.2. ANOVA 

Analysis of variance results are summarized for sand testing in 

Table 8. The F-ratios listed are the analysis F-statistics which are calculated 

for the factors (confining pressure and deviator stress) whose effects on M r 

were examined. 

If the factor's calculated f-ratio is greater than the statistic taken 

from the F-distribution tables, the factor is considered to have an effect on 

the dependent variable (M ). 
r 

previous 

The analysis was performed in the following three ways: 

1. using all·:!-! data available from the sand testing phase, 
r 

2. ignoring M values 
r 

from the 1-psi deviator stress level, and 

3. ignoring M values from the 1- and 2-psi deviator stress 
r 

levels. 

These three approaches were taken since the analysis described in the 

section indicated the possibility that M test results of the sand 
r 

testing are more variable at the lower deviator stress levels. 
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pressure 

In all cases, the calculated F-ratios for the effects of confining 

on M were much greater than the tabulated F-statistics for a 99 
r 

11-25 

percent confidence level. However, F-ratios for the effects of deviator stress 

on M and the effects of the interaction of deviator stress and confining 
r 

pressure on M were lower than the tabulated values, even at a 75 percent 
r 

confidence level. 

Testing by Seed, Mitry, Monismith and Chan (7) on a uniform sand 

(Monterey Sand) indicates that confining pressure had a greater effect on the 

soil's M values than did deviator stress. r 

Correlation and Simple Regression 

Correlation and simple regression analyses were done on sand testing 

data using linear 
b 

(Y = aX+b) and multiplicative (Y=aX ) models for the three 

cases described in the previous section of this report • 

in Table 9. M appears uncorrelated with deviator r 

Results are sullll!larized 

stress with an average 

correlation coefficjent of 0.18. M has somewhat better correlation with 
r 

confining pressure having an average coefficient of 0.62. 

Regression constants of the SMJl sand testing were roughly 2/3 those of 

the testing done on Monterey Sand. 

7. SUMMARY AND CONCLUSIONS 

A test procedure based on AASHTO Test T 274-82 was developed for use with 

the SMB I s cyclic apparatus to obtain the resilient modulus of subgrade soils. 

Deviations from the AASHTO test concerning cyclic frequency, stress state 

sequence, load and deflection measuring equipment, specimen saturation and 

compaction procedures and the specimen aspect ratio were required to enable 

testing on the Bureau's system. Possible effects of the modifications were 

explored and were expected to be minimal. 
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A study was conducted to examine the variability of test results. 

Procedures were developed to manufacture homogeneous sand and clay test 

specimens for the study. Analyses were performed to: 

1. determine variability of test results at each stress state, 

2. examine the effects of confining pressure and deviator stress on M r 

values and 

3, determine correlation coefficients and regression constants for 

relationships of M and confining pressure and M and deviator stress. 
r r 

The latter two analyses were performed on data from the sand testing phase 

only because of mechanical problems occurring during the clay testing phase. 

The following conclusions are made, based on data generated during the SMB 

M variability testing and analyses. r 

1. The complexity of the SMB resilient modulus test procedure and 

equipment will require skill and experience from the technician to obtain 

good test results. 

2. Periodic calibration checks should be made to ensure the accuracy of 

the load and deflection, measurement and recording equipment. 

3. Based on the sand testing phase of the study, greater variability of 

M values can be expected at deviator stress levels lower than 5-psi than r 

at levels of 5-psi or higher. This is the same basic trend found by others 

using the same axial loading machine as the SMB. 

4. Analysis of variance and correlation analyses indicate that confining 

pressure has greater effects on M than does deviator stress. Testing by r 

others shows similar findings. 

5. Regression constants of SMB sand testing using the multiplicative 

model are somewhat lower than constants generated by other groups testing. 

- 26 -

• 

• 

• 



• 

• 

• 

8. RECOMMENDATIONS 

The following recommendations are expected to reduce M variability and 
r 

increase efficiency of the SMB cyclic test system: 

* 

1. The present LMP should be replaced before any further testing is done. 

At the very least, another LMP should be purchased. Further upgrading 

would require two such devices, the necessary electronic hardware for 

signal averaging and a clamp for mounting on the loading piston. The 

approximate total cost is $1000. To avoid periodic replacement of LMP's at 

$200 each and to achieve greater accuracy, LVDT's may be considered as an 

alternative. Although the approximate cost is $5000, LVDT's may be the 

* best choice if cyclic testing programs are to be continued. 

2. After the problem concerning strain transducers is resolved, further 

testing may be advisable to confirm the system's repeatability. Specimens 

should be prepared to last further into the test before failing to obtain a 

wider range of data. Sand specimens should be compacted to the Modified 

Proctor effort. The clay can be preloaded to higher pressures if equipment 

modifications are made. The latter would absolutely require certain added 

safety precautions. 

3. The 1- and 2-psi deviator stresses should be eliminated from 

production testing unless future studies show an increase in their 

repeatability and the necessity is demonstrated for data at these stress 

levels. 

4. Consideration should be given to the purchase of an electronic data 

acquisition system if cyclic testing is to become a routine SMB procedure. 

With such a system, signals from the load cell and strain transducers are 

Shortly before publication of this report, two LVDT's were purchased to 
implement recommendation no. 1, 
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stored on a computer disk, Such an upgrade to the apparatus should 

increase both accuracy and efficiency. The University of Maine at Orono 

went this route at a cost of about $5000 which included an Apple McIntosh 

computer, signal interface, digital output and software. Systems for 

Hewlett-Packard computers may be less expensive since the SML already has 

an H,P, computer. However, frequent routine M testing would require a r 

second computer since the first already has extensive use. 

The Kentucky Transportation Research Program has automated their 

cyclic apparatus with an IBM PC XT Computer. Their costs were much less 

since the computer was already on hand, and all software was written 

in-house. David Allen of the KTRP feels that automating the system was a 

definite improvement. The loading machines of the KTRP and the University 

of Maine are the same as the SMB's. 

5. Once the repeatability is established, a study to determine the 

accuracy of test results may be desirable. This would probably be similar 

to the SMB-RPI parallel program which had been proposed. An alternate and 

less expensive approach would involve performing tests on several materials 

having known elastic moduli in the range of 5000 to 25,000-psi. 

6. A study to determine if the number of loading cycles per stress state 

may be reduced would be very worthwhile if cyclic testing programs are 

continued. Currently, specimens are tested with 200 cycles per stress 

state. The University of Arkansas at Fayetteville is doing work to 

investigate the possibility of cutting the cycling from 200 to SO. If this 

were possible for New York soils, testing time would be greatly reduced and 

productivity increased, 

7. The minimum specimen diameter should be 3,375 in. Reduction of this 

diameter would likely decrease repeatability of the mid-range deviator 
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stresses. This effect is apparently characteristic of M test systems in r 

general. 

8. Specimen caps of 4 in. diam may be desirable for future production on 

Proctor mold specimens. These can be fabricated by the Materials Bureau 

machine shop • 
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Figurt r 

DEFINITION OF RESILIENT MODULUS 
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Resilient Modulus 
CT r 

= Mr = -
Er 

-3l-

II-31 



SOIL 1:1ECHANICS BUREAU RESILIENT MODULUS TEST APPARATUS II-33 

• ~¥ ·---------. - - . ,~_. _____ _.... - - 1z '?~~ 

. ' . . ·. _.,,.. .-:t~:~ 

Entire test system. 

• 

Axial loading machine with air supply tank. • Figure 2 
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TEST APPARATUS (cont'd) 

Above left: Triaxial cell with specimen and loading ram. 
Above right: Linear motion potentiometer mounted on reaction frame. 
Below: Load cell mounted on reaction frame crosshead • 

-J}-
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TEST APPARATUS (cont'd) I I-37 

• 
Left: Signal conditioner 

• 

~7,. ~-
/>=l~.·-1,•'.;: 

;:,)};
1i}~f:t~t'-•: 

Above: Strip chart recorder. 

Right: Bubble chamber • 

• 
F.'i·Jnre 4 
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Preload Pressure vs. 
Resilient Modulus for 

testing on Millers Clay 
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TABLE 1 
II-45 

• 
STRESS STATE SEQUENCES FOR AASHTO TEST T 274 

Cohesive Specimens Cohesionless Specimens 

Deviator Confining Deviator Confining 
Phase Stress Pressure Phase Stress Pressure 

(psi) (psi) (psi) (psi) 

1 5 5 
•. 

2 10 5 
*SC 4 6 SC 10 10 

8 15 10 
10 15 15 

6 20 15 
1 3 1 

0 2 
6 5 20 

2 3 10 
0 15 
6 20 

**DC 4 3 1 
0 2 
6 5 15 

8 3 10 
0 DC 15 

• 6 
10 3 

0 

20 
l 
2 
5 10 

* SC - Specimen Conditioning 10 
* * DC - Data Collection 15 

1 
2 
5 5 

10 
15 

1 
2 
5 1 

7.5 
10 

• 
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• Phase 

* SC 

** DC 

SC 

DC 

SC 

DC 

SC 

DC 

SC 

DC 

• SC 

DC 

SC 

DC 

SC 

DC 

SC 

DC 

SC 

DC 

SC 

DC 

SC 

• DC 

TABLE 2 
STRESS STATE SEQUENCES FOR SMB TEST PROCEDURE II-47 

Cohesive Specimens 

Deviator Confining 
Stress Pressure 
(psi) (psi) 

6 
1 6 

3 
0 
6 

2 6 
3 
0 
6 

3 6 
3 
0 
6 

4 6 
3 
0 
6 

5 6 
3 
0 
6 

6 6 
3 
0 
6 

7 6 
3 
0 
6 

8 6 
3 
0 
6 

9 6 
3 
0 
6 

10 6 
3 
0 
6 

11 6 
3 
0 
6 

12 6 
3 
a 

-39-

Cohesionless Specimens 

Deviator Confining 
Phase Stress Pressure 

(psi) (psi) 

5 5 
10 5 

SC 10 •. 10 
15 IO 
15 15 
20 15 

I 
2 
5 20 

10 
15 
20 

1 
2 
5 15 

10 
15 
20 

1 
DC 2 

5 10 
10 
15 

1 
2 
5 5 

10 
15 

l 
2 
5 1 

7.5 
10 

* SC - Specimen Conditioning 
** DC - Data Collection 
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Notes 

• 

TABLE 3 
II-49 

COHESIVE SPECIMEN INDEX TESTING SUMMARY 

(1) (2) 
M Test Specific Atterberg Hydrometer 

Batch Tube rNo. Gravitv Limits % Finer 
Depth .002 mm 
(ft.) G PL LL PI s •. 

l l .05 2.68 
.8 2.68 

3 2 2 .05 2.68 
.8 2.68 18.4 37. 8 19.4 50.5 

3 3 ,05 2.68 
.8 2.67 

4 4 .05 2.68 
.8 2.68 

4 5 5 .05 2.67 

6 

7 

1. 

.8 2.67 18 .1 37.2 19.l 47.1 
6 6 .05 2.68 

.85 2.68 
l 7 .05 2.68 
2 8 .05 2.69 18.1 38.2 20.1 --3 9 .05 2.68 
l 10 . l 2.68 

. 9 2.68 
2 11 • 1 2.67 

.9 2.68 
• l 2.67 

3 .3 2.67 18.5 39.3 20.8 50.5 -- .6 2.68 18.3 40.4 22.1 50.0 
.9 2.67 

Specific gravity specimens were taken at depths shown from within the 
sampling tubes. 

2. Limits and hydrometer specimens for batches 3, 4 and 6 were taken from 
excess soil trimmed off the outside of tubes after pressing the sampling 
tubes. Limits and hydrometer specimens were taken from within tube 3 of 
batch 7, 

-40-



• 

• 

• 



TABLE 4 
SUMMARY OF SAND TESTING ANALYSIS 11-51 

• Deviator Confinine All Data Used In Calculations Erroneous Data Eliminated 
Stress Pressure Avg. I) 2) 3) 4) Avg. 1) 2) 3) 4) 
(psi) (psi) M s N C Lim C Lev M s N C Lim C Lev 

(psi) r (psi) (%) (psi) (psi) (%) 

1 15,670 8,488 10 13,320 57.2 18,635 6,511 8 15,840 69.2 
18.020 21.430 

2 15,688 5,896 10 13,335 72. 6 •. 

18,041 
5 20 17,515 2,676 10 14,888 98.3 

20,142 
10 17,418 3,586 10 14,805 94 .1 

20,030 
15 16,078 2,337 10 13,666 98.6 

18,489 
20 15,926 1,648 10 13,537 99.0 

18,315 
1 13,087 2,871 9 11,124 91.5 12,578 2,599 8 10,691 90.2 

15,050 14,464 
2 16,609 12,411 10 14,118 43.6 12,736 2,135 9 10,826 96.l 

19,100 14,646 
5 15 14,357 3,304 10 12,203 91.5 

16.510 
10 14,831 2,661 10 12,606 96.3 

17,055 
15 15,230 2,809 10 12,946 96.0 

17,514 
20 15,676 2,401 10 13,325 98.5 

18,027 
l 15,566 5,676 8 13,231 67.3 14,217 4,537 7 12,084 69.2 

17,901 16,349 
2 13,762 3,216 9 11,698 91.0 

15,826 
5 IO 13,067 2,087 10 11,107 98.0 

15,027 
10 13,048 2,266 10 11,091 96.8 

15,005 
15 13,818 2,298 10 11,745 97.4 

15,890 
1 11,833 5,749 9 10,058 59.1 

13,608 
2 11,114 4,134 9 9,447 69.9 

12,781 
5 5 10,978 2,843 10 9,331 88.0 

12,625 
10 10,712 1,699 10 9,105 98.0 

12,319 
15 10,342 2,099 10 8,791 94.5 

11,893 

• 
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TABLE 4 
SUMMARY OF SAND TESTING ANALYSIS (Cont'd) I I-53 

Deviator Confining All Data Used In Calculations Erroneous Data Eliminated 
Stress Pressure Avg. I) 2) 3) 4) Avg. 1) 2) 3) 4) 
(psi) (psi) M s N C Lim C Lev M s N C Lim C Lev 

(psi) (psi) (7.) (psi) (psi) (7.) 

l 12,107 6,363 8 10,291 52.2 10,159 3,440 7 8,635 66.5 
13.923 11,683 

2 12,064 8,755 9 10,254 42.4 9,281 2,825 8 7,889 75.6 
13.873 10.673 

5 l 10,028 2,128 4 8,524 67.4 
11.532 

7.5 11,442 1,270 4 9,726 89.9 
13.158 

10 10,320 1,324 3 8,772 74.3 
11,868 

1) S - Standard Deviation 
2) N - Number of data points 
3) C Lim - Confidence limits 
4) C Lev - Confidence level 

• 

• 
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TABLE 5 
SUMMARY OF CLAY TESTING ANALYSIS 

11-55 

• Deviator Confining All Data Used In Calculations Erroneous Data Eliminated 
Stress Pressure Avg. 1) 2) 3) 4) Avg. 1) 2) 3) 4) 
(psi) (psi) M s N C Lim C Lev M s N C Lim C Lev 

(psi) r (psi) (%) (psi) (psi) (%) 

6 146,046 277, 106 11 124,139 19.2 6,086 1,755 7 5,173 76.0 
167,953 6,999 

1 3 156,291 276,131 11 132,847 20.6 6,619 3,036 6 5,626 50.2 
179,735 -. 7.612 

0 155,385 276,499 11 132,077 20.5 7,178 2,649 8 6,101 66.3 
178,693 8,255 

6 57,534 156,943 11 48,904 13.4 10,228 4,048 10 8,694 70.2 
66,164 11. 762 

2 3 11,715 5,781 11 9,958 63.6 10,386 3,943 10 8,828 72.2 
13,472 11,944 

0 11,039 6,292 11 9,383 57.4 9,933 5,389 10 8,443 57.0 
12,695 11,423 

6 7,261 1,677 11 6,172 92.9 
8,350 

3 3 7,011 1,841 11 5,959 89.9 
8,063 

0 6,559 1,637 11 5,575 91.1 
7,543 

6 4,775 1,640 11 4,059 80.3 
5,491 

4 3 4,470 1,358 11 3,800 84.4 
5,141 

0 4,530 1,745 11 3,851 74.3 
5,210 

6 3,441 1,779 11 2,925 61.5 
3,957 

5 3 3,406 1,671 11 2,895 63. 6 
3.917 

0 3,035 1,358 11 2,580 67.4 
3,490 

6 3,255 1,211 9 2,767 69.8 
3.743 

6 3 3,073 1,090 9 2,612 72.0 
3,534 

0 2,907 1,057 9 2,471 70.9 
3,343 

6 3,201 1,561 5 2,721 45.3 
3,681 

7 3 3,539 1,070 4 3,008 54.4 1) S - Standard Deviation 
4,070 2) N - Number of data points 

0 3,068 613 3 2,608 60.0 3) C Lim - Confidence limits 
3,528 4) C Lev - Confidence level 

6 3,451 1 -- -- --
8 3 2,847 l -- -- --

• 
-43-



• 

• 

• 



• 

• 

• 

1 

D 2 
E 
V 
I 
A 
T 
0 
R 5 

s 
T 
R 
E 
s 
s 10 

p 
s 
i 

15 

20 

Notes: 
1. 

2 • 

l 

13,263 12,132 
9,213 6,437 

11,148 
4,945 

13,976 
Avg .. 10,159 

10,702 14,667 
10,201 6,668 
9,786 7,355 
5,649 
9,225 
Avg= 9,281 

9,352 
9,040 

13,179 
8,539 

Avg= 10,028 

11,211 
8,798 

10,951 

Avg., 10,320 

TABLE 6 

M DATA FROM SAND TESTING r 

CONFINING PRESSURE (psi) 

5 10 

11,564 8,084 21,861 14,340 
10,180 10,005 8,206 10,296 
26,469 8,579 14,301 
9,412 13,599 12,871 
8,608 17,642 
Avg = 11. 833 Avg .. 14,217 

9,632 7,566 17,304 11,924 
10,915 8,821 12. 710 8,578 
21,768 9,626 17,886 11,600 
10,652 10,442 13,237 11, 762 
10,604 14,874 
Avg = 11,114 Avg• 13,762 

12,033 7,546 15,479 12,033 
10,029 9,260 16,180 10,870 
9,587 7,785 12,602 10,002 

14,707 16,436 13,888 14,702 
11,364 11,029 13,887 11,029 
Avg= 10,978 Avg= 13,067 

13,739 10,090 17,244 11,249 
11,844 9,218 16,002 11,265 
9,696 8,877 11,680 10,952 

13,197 10,638 13,197 13,236 
10,634 9,190 14,705 10,951 
Avg• 10, 712 Avg= 13,048 

11,849 10,266 19,214 11,873 
12,982 8,959 15,393 11,637 
10,666 7, 190 12,024 11,991 
13,206 7,966 13,933 13,676 
11,675 8,659 14,701 13,733 
Avg= 10,342 Avg= 13,818 

11-57 

15 20 

12,939 16,173 25,315 12,874 
13,639 8,336 15,377 27,197 
15,202 12,507 12,435 13,238 
13,234 26,469 
9,591 •. 16,173 
Avg = 12,578 Avg-= 18,635 

12,662 13,420 21,452 13,402 
13,601 10,588 15,718 26,105 
15,541 8,700 15,000 17,157 
15, 126 13,056 17,158 6,708 
11,930 17,315 6,865 
Avg= 12,736 Avg= 15,688 

13,221 15,565 18,699 15,528 
16,017 8,731 17,860 18,908 
16,159 10,002 19,346 13,234 
14,707 15,570 16,545 22,054 
20,360 13,235 18,908 14,067 
Avg= 14,357 Avg= 17,515 

15,759 13,414 21,566 15,548 
16,150 11,970 18,073 15,846 
15,038 10,723 15,740 13,911 
14,706 17,748 15,945 25,735 
19,609 13,197 16,666 15,151 
Avg• 14,831 Avg., 17,418 

16,316 13,294 20,547 15,249 
16,142 12,575 18,851 15,150 
14,684 12,744 15,498 15,589 
14,710 15,647 14,927 18,047 
22,269 13,917 13,932 12,989 
Avg= 15,230 Avg= 16,078 

13,463 13,582 19,276 15,327 
16,545 13,763 17,442 15,338 
15,027 12,553 15,872 15,134 
18,008 16,133 15,873 17,154 
20,589 14,100 13,748 14, 100 
Avg= 15,676 Avg= 15,926 

Some M 
data. r 

values were not included in this table due to erroneous deflection 
' 

Not all stress states have the same number of M entries due to data 
elimination (see note 1) and specimen failures.r 
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• 
4,256 
9,809 

1 5,776 
7,622 
3,121 
9,790 

4,890 
16,524 

D 2 21,734 
E 8,647 
V 6,085 
I 8,187 
A 
T 7,271 
0 8,850 
R 3 3,542 

6,648 
s 6,348 
T 6,126 
R 

• E 4,136 
s 4,019 
s 4 2,100 

3,355 
p 5,265 
s 2,231 
i 

2,514 
1,329 

5 1,537 
3,137 
3,193 
2, 121 

2,156 
1,262 

6 2,598 
2,967 
3,760 
4,960 

2,725 
3,775 

7 2,703 

• See TABLE 6 notes 

TABLE 7 

M DATA FROM CLAY TESTING 
r 

CONFINING PRESSURE (psi) 

0 3 

7,006 5,816 11,714 
10,040 3,811 

3,515 
6,854 
8,001 

Avg= 7,178 Avg., 6,619 

7,142 9,608 9,160 
12,462 15,823 13,329 
7,170 17,988 7,273 
6,486 8,225 6,916 

6,845 
Avg"' 9,933 8,692 Avg= 10,386 

8,243 7,682 8,243 
5,974 9,695 6,757 
7,337 3,553 6,853 
7,785 6,351 9,169 
4,017 6,768 4,353 

Avg• 7,012 7,692 Avg ., 7,011 

5,876 4,482 6,108 
7,632 4,077 4,972 
6,450 2,662 6,439 
5,317 3,355 5,605 
3,444 5,265 3,916 

Avg., 4,530 2,294 Avg= 4,470 

5,143 2,753 5,440 
5,418 1,383 6,830 
4,154 1,537 4,894 
2,395 3,137 3,114 
2,442 3,371 2,392 

Avg= 3,035 2,610 Avg= 3,406 

3,350 2,209 3,198 
2,854 1,342 3,058 
2,259 3,502 2,089 

3,204 
4,118 

Avg .. 2,907 4,941 Avg .. 3,073 

2,725 
3,768 
4,960 
2,703 

Avg = 3,068 Avg = 3,539 
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6 

3,257 6,562 
5,405 
5,726 
9,160 
6,527 

.. _s, 963 Avg= 6,086 

8,391 9,063 
14,945 12,115 
19,176 7,574 
8,105 7,387 
6,167 
9,357 Avg= 10,258 

7,408 9,341 
9,931 7,366 
4,651 7,475 
7,114 8,613 
6,104 4,697 
7,175 Avg= 7,261 

5,516 6,977 
4,077 5,872 
2,720 7,208 
3,307 5,449 
5,265 3,771 
2,363 Avg., 4,775 

2,609 5,239 
1,503 7,632 
1,647 4,568 
3,287 2,883 
3,371 2,442 
2,671 Avg= 3,441 

1,266 4,206 
1,321 2,919 
3,660 2,346 
3,081 
4,248 
5,248 Avg= 3,255 

1,230 
2,725 
4,267 
5,223 
2,561 

Avg = 3,219 



• 

• 

• 



• 

• 

• 

F-Ratios 

Confidence 
Levels 

(%) 

Notes: 

Case 1 

Case 2 

Case 3 

TABLE 8 

ANOVA SUMMARY FOR SAND TESTING 

Deviator 
Stress 

Case 1 0.512 

Case 2 0.568 

Case 3 0.074 

99 3 .11 

Case 95 2.26 

l 90 1.88 

75 1.34 

99 3.42 

Case 95 2.42 

2 90 1.97 

75 1.36 

99 2.93 

Case 95 2.67 

3 90 2.13 

75 1.39 

uses all M data. 
r 

SOURCE OF VARIATION 

Confining 
Pressure 

26.487 

26.630 

28.439 

3.41 

2.42 

1.97 

1.36 

3.42 

2.42 

1.97 

1.36 

3.46 

2.44 

1.99 

1.37 

2-Factor 
Interaction 

0. 719 
.-. 

0.628 

0.640 

2.10 

1. 70 

1.51 

1.23 

2.28 

1.80 

1.57 

1.25 

2. 64 

2.01 

1. 71 

1.30 

ignores M data at 1-psi deviator stress level. r 

ignores M data at 1- and 2-psi deviator stress levels. r 
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TABLE 9 

Rl:GRESSION AND CORRELATION SUMMARY 

FOR SAND TESTING 

Regression of Regression of 

UGRESSION 
MODEL 

Case LINEAR 

1 HULT. 

Case LINEAR 

2 HULT. 

Case LINEAR 

3 HULT. 

Notes: 
l) Regression models 

M on 3 r 

a b Corr. 
Coeff. 

362.43 9,344 0.581 

8,526 0.193 0.572 

365.07 9,225 0.628 

8,336 0.202 0.607 

382.02 9,174 0.685 

8,081 0.221 0.655 

Linear - Y = aX + b, 
Mult. - Multiplicative= Y = aXb 

2) See TABLE 7 notes for cases 1, 2 and 3 • 

-47-

M on d r 

a b Corr. 
Coeff. 

98.97 12,876 0.154 

12,009 0.053 0.187 

123.59 12,545 0.202 

11,282 0.081 0.239 

99.34 12,880 0 .153 

11,463 0.074 0.153 
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The purpose of this talk is to give an overview of resilient 
modulus testing in the Minnesota DOT. To begin, I would like 
to give a little background on our history in this area. 

In 1961, I was chasing P waves and S waves around California 
with a geophone, oscilloscope, and sledge hammer. Fig. 1. Those 
wave velocity values, when coupled with measured inplace densities, 
gave values of Young's modulus, bulk modulus, shear modulus, 
and Poisson's ratio for several inplace soils. Figures 2, 3. 

Later, Mn/DOT purchased a Road Rater and eventually an FWD. 
We have tested all our bituminous roadways and have accumulated 
a considerable data bank. Figure 4. Our people have considerable 
confidence in the back calculated subgrade resilient moduli. 
However, there is apprehension as to back calculated surfacing 
moduli. This is because we have found the back calculated values 
to be very sensitive to layer thickness and we have also found 
that in real life there is a very considerable variation in layer 
thickness. 

We also managed somehow to purchase a laboratory resilient modulus 
device - an MTS. This was to be a more or less universal machine 
with a large triaxial chamber and temperature controlled, so 
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that samples as large as 6" X 12" could be tested. We also constructed 
a diametrical loading device for testing bituminous lab samples 
and field cores . 

Due to problems with waterproofing LVDT's, we later abandoned 
the liquid filling in favor of nitrogen. 

After we gained some experience with both the FWD and the MTS, 
it was proposed that we conduct a comparison of laboratory and 
field test results from the same site. The results were not 
encouraging. At the time, the feeling in the Department was 
that the field values were correct and the laboratory values 
incorrect. In retrospect, it may have been that we really did 
not know which was really correct. This disappointment, however, 
lead us to rework the laboratory system. To this end, we sought 
assistance from Dr. Vardoulakis of the University of Minnesota 
CME Department. He provided guidance in reworking the LVDT mounting 
system. In addition, our lab technician visited CRREL and, as 
a result, gained experience in testing techniques. Finally, 
we happened upon a report from Professor Baladi regarding an 
improved indirect tensile loading device. We constructed two 
of these devices and have been very satisfied with them. They 
seem to give very consistent results. Our earlier, essentially 
homemade indirect tensile device, had produced inconsistent results; 
possibly as a result of the sample "rocking" in the test frame. 

Due to a loss of valued personnel, we have not yet repeated the 
field versus laboratory tests. However, we expect to in the 
near future, especially in conjunction with the new Cold Regions 
Test Track. We feel that we have received a considerable education 
in field and laboratory resilient modulus testing. We also feel 
that in the meantime, we can perform meaningful laboratory and 
field resilient modulus tests. 
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At this point, I would like to give an overview of some recent 
Mn/DOT laboratory resilient modulus testing results. I would 
also like to note that all our laboratory testing has been accomplished 
by Neil McGee, the Foundations Lab Chief. He has been very enthusiastic 
and resourceful in making the system work. His reports are attached. 

An early study using the the Baladi device simply compared the 
calculated resilient modulus of several bituminous Marshall specimens 
compacted at different AC contents and at different blows. Note 
that the center hammer consistently gave smaller values. Figure 
5. This phenomena was disturbing, but no apparent reason could 
be found. Densities were within 1/2 pound. Subsequent studies 
only produced minor variations between hammers. Of more interest 
is the effect upon calculated resilient modulus value of using 
an assumed value of 0.35 for Poisson's ratio, as suggested in 
ASTM D4123, versus using actual measured horizontal and vertical 
displacements to calculate Poisson's ratio. Figure Sa. The 
differences from the two approaches are startling. 

In view of the fact that the samples were in all probability 
not homogeneous, isotropic and truly elastic, perhaps instead 
of using the term "Poisson's ratio", we should instead use the 
term "horizontal deformation versus vertical deformation". Nevertheless, 
the use of an assumed Poisson's ratio of 0.35 is suspect - at 
least in our minds. 

A later study compared resilient modulus values from asphalt 
concrete Marshall briquets. Again, the Baladi device was used. 
The control (virgin aggregate and asphalt) had a resilient modulus 
of approximately 500,000 psi± at room temperature. These values 
reflect the use of measured Poisson's ratio. Again, if we had 
assumed a value of 0.35 much higher, Mr values would have resulted. 
Figure 6. Of interest to us was also the high Mr values generated 
by the 60% recycle 40% virgin mixture. Figures 7 & 8. There 
has been and continues to be considerable debate within the Department 
as to value of recycled mixtures. These tests seemed to allay 
some concerns - at least as far as Mr values are concerned. 
Figure 9. However, there is still the concern that a higher 
Mr value mix may be more brittle and thereby have an ultimately 
shorter fatigue life. Another question that came up was whether 
Poisson's ratio could be used as indicator of rutting potential. 
Conceivably, low Poisson's ratio mixes would have lower rutting 
potential than higher values. This is because the shear modulus 
which may be an indicator of rutting potential is directly proportioned 
to Young's modulus, but inversely proportional to Poisson's ratio. 

Shear Modulus= Young's Modulus 
2 (1 + Poisson's ratio) 

Thus, two samples with similiar Young's moduli but different 
Poisson's ratio may have different rutting potential. Likewise, 
two samples with the same Poisson's ratio but different Young's 
moduli should have different rutting potential. 

• 

• 

• 
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Another study of control and recycled mixtures conducted on cores 
from a 12 year old project on T.H. 12 west of the Twin Cities. 
These samples were run at three different temperatures. Figures 
10 & 11. As might be expected, the Mr and Poisson's ratio varied 
with temperature. Figure 12, 13, 14. Both virgin and recycled 
mixes showed less change in Mr with temperature than fresh samples 
would - perhaps due to oxidation aging of the asphalt cement. 
The recycled cores were generally stronger than virgin cores, 
although both gave acceptable values. Again, the use of an assumed 
Poisson's ratio would give quite different test values. Finally, 
a plot of Mr values across the road show a pattern of variation 
which needs to be taken into account in any future field coring 
operations. Figure 15, 16. Whether that pattern is random or 
due to construction or traffic effects is not known. However, 
in any future coring it is our intention to be sure the cores 
be specifically taken in the wheel paths or between the wheel 
paths, and noted as such. 

Testing of the proposed Cold Regions test track base aggregate 
was another study. The data does not provide any startling results, 
except perhaps that one of the crushed rock samples seemed to 
give unexpectedly low values. Figure 17. The values will be 
used in the design of test track sections. 

Testing of test track subgrade soils was also performed for use 
in the design of test track sections. One question which comes 
up during this testing was the selection of a test moisture content. 
One value - optimum moisture content (T-99) was selected as a 
benchmark and possibly indicative of construction conditions. 
Another value - optimum plus 2% was also selected as perhaps 
more representative of in service or even springtime conditions. 
These assumptions were based on investigation performing during 
1943 and 1945 by John Swanberg and C. C. Hansen of MHD (HRB proc. 
Vol 26). Figure 18. They found, based on extensive sampling, 
that the field soil moisture content was somewhat more than T99 
opt. m.c. (about 104%), but that in the spring, the field m.c. 
generally increased by 2 percentage points. 

As can be seen from the data, the higher moisture content values 
have the effect of reducing Mr to about 1/2 of the Mr at opt. 
m.c. Figure 19, 20, 21. These values will be verified after 
construction by FWD testing. 

In summary, we feel that laboratory and field resilient modulus 
testing are very useful .tools for pavement design. The examples 
at hand show that quantitative comparisons can be made between 
recycled and virgin bituminous mixes. A similar comparison can 
be made regarding the effects of seasonal moisture content changes 
on subgrade soils. Perhaps most important, the utilization of 
actual Poisson ratio values may lead to a measure of rutting 
potential in bituminous pavements . 
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General Investigation on Marshall briquets using mix 2331 which has aggregate 

from Barton at Scandia. 

The General Investigation will cover the following - Resilient Modulus test to 

be run on three sets of bituminous Marshall briquets to show effects of 

different blows and asphalt content. 

II-97 

1. The first ~ of briquets have an asphalt content of 4 percent A.G. and will 

have nine briquets. Three briquets were hammered out at 35 blows with the 

Marshall hammers. There are three different Marshall hammers, and there 

will be one briquet each hammered out by each of the Marshall hammers. 

Three briquets will also be hammered out at 50 blows and another three 

brlquets at 75 blows using the same procedure as the 35 blow briquets. 

2. The second set of briquets have an asphalt content of 5 percent and was 

hammered out at 35, 50 and 75 blows, the same as the hammering procedure 

in 1. 

3. The~~ of briquets have an asphalt content of 6 percent and was 

hammered out the same as the hammering procedure in 1. 

Procedure used -

The Mn/DOT Indirect Tensile Test Apparatus, which ls a copy of a design by 

Gilbert Baladi of Michigan State University and Michigan's Department of 

Transportation, was used for the Resilient ~odulus test. ASTH Specification 

D4123-82 was used except for the following: 

-1-



1. Only one frequency was run and that was at 1 HZ. (The reason for running 

only one frequency was that from previous testing with this apparatus at 

room temperature, all three specified frequencies run for resilient modulus 

fell on top of one another, so all values were the same. 

2, Only room temperature was used because we have not finished our new 

environment cabinet that will fit over this newly made apparatus, 

General Description of Testing 

1, The Marshall briquet is measured for thickness and two diameters are marked 

on the briquet, one diameter called DIA. A, the other called DIAB. 

2. The briquet was placed in the apparatus which has a one-half inch width 

loading strip on top and bottom of the sample made with a curvature to fit 

the Marshall briquets diameter. 

3, All transducers are then zeroed in on a range of the oscilloscope used for 

measuring the output millivolts of the vertical and horizontal strain 

transduc·ers and the load cell. 

4. The Indirect Tensile Apparatus sits on the base of an electro-hydraulic 

repeated loading testing system manufactured by M,T,S. The loads are 

applied to the apparatus from the M,T,S. machine in the form of an haversine 

wave with a ,1 second duration and 1 HZ frequency at room temperature. 

5. Millivolt readings from horizontal and vertical transducers are converted to 

inches and the load cell millivolts are converted to pounds, 
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Calculations 

1, Total recoverable horizontal strain deflections in inches 
.t1 HT = MV Horizontal 

203,500 MV/inch 

2, Total recoverable vertical strain deflections in inches 
A VT = MV Vertical 

83,150 

3, Total resilient poisson ratio 1.rRT = 3,59 A HT -,27 
AVT 

4, LOAD= MV LOAD x 500 lb,= P 
2500 MV/Full Scale 

5. ERT = Total resilient modulus of elasticity (PSI)= 
P (~T + .27)/t AHT 

Where p = LOAD 
= Sample Thickness 
= Total Recoverable Horizontal Deformation 
= Total Resilient Poison Ratio 

6. ERT using assumed poisson ratio of .35 

= P (.35 + .27) 
t 4HT 

7. Graphs were drawn of Modulus vs. LOAD at different blows and A.C. 

Analysis of Results 

1. Analysis of the Modulus vs. LOAD graphs at different blows (see Graph Ill) 

for 4 percent asphalt content. 

a, Graph Procedure - Two of the three Marshall briquets hammered out by the 

three Marshall hammers were tested for each of the 35, 50 and 75 blow 

briquets. The samples were tested on two diameters--one called the A 

DIA,, the other called the B DIA. They were loaded with loads of 

approximately 25 lbs., 50 lbs., 80 lbs., 100 lbs. and 130 lbs. on each 

diameter. A resilient modulus was calculated for each load using actual 

poisson calculated values and graphed (the first graph). The second 

graph going up vertical from the bottom of graph paper is the average of 

-3-
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the two DIAMETERS, DIA. A and DIA. B graphs. The third graph at the top 

of the graph paper are the graphs of the resilient modulus using an 

assumed poisson ratio of .35. 

b. Graph Analysis -

lb. Looking horizontally across the graphed results of the average of 

the A and B diameter graphs using actual calculated poissons (middle 

row of graphs) we see approximately a 12 percent increase in modulus 

strength between the 35 and 50 blow briquets and there is 

approximately another increase of 12 percent in modulus strength 

between the 50 blow briquets and the 75 blow briquets. Total 

strength increase from 35 blow to 75 blow briquets was approximately 

25 percent. 

2b. The bottom roll of graphs on graphs No. 1 and 2 show that the tests 

were fairly well repeatable when run on two diameters varying from 

about 2 percent to 10 percent variance except on the very lightest 

loads. (The light loads are quite difficult to measure because of 

the small strain measurements.) 

3b. The top row of graphs on graphs No. 1 and 3 represent the resilient 

modulus using the assumed poisson of ,35. When the actual poisson 

is of a low value, the modulus is up in value and, when the poisson 

increases, the modulus begins to decrease. The graph shows much 

more variance when using assumed poisson values than when using 

actual values. 

4b. It can be noted from these graphs certain observances such as the 

following: 
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4b-A • 

4b-B. 

4b-C, 

4b-D. 

There is a slightly larger modulus on the lightest loading. 

There is an increase of poisson ratio as the asphalt content 

increases (see all three graph sheets #1, #2, #3 and look 

below the horizontal line, the average poisson of DIA. A and 

Bis there, except on sheet 2, and there each poisson of 

each sample is listed). 

The poisson ratio increases in value as the loadings 

increase. 

The 4 and 5 percent asphalt content showed little difference 

in modulus strength, whereas the 6 percent showed a somewhat 

marked decrease in strength from the 4 and 5 percent asphalt 

samples • 

5. Three plots of Poisson's Ratio vs. Load were graphed to show the change of 

poisson's ratio with increased load. These graphs are labeled #4, #5 and 

#6. 

Conclusions 

l. Modulus strength was approximately the same for the 4 percent and 5 percent 

asphalt samples with a slight edge given to the 5 percent samples (could be 

within testing error of one another). The 6 percent asphalt content samples 

showed a more marked decrease in modulus strength. 

2. Poisson ratio continues to show an increase in value with larger loading as 

evident in these tests and previous tests • 

-5-
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3. Poisson ratio increased with the higher asphalt content particularly the 6 

percent asphalt samples. 

4. Increased blows changed the modulus strength in the neighborhood of 

approximately 25 percent from the 35 blows to 75 blows samples. 

5. Assumed poisson ratio graph curves show more of a scatter in modulus values 

and run higher than the actual calculated poisson values that were graphed 

because our actual poissons were lower than .35 in most cases. Previous 

assumed poisson curves showed us some modulus values that were lower than 

the actual tested poisson values. This was when the actual poisson was 

higher than .35. Of course, the only poisson that will match the assumed 

poisson is when the actual tested poisson equals .35. 

6. There was seemingly more creep in the 6 percent asphalt samples than the 4 

and 5 percent as evident during testing. 

7. There was a higher poisson at low blows in the 6 percent samples. 

8. The test's horizontal millivolt reading from one cycle to another showed 

more inconsistency than the vertical millivolt readings, particularly in the 

light loadings where the aggregate structure is not compressed together in a 

more solid body structure as when there is heavier loads applied. The 

readings are also small and harder to measure. 
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TOPIC: 

SCOPE: 

DIFFERENT ADMIXTURES 

To make a comparison of Resilient Modulus values fro.~ asphalt 

concrete marshall briquets of different admixtures. 

To find out what effect different admixtures added to asphalt 

concrete would ~ake on Resi1ient Modulus and Poisson Ratio values. 

Pr:ocedur:e used: 

The Mn/DOT Indirect Tensile Test Apparatus, which is a copy of a design by 

Gilbert Baladi of Michigan State Uni·,ersity and Michigan's Department of 

Transportation, was 1.Jsed for the Resilient Modulus test. ASTM Specification 

D4123-82 was used except for the following: 

1. Only one frequency was run and that was at 2 HZ. (The reason for 

running only one frequency was that, from previous testing with this 

apparatus at room temperature, all three specified frequencies run for 

Resilient Modulus fell on top of one another, so all values 1-1ere the 

same.) 

2. Two diameters were run on the samples, as ASTM specifications require, 

except for the samples containing trap rock. These samples were run on 

only one di~~eter because the surfaces were rough and the tester epoxied 

the sides ,,here the horizontal transducers make contact. 

3. Only roo.~ temperature tests v,ere run . 

i:I-1O5 



Different Admixtures 
Page 2 

Calculations 

1. Total recoverable horizontal strain deflections in inches 
H,- = .t1V .Horizontal. 

203,500 MV/inch 

2. Total recoverable vertical strain deflections in inches 
VT= MV .Ver.tical 

83,150-

3. Total resilient Poisson Ratio ..r-RT = 3.59 L.HT ~.27 
kVT 

4. LOAD = _ ... MV LOAD x 500 lb. = P 
2500 MV7Fu11 Scale 

5. ERT = Total resilient modulus of elasticity (PSI) = 
P (V RT + • 27) 1-r; ~ 1,-

6. 

Where P = LOAD 
7:' = Sample Thickness 
~ 1,- = Total recoverable horizontal deformation 

u*RT = Total resilient Poisson Ratio 

ERT using asslUTled Poisson Ratio of .35 

ERT = P (.35.+ .27) 
'C .t.l Hi-

7. Graphs were drawn of modulus vs. LOAD and Poisson Ratio vs. LOAD. 

Graph .Analyses .bJ.the.Iester.: 

Some observations of the graphed results will follow: 

1. Mix #2361 with trap rock samples are the #466 sa~ples and ran as 

fa 11 ows: 

a. The trap rock with control samples (466D4 & OS), Resilient Modulus 

ran approximately 500,000 psi+. 

b. The trap rock with latex additive (polysar) samples (466E), 

Resilient Modulus ran approximately 400,000 psi+. 
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Different Admixtures 
Page 3 

c. The trap rock with neoprene additive samples (466F4 & F5), 

Resilient Modulus ran approximately 400,000 psi. -

d. Poisson ratios for all #466 samples containing trap rock ran low. 

The Poisson Value {3.59zy- .27) shows that there is a fairly 

small~ X movement to .c,,. 7 movement in these trap rock samples. 

It would seem suggestive that this material would cause less of a 

rutting problem as ccrnpared to samples that show a higher Poisson 

ratio value at a given Resilient Modulus value. 

e. The trap rock samples show an adequate to good Resilient Modulus. 

2. Mix #2332 containing 60 percent recycled mil lings and 40 percent Barton 

of Scandia Aggregate with and without additives are the samples #467. 

These samples showed good Resilient Modulus Strength • 

a. The control samples {467C4 & C5) Resilient Modulus strength ran 

approximately 700,000 psi. 

b. The samples with the latex additive {polysar) ran just slightly 

lower in Resilient Modulus strength than the control and ran 

approximately 650,000 psi. 

c. The samples with the neoprene additive had the lowest Resilient 

Modulus strength of the #467s samples and ran approximately 

600,000 psi. 

The Poisson Ratios of the #467 samples was somewhat varied and ran from 

a fairly low value to near an average value for Poisson Ratio. 

3. Mix #2332 containing 40 percent recycled mil lings and 60 percent Barton 

II-107 



Different Admixtures 
Page 4 

of Scandia aggregate with and without additives are the samples #468. 

These samples ran only fair to good in Resilient Modulus strength. 

a. The control samples 468C4, C5, D4 and D5 Resilient Modulus 

strength ran approximately 500,000 to 550,000 psi. 

The C4 and C5 samples had 2.7% + add oil while the D4 and D5 

samples had 3.4% + add oil. The 3.4% + add oil ran slightly 

stronger in Resilient Modulus strength. 

b. The samples with the latex additive (polysar) #468 E4, E5 and E6 

had a lower Modulus than the control samples and ran approximately 

350,000 psi. 

c. The samples with the neoprene additive #468 F4, F5 and F6 ran just 

slightly lower than the latex samples and ran approximately 

330,000 to 340,000 psi. 

Poisson ratios for the #468 samples showed a higher Poisson Ratio for 

the control samples than the additive samples. 

Conclusion: 

It seemed to this tester that the main governing factor as to Resilient 

Modulus strength and Poisson Ratio values was the aggregate body structure of 

the sample. There seemed to be a definite influence by additives on Resilient 

Modulus strength, but the additive influence on Resilient Modulus strength was 

not as pronounced as was the type of aggregate mixture the samples body 

structure was made of. 

• 

• 

• 



• 

• 

• 

Different Admixtures 
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Some of the samples show quite low Poisson Ratio values. It seems suggestive 

that this might be an indication of samples that might have good resistance to 

rutting but, of course, samples of approximately the same Resilient Modulus 

values would have to be compared in order for this assumption to be 

considered • 

II-109 



ADMIXTURE DATA RESULTS Page 1 c;>f 10 

SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK I PEN POISSON LOAD Mr ( Actual Mr (Assumed I 
NO. NO. TYPE . CONTENT I VO IDS I BIL- SPG. RATIO (lbs) Poisson Poisson ofl 

ITY Used) .35 used) I 
========1======1========== ========= ======= ====== ====== ----- ======= ======= ----------- ============1 
466-04 Trap Rock 85-
Dia.A 2361 (Control) 5.02% 5.3% 2008 2.519 100 -.12 29.1 613,710 2,483,400 

II II II II II II II II -.06 61.2 520,190 1,566,850 
II II II II II II II II .01 92.0 514,030 1,121,620 
II II II II II II II II .02 122.8 507,970 1,103,140 
II II II II II II II II .01 150.0 510,220 1,129,500 

========1======1========== ========= ======= ====== ====== ===== ======= ======= =========== =~=========-
466-05 Trap Rock 85-
Dia.A 2361 (Control) 5.02% 5.3% 2008 2. 519 100 -.07 28.6 ,793,580 2,465,814 

II I II II II II II II II -.002 62.0 566,194 1,309,090 
II II II II II II II .07 90.4 515,630 935,280 

II I II II II II II II II .01 124.6 528,020 1,171,930 
II II II II II II II II .12 151. 4 517,000 816,033 

======== ====== ========== ========= ======- ====== ====== ----- ------- ------- ----------- =========..:== ------- -------
466-E4 Trap Rock 85-
Dia.A 2361 with Latex 5.5% 5.5% 1828 2. 514 100 -.15 22.0 532,550 2,818,530 

II II II II II II - .11 40.4 453,610 1,725,280 
II II II II II II II II -.07 59.8 445,695 1,392,960 
II II II II II II II II -.05 77 .6 410,670 1,136,190 
II II II II II II II II .02 97.2 416,190 889,480 

======== ====== --------- ======= ------ ====== ----- ------- ------- ----------- ---------------------- ------ ------- -----------
466-F4 Trap Rock 85-
Dia.A 2361 w/Neoprine 5.5% 2.4% 2909 2. 599 100 -.06 30.7 525,270 1,551,390 

II II II II II II II II .04 60.8 434,487 860,290 
II II II II II II II .10 90.9 414,590 693,990 
II II II II II II II II .15 118.4 364,300 532,400 
II II II II II II II II .11 148.8 370,260 598,140 

========1====== ========== --------- ======= ====== ====== ===== ======= ======= =========== ===========-
466-F5 Trap Rock 85-
Dia.A 2361 w/Neoprine 5.5% 2.4% 2909 2. 599 100 -.06 31.4 490,650 926,390 

II II II II II II II II .13 61.6 424,026 660,870 
II II II II II II II II .16 91.6 394,680 565,630 
II II II II II II II II .10 121.6 395,990 658,940 
II II II II II II II II .12 149.2 380,770 609,490 

.-----1------ ----====== ========= ======= ======· = ===== ======= ======= =========== ============· 
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SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr ( Actua 1 Mr (Assunmj 

NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO ( lbs) Poisson Po is son d 
ITY Used) .35 used} 

========1====== ========== =========1=======1====== ====== ===== ======= ======= =========== ============ 
467-C4 60% Rcycld 200-
Dia.A 2332 Millings 2.0% + 3.6% 2397 2.435 300 I -.12 I 48.6 I 11s,47o I 1,129,310 

40% Barton add oil 
of Scandia 

(Control) 
II II II II. II II II II .18 93.9 689,800 960,050 
II II II II II II II II .23 142 .1 707,470 885,890 
II II II II II II II II .24 187 .8 708,850 857,190 
II II II II II II II II .24 235.0 699,980 846,020 

======== ====== --·-------- --------- ======= ====== ====== ----- ======= ======= ----------- ============ 
467-C4 
Dia.B II II II II II II II .10 49.8 655,980 1,106,880 

II II II II II II II II .12 94.2 689,980 1,094,450 
II II II II II II II II .10 141.4 721,740 1,204,750 
II II II II II II II II .14 189.0 718,240 1,073,540 
II II II II II II II II .15 236.4 716,470 1,060,090 

======== ------ ---------- --------- ======= -====- ====== ----- ------- ------- ----------- -=========== 
467-C5 
Dia.A II II II II II II II .26 50.4 733,730 856,050 

II II II II II II II II .19 99.0 707,920 951,810 
II II II II II II II II .23 147. 0 696,680 860,970 
II II II II II II II II .24 195.6 685,230 830,570 
II II II II II II II II .24 243.2 669,510 809,960 

=====::::== ====== ---------- --------- ======= ====== ====== ----- ------- ------- ----------- -=========== --------- -------
467-CS 
Dia.B II II II II II II II .26 50.4 632,490 956,390 

II II II II II II II II .19 99.0 629,590 934,180 
II II II II II II II II .23 147. 0 624,180 763,370 
II II II II II II II " .24 195.6 632,850 743,800 
II II II II II II II II .24 243.2 608,940 728,270 

==-==--= -==-=- -====-==== ======-=- ===--== -====- =--=-= ----- =------ ------- ----=----=- ============1 ...... ,_ 
I ...... ...... 

....... 



ADMIXTURE DATA RESULTS Page 3 of 10 

SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr ( Actual Mr ( Assumed 
NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO (lbs) Poisson Poisson of 

ITY Used) .35 used) 

=~1~:~4=1=2332=1 6~~1~~~~:d =l.3%=+==1==6.6%=1=3083= =2.407 =j~~-,=-.03==,==52.0=1===568,960=1==1,472,050-

40% Barton add oil 
of Scandia 
(Control) 

I I 
II 

I 
II 

I 
II II II II II II .05 147.0 597,490 1,170,380 

II II II II II II II II .06 195.8 613,420 1,160,120 
II II II II II II II .05 243. 6 626,800 1,228,980 

========1======1==========1=========1======= ====== ===::::== ----- ======= ======= ----------- ------------
467-D4 
Dia.B II II II II II II II -.05 50.6 602,810 1,718,900 

II II II II II II II II -.09 98.8 575,770 2,013,760 
II II II II II II II II -.03 147.2 574,080 1,470,710 
II II II II II II II II -.02 195.6 575,380 1,423,840 
II II II II II II II II .001 245.5 600,570 1,374,120 

========1======1==========1========= ======= ====== ====== ===== ======= ======= =========== ===========-
467 -0 5 
Dia.A 

I 
II II II II II II II .05 47.6 671,050 1,306,840 

II II II II II II II II .01 94.0 627,060 1,404,220 
II II II II II II II .01 131.0 631,440 1,392,520 

II I 
II II II II II II II .0004 175.6 665,080 1,524,600 

II II II II II II II II .00006 241.6 667,820 1,533,880 
==-=====1======1==========1=========1======= =-==== ====== ===== ==-==== ======= ----------- ------------

467-05 
Oia.B f II II II II II II II .08 48.8 829,070 I 2,753,990 

II II II II II II II .002 93.6 742,715 1,697 ,870 
II 

I 
II II II II II II II - 06 135.2 745,260 2,215,140 

II II II II II II II II -.02 177. 4 650,699 1,608,980 
II II II II II II II II -.06 233.6 655,490 1,977,460 

========l======I========== ========== ======= ====== ====:= ----- ------- ======= ----------- ------------------- -----------

• • • 
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SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr (Actual Mr (Assumed 
NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO ( lbs) Poisson Poisson of 

ITY Used) .35 used) 
========i====== ========== =========1=======1====== ====== ===== •====== ===•=== =========== =•========== 
467-E4 60% Rcycld 200-
Dia.A 2332 Millings 2.06% + 3.9% 3275 2.447 300 I .o5 I 48.1 I 635,210 I 1,212,110 

40% Barton add oil 
of Scandia 
with Latex 
(polysar) 

II II II II II II II II .12 95.0 610,360 958,070 
II II II H II II II II .11 134.0 586,050 945,020 
II II II II II II II II .08 171.8 604,390 1,082,870 

======== ------ ---------- ========= ======- ====== ====== ===== =-===== ------- --==-=-==== --========== ------ ---------- -------
467-E4 
Dia.B II II II II II II II -.04 48.4 708,320 1,877,350 

II II II II II II II II .06 94.0 693,410 1,298,610 
II II II II II II II II .19 135.2 637,140 852,180 
II II II II II II II II .21 171.6 640,640 824,080 
II II II II II II II II .18 232.8 639,780 882,620 

-------- ------ ========== ========= =-=---- ------ ------ ----- ------- ------- --------=== ---=====-=== -------- ------
467-E 5 
Dia. A II II II II II II II -.01 47.6 593,120 1,422,720 

II II II II II II II II .05 94.8 613,290 1,174,860 
II II II II II II II II .04 135.2 612,760 1,226,730 
II II II II II II II II .02 172.8 658,340 1,416,164 
II II II II II II II II .07 235.0 631,470 1,148,140 

======== ------ ---------- --------- ------- ====== ------ ----- ------- ------- =========== ------------------ ---------- --------- ------- ------ ------- ------- ------------
467-E5 
Dia.B II II II II II II II .01 47.2 765,320 1,713,070 

II II II II II II II II .18 94.0 657,170 909,770 
II II II II II II II II .24 133.4 667,500 816,660 
II II II II II II II II .26 175.0 688,370 801,080 
II II II II II II II II .31 238.0 684,000 737,380 

--------1=====-1=---------1--------- ------= ====== ====== ===== ======= ======= =========== ============, ...... ...... 
I ...... ...... 

w 



ADMIXTURE DATA RESULTS Page 5 of 10 

SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr (Actual Mr l Assumed 
NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO (lbs) Poisson Poisson of 

ITV Used) .35 used) 

=ri~!:~4=1=2332= 6~;1~~~~:d =•2.06=.·1==4.3%=1=3237= =2.435 =~~~-,==_06==,==95.2=1. ==678,03D=l==l,270,400-

40% Barton add oil 
of Scandia 
w/Neoprene 

II II II II II II II II .04 132 .8 664,920 1,346,830 
II II II II II II II II .06 172. 4 715,850 1,334,690 
II II II II II II II II .07 231.4 670,320 1,214,916 

======== ======= ---------- ========= ======= ====== ====== ===== ======= ======= =========== ===========-
467-F4 
Dia.B II II II II II II II .01 47.2 627,140 1,407,920 

II II II II II II II II -.004 93.8 599,980 1,398,970 
II II II II II II II II .13 133.6 605,360 928,050 
II II II II II II II II .15 174.6 609,350 903,450 
II II II II II II II II .17 234.0 601,280 856,580 

======== ====== ---------- =====-=== =--==-- ====== ====== ----- ======= ------- ----------- -------------------
467-F5 
Dia.A II II II II II II II -.05 48.6 606,950 1,698,940 

II II II II II II II II .16 95.0 584,290 844,810 
II II II II II II II II .12 133.6 554,340 890,050 
II II II II II II II II .08 174.8 558,150 984,490 
II II II II II II II II .05 235.2 545,000 1,045,790 

======== ===::::== ---------- ====--=== ---==-- ====== ------ ----- ======= ------- ----------- ------------------ ------- -----------
467-f 5 
Dia.B II II II II II II II -.02 47.8 628,570 1,563,170 

II II II II II II II II .14 92.4 622,630 936,730 
II II II II II II II II .09 136.0 613,430 1,060,560 
II II II II II II II II .10 176.8 653,220 1,092,900 
II II II II II II II II .16 239.6 644,230 920,080 

========•======•==-====---•==------- -==---- ----== ====== ===== ======= ======= =========== ===========-

• • • 
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SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr ( Actual Mr ( Assumed 

NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO (lbs} Poisson Poisson of 
ITV Used} .35 used) 

========1====== ---=-===-- ======---,=======1====== ====== ===== ======= ======= =========== -===-====---
468-C4 40% Rcycld 200-
Oio.A 2332 Milling 2.7% + 6.61% 2000 2.371 300 I .14 I 35.2 I 536,320 I 812,000 

60% Barton add oil 
of Scandia 

(Control) 
11 11 11 11 11 11 11 11 .16 71.4 459,790 I 658,830 
II II II II II II II II .10 107.2 459,380 766,250 
II II II II II II II II .16 142.8 487,760 2,684,110 
11 11 11 11 11 11 11 11 .11 177.8 487,190 I 784,640 

========•====-= ========== ========= ======= ====== ====== ===== ======= ======= =========== ===========-
468-C4 
Dia.B II II II II II II II -.07 38.4 440,410 1,392,000 

II II II II II II II II .01 74.0 448,870 988,290 
II II II II II II II .06 109.2 467,060 865,920 

II II II II II II II II .12 174.0 469,710 754,740 
.. I .. .. .. .. .. .. .. . 09 144. 4 

=----=== ==-=== ========== ========= ======= ====== ====== ===== ======= ======='===========!===========-
468-C5 
Oia.A II II II II II II II -.05 42.0 641,350 1,290,870 

II II II II II II II II -.07 81.2 538,900 1,294,070 
II II II II II II II -.04 109.0 524,340 968,590 
II II II II II II II II .02 135. 2 515,050 861,410 
II II II II II II II II .01 163. 2 528,920 903,500 

========•====== ========== --------- ======= ====== ====== ----- ======= ===;:;=== ----------- ------------
468-C5 
Dia.B II II II II II II II .04 41.6 641,350 1,290,870 

II II II II II II II II -.01 80.8 538,900 1,294,070 
II II II II II II II II .07 111. 2 524.340 968,590 

II II II II II II II .10 138.8 515,050 861,410 
II I II II II II II II II .09 165. 6 528,920 903,500 

========1====== ========== --------- ======= ====== ====== ----- =====:;;;= ======= ----------- ------------ ....... 
....... 
I ,_. ,_. 

u, 
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SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr (Actual Mr ( Assumr,d 
NO. NO. TYPE CONTENT VOIDS BIL- SPG. RATIO ( 1 bs} Po is son Poisson of 

ITV Used} .35 used} 

=~~::~4=1=2332=~~~~~!d =3.4%=.==1==4.0%=1=2400= =2.419 =~gg-1==_02==1==48.1=1===440,140=1====941,910= 
4-01. Barton add oil 

t-lof Scandia 
(Control} 

II II II II II II II II .14 95.0 502,080 755,760 
II II II II II II II II .20 138.4 495,260 658,550 
II II II II II II II II ,28 189.2 528,400 590,980 
II II II II II II II II .27 236.4 517,290 595,850 

========!====== ---------- --------- ======= ==::;;:,=== ====== ----- ======== -------------- ----------- ------------
468-D4 
Dia.B II II II II II II II -.03 49.2 528,120 I 1,391,650 

II II II II II II II II .09 93.9 902,050 528,690 
II II II II II II II II .13 140.3 526,140 821,060 
II II II II II II II II .15 186.3 512,190 752,400 
II II II II II II II II .21 238.2 508,170 662,720 

========!====== ========== --------- ------- ====== ------- ------------ ----- ======= :;===== ----------- ------------
468-DS 
Dia.A II II II II II II II .34 35.2 729,880 743,430 

II II II II II II II II .20 68.0 556,310 733,370 
II II II II II II II II .19 101. 2 572,660 777,230 
II II II II II II II II .20 135.1 569,030 752,530 
II II II II II II II II .26 168.8 566,200 668,460 

========!====== ========== --------- ------- ====== ====== ----- ======= ------- ----------- ------------------- ------- ------------
468-D5 
Dia.B II II II II II II II .17 36.4 599,730 838,670 

II II II II II II II II .25 68.6 553,800 656,080 
II II II II II II II II .25 102.0 550,100 654,460 
II II II II II II II II .20 136.4 532,560 698,380 
11 11 11 

11 11 11 11 11 .26 169.2 523,720 608,260 I 
========1====-= =-=-=-= == ========= ======= ====== ====== ===== ======= ======= =========== ============ 

• • • 
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SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr (Actual Mr ( As s um ed I 
NO. NO. TYPE CONTENT VO IDS BIL- SPG. RATIO (lbs) Poisson Poisson ofj 

ITV Used) .35 used) I 

-~~~:i~-1=::::-,;~~~~~~~:~,-!d~%:~~-,==:~:%=1=2415= =2_401 =~ii-1=-.06==1==6s.6=1===392,250=1==1.14s,44o= 
60% Barton 
of Scandia 
with latex 
(polysar) 

II II II II II II II II -.04 98.2 375,580 996,350 
II II II II II II II II .02 133.2 359,980 777,890 
II II II II II II II II -.04 160.6 354,990 960,224 
II " II II " " II II 

======== ====== --~-~----- --------- ====-== ===-== ==--== ===== ======= -====== =-===----== ----===-==-= 
468-E4 
Dia.B " II II II II " II -.14 41. 6 434,390 2,089,300 

II II II II II II II II .03 68.0 398,630 813,141 
II II II II II II II II -.03 98.6 385,950 990,410 
II II II II II II II II -.03 138. 0 366,890 936,599 
II II II II II II II II .01 160. 2 366,560 804,580 

========1====== ---------- ========= ======= ====== ======:::; ----- ::::===== ======= ----------- ------------
468-E 5 
Dia.A II II II II II II II .04 68.0 391,136 I 1,072,813 

II II " II II II " II -.08 98.4 379,669 1,241,939 
II " II II II II II II -.06 134.8 342,980 1,000,800 
II II II II II II II II -.05 162.8 350,808 1,002,319 

========I====== ---------- ======-=== =====::== ====== ====== ----- ------- ======= ----------- -------------------
468-E 5 
Dia.B II II II II II II II -.01 41. 2 386,750 1,386,660 

II II II II II II II II -.03 88.6 376,430 962,030 
II II II II II II II II -.06 98.0 377,020 1,111,810 
II II II II II II II II -.05 136.8 351,920 972,730 
II II II II II II II II -.04 160.6 325,580 871,820 

======== ====== ========== =====-=== ==-==-- ====== ------ ----- ======= ------- =====·-===== ------------------ -------
468-E6 
Dia .A II II II II II II -II -.02 67.2 351,992 885,688 

II II II II II II II II -.03 97.8 344,340 890,580 
II II II II II II II II 00 134.8 325,760 790,140 ... , 
.. .. .. .. .. .. .. .. .02 160.8 308,920 691.120 I ... , 

I 
I-> 

========1====== ========== ========= -===-== ====== ====== ===== ======= ======= =========== ============ .... 
'-I 



ADMIXTURE DATA RESULTS 

SAMPLE I MIX 
NO. NO. I MATERIAL 

TYPE 
ASPHALT 
CONTENT 

AIR 
VOIDS 

STA
BIL
ITV 

BULK 
SPG. 

PEN IPO IS SON 
RATIO 

======== 
468-E6 
Dia.B 

II 

II 

II 

======== 
468-F4 
Dia.A 

II 

II 

II 

II 

======== 
468-F4 
Dia.B 

II 

II 

II 

II 

======== 
468-F5 
Dia.A 

II 

II 

II 

II 

===:::;==== 
468-F5 
Dia.B 

====== 
II 

II 

II 

II 

====== 

2332 

II 

II 

II 

II 

====== 
II 

II 

II 

II 

====== 
II 

II 

II 

II 

II 

====== 
II 

II 

II 

II 

II 

40% Rcycld 
Millings 

60% Barton 
of Scandia 
w/ neoprene 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

3.4% + 
add oil 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

======= 
II 

II 

II 

II 

======= 
4.2% 

II 

II 

II 

II 

--------------
II 

II 

II 

II 

II 

--------------
II 

II 

II 

II 

II 

======= 
II 

====== 
II 

II 

II 

II 

======= 

2837 

II 

II 

II 

II 

====== 
II 

II 

II 

II 

II 

------------
II 

II 

II 

II 

II 

------------
II 

------------
II 

II 

II 

II 

====== 

2.401 

II 

II 

II 

II 

======= 

II 

II 

II 

II 

II 

------------
II 

II 

II 

II 

II 

=====:::: 
II 

II 

II 

II 

II 

200-
300 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II I II I II I II I II II II II 
II II II II II II II II 

II I II I II I II I II II II II 

II IIII II I II 111111~111 
•======1======1==========1========= ======= =====--== ===-= 

======= 

-.04 

-.01 
-.05 
-.03 

======= 

-.07 

-.01 
-.04 
-.06 
-.10 

======= 

.07 

00 
.06 
00 

-.02 
======= 

-.01 

.01 

.02 

.02 
-.04 

======= 

-.19 

.01 
-.04 
-.04 
-.01 

======= 

LOAD 
( 1 bs) 

--------------

67.2 

97.8 
134.8 
160.8 

======= 

41.2 

68.1 
95.6 

135.6 
164.4 

======= 

43.7 

68.6 
97.0 

138.4 
166.8 

======= 

43.7 

69.6 
95.6 

135.2 
162. 0 

======= 

42.5 

69.6 
109.0 
148.8 
189. 2 

======= 
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Mr (Actual 
Poisson 
Used) 

393,980 

347,140 
354,730 
331,010 

383,930 

333,520 
308,920 
328,620 
314,310 

383,250 

362,250 
364,170 
328,830 
319,610 

----------------------
435,240 

407,730 
386,630 
354,630 
350,010 

360,250 

349,650 
320,120 
318,980 
311,880 

==========-

Mr ( As swned 
Poisson of 
.35 used) 

782,700 

831,900 
688,020 
680,760 

------------------------
1,215,240 

803,470 
826,501 
985,430 

1,161,070 

1,184,470 

819,010 
685,060 
746,220 
781,670 

1,632,920 

888,850 
831,470 
766,310 
939,320 

2,679,880 

780,214 
872,780 
862,780 
739,860 
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ADMIXTURE DATA RESULTS Page 10 of 10 

SAMPLE I MIX I MATERIAL I ASPHALT I AIR I STA- BULK PEN POISSON LOAD Mr (Actua 1 Mr (Assumed! 
NO. NO. TYPE CONTEITT VOIDS BIL- SPG. RATIO (lbs) Poisson Poisson of 

ITY Used) .35 used) 

-~~:::6·1··.••=1••=•.•===•1••=•.•==•1··•.•==i•·.•== ---.-- --.-- --.07-- ==68.0- ---371,960- --1,154,060= 

II 

I 
II II II II II II II -.05 107. 6 360,490 996,070 

II II II II II II II II 00 147.2 330,280 757,030 
II II II II II II II II -.03 190.0 341,910 871,500 

========1====== ========== --------- ------- ------ ====== ===== ===---= -====== =========-- ---==-====----------- ------- ------
468-F6 
Dia.B 11 11 II II II II 

II -,07 67,8 371,660 1,150,660 

II I II 

I 
II II II II II II -.06 104.0 321,560 962,740 

II II II II II II II II 00 148.0 324,560 753,530 
II II II II II II II -.04 192. 4 326,760 890,540 

========l======l==========I========= ==::;==== ====== =:==== ----- ======= ======= ===========- ------------

...... 

..... 
I 

........ 

........ 
lO 
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LABORATORY INVESTIGATION OF 
FIELD CORES CONTAINING 

RECYCLED BITUMINOUS MIX 

Neil McGee 
Foundation Lab Chief 
Mn/DOT 
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A comparison investigation of the Resilient Modulus values of the Recycled Mix 

2332 and the Controlled Bituminous Mix 2331 from 1,H. 12. 

The comparison investigation will involve comparing resilient moduli of the 

recycled and controlled mixes placed in T.H. 12. The mixes were placed in the 

roadway at the same period of time. The samples tested were drilled field 

cores. They were placed about 12 years ago. 

Features of the Testing 

1. The sample numbers will have meanings as below: 

M will stand for cores taken from the mid-depth of the asphalt concrete of 

the roadway; e.g., MCl: all samples were taken from the mid-depth of the 

asphalt concrete of the roadway. The second letter will stand for the 

location of the sample between the centerline and the shoulder of the 

roadway. The 1 will stand for samples that are of the recycled mix. The 

2 will stand for the controlled mix. 

2. T!-ie samples were calculated and graphed with the number l's (recycled mix) 

placed directly above or below the number 2's (controlled mix). The 

number l's and number 2's graphed on the same sheet are at the same 

location with respect to the centerline and shoulder of the roadway. 

3. Both an actual poisson Resilient ~odulus value and an assumed .35 poisson 

value were used in the Resilient ¼odulus calculations and graphing, 
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4. The samples were tested in our homemade environmental box. Some rubbing 

of the loading pis ton on the ho le through the box was noted on some of the 

samples, but the tester could not determine if any noticeable undesirable 

effects resulted, as the loads should have been high with respect to any 

friction. 

Procedure used -

The Mn/DOT Indirect Tensile Test Apparatus, which is a copy of a design by 

Gilbert Baladi of Michigan State University and Michigan's Department of 

Transportation, was used for the Resilient Modulus test, ASTM Specification 

D4123-82 was used except for the following: 

1. that only one frequency was run and that was at l HZ; (The reason for 

running only one frequency was that, from previous testing with this 

apparatus at room temperature, all three specified frequencies run for 

Resilient ~lodulus fell on top of one another, so all values ,-1ere the 

same.) 

2. that only one diameter was tested; 

3. that the sample was plastered with dental plaster to evenly distribute the 

load under the loading strips, as the samples are rough cut from the 

field; 

4. that the horizontal transducers are approximately .12 inches off center of 

the sample due to the testing apparatus being made strictly for 4-inch 

diameter samples and the field cores are approximately 4.2 to 4.25 inches 

in diameter. This lends to the fact that now the poisson values will be 

-2-
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slightly lower than they should be and it also lends to the fact that the 

Resilient Modulus values will be slightly higher than they should be. 

Ca le u la tions 

1. Total recoverable horizontal strain deflections in inches 

..L>- HT = MV Horizontal 
203,500 MV/ inch 

2. Total recoverable vertical strain deflections in inches 
6 VT = MV Vertical 

83,150 

J. Total resilient poisson ratio )/RT= 3.59 A HT -.27 
--,;v-;-

4, LOAD MV LOAD x 500 lb. P 
2500 MV/Full Scale 

5. Total resilient modulus of elasticity (PSI) = 
P ( ViT + .27)/t bHT 

Where p = LOAD 
t Sample Thickness 

A HT "' Total recoverable horizon ta 1 

VRT Total resilient poisson ratio 

6 • ERT using assumed poisson ratio of .35 

P(.35+.27) 
t b HT 

deformation 

7. Graphs were drawn of modulus vs. LOAD and poisson ratio vs. LOAD, 

Design Criteria 

Table 2 summarizes the initial trial mix data using 50/50 and 60/40 ratios of 

salvaged bituminous and virgin aggregate. The recycled mix was produced at 

the ratio of 60 percent salvage and 40 ?ere~~~ virgin n~terial throughout the 

project • 

-3-
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TABLE 2 INITIAL TRIAL MIX DATA 

Recycled Recycled Conventional 
Base & Binder Shoulder Wear Shoulder 

Proportion (Salvage/virgin) 50/ 50 60/40 50/50 60/40 0/100 

% Asphalt ~lixed 3. l 2.6 4.3 4.0 7.5 

Density (lb/cu.ft.) 136.6 138. 2 139. 9 141. l 138. 6 

Stability (lbf) 2064 2402 1770 1939 922 

Percent Voids 6.9 8.2 4.2 3.4 5.1 

CWA* Loss ( ;~) 10. 8 4.9 4.3 3.9 4.5 

% Asp ha 1 t Recommended 3.3 3.0 4.3 3.8 7.3 

* = Cold Hater Abrasion 
1 lb./cu.ft. = 16.02 Kg/m3 

1 lbf - 4.448N 

The initial trial ~ix recommendations were superseded by several updated 

designs because of changes in the virgin aggregate gradation. 

Wear 

The virgin aggregate was required to meet the standard gradation and quality 

requirements for bit~minous aggregate. The mix design was based on guidelines 

that were added to the special provisions to establish the amount of 

additional asphalt required. 

Marshall Stability ( 50 blows): 

Voids in Mix: 

Cold water Abrasion Loss: 

-4-

3,000 lbf max. 

500 lbf min. 

6% base and binder 

4% shoulder wear 

15;; max. 

• 

• 

• 



• 

• 

• 

The samples were taken mostly from the base region of the roadway. The 

controlled mix was 2331 and the recyled was 2332. 

Graph Analysis by the Tester: 

1. The samples designated with a "l" on the recycled samples showed more 

sensitivity to temperature change, as far as Resilient Modulus is 

concerned. Both the recycled (number 1) and the controlled (number 2) 

samples showed far less Resilient Modulus change due to changing 

temperature than fresh asphalt concrete would show. This is probably 

primarily due to the aging process. 

2. The samples of both the recycled and controlled mixes showed good modulus 

strength. There was no real noticeable plastic off-setting, even at the 

320 lb. loadings. The modulus values are, of course, slightly higher than 

they should be because the apparatus was designed for 4-inch diameter 

samples. The number 1 samples showed Resilient Modulus strength of 

approximately 300,000 psi to 500,000 psi greater strength than the number 

2 samples, except for MEL and ME2 which had a reversed result. 

3. Many of the number 2 designated samples had a rough-textured surface, 

probably due to the aggregate shattering loose during the coring 

operation, It has been pointed out to me that perhaps the controlled mix 

had a little less asphalt when layed down. 

4. Resilient ~lodulus values calculated with an assumed .35 showed more 

scattering than the Resilient ~odulus values calculated by using actual 

determined poisson values, 
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5. Poisson values continue to show an increased value as loadings are 

increased; as in previous testing, until approximately the 255 lb. 

loading, in most cases. At the heavier loadings, the poisson starts to 

level out or take a smal 1 dip in value. The poisson showed r.iore 

scattering than in some of the previously tested laboratory samples and 

did not always hold true to form. 

6. Poisson values in most cases changed with temperature, being lower at low 

temperature and higher at high temperatures. 

7. Mr Values (Resilient Modulus Values) tested are listed on the following 

pages. 

-6-

• 

• 

• 



POISSO:-! 
• TEMP. SAMPLE NO. RATIO Mr. ACT . ~lr. ASSUMED LOAD (LBS} II-129 

35.6°F MA'j.1 . \-t -.16 1,962,380 11,165,140 66.4 
MAl K'.•" 10 

.002 1,440,660 3,283,960 130.2 
MAl . 1 1,297,460 2,176,980 194.2 
MAl .15 1,252,770 1,833,067 258 
MAl .21 1,259,460 1,614,240 323.2 

72°F ~lAl .09 1,534,170 2,615,370 67.4 
:SlAl .15 1,329,080 1,984,160 129.8 
MAl .28 1,155,560 1,293,460 200 
MAl .31 1,016,310 1,093,680 258 
MAl .32 913,360 966,260 321. 8 

102°F MAl -.18 1,576,800 11,165,130 66.4 
MAl .21 930,755 1,208,840 131. 8 
:S1Al .34 698,850 705,500 193 
MAl .46 606,470 514,900 256.2 
MAl .48 548,214 451,180 320.2 

30.4°F ~lAf ' ,~ -.2 851,550 7,201,130 67.6 t' r i' MA2 
I, 

-.05 777,610 2,226,730 129.6 
MA2 -.03 779,740 2,030,250 194.4 
MA2 -.01 768,180 1,818,040 256 
MA2 .05 792,420 1,534,160 322.6 

.77°F MA2 -.05 1,260,790 3,611,220 67.8 
MA2 -.01 849,030 2,030,250 129.6 
~lA2 .01 780,790 1,744,130 193.2 
MA2 .06 660,340 1,225,570 232.4 
MA2 .08 713,100 1,262,640 322.4 

103.7°F c>lA2 -.04 1,171,180 3,186,080 65.8 
MA2 .13 721,350 1,121,950 130. 6 
MA2 .22 619,390 790,870 196 
MA2 .20 562,340 746,840 256.6 
MA2 .22 532,560 669,113 321. 6 

18.5°F MBl .01 1,017,630 2,254,270 66.6 
MBl .01 981,170 2,152,460 131. 6 
!•lBl .15 969,440 1,439,380 194.4 
MBl .07 1,000,320 1,810,230 256.4 
MBl .10 1,033,610 1,743,930 325.2 

77°F MBl .16 825,637 1,199,440 66 
MBl .19 805,670 1,080,325 131 
MBl .18 816,146 1,113,730 195.2 
MBl .20 786,650 1,038,810 260.4 
MBl .23 788,420 980,150 323.6 

• 



POISSON 
TEMP. SAMPLE NO. RATIO Mr. ACT. Mr. ASSUMED LOAD ( LBS l 

• 104°F MBl 0 482,140 1,114,430 67 
MBl .39 465,330 438,570 129.6 
MBl .31 457,980 485,440 194.4 
MBl .27 450,620 513,510 256.4 
MBl .34 428,600 439,150 320.4 

38.7°F MB2 • 1 507,130 859,530 67.2 
MB2 .25 513,180 608,370 130.8 
MB2 .27 518,860 595,460 193.2 
MB2 .28 520,690 583,160 257.2 
MB2 .28 511,305 576,742 322 

77°F MB2 .24 426,280 514,680 67.4 
MB2 .32 355,400 373,430 127 
MB2 .33 342,720 351,760 193.2 
MB2 .39 332,190 312,590 256 
MB2 .44 310,150 272,180 317 

101. 3 °F MB2 .42 309,808 276,780 66 
MB2 .62 263,520 183,730 130 
MB2 .91 245,972 128,970 193.6 
MB2 .76 226,170 135,580 255.2 
MB2 .96 216,180 109,190 318 

35°F MCl -.11 755,210 3,015,530 66.6 • MCl .04 813,060 1,611,230 129.4 
MCl .12 903,960 1,429,730 195.2 
MCl .1B 918,070 1,274,247 258.4 
MCl .16 954,280 1,362,490 322.8 

77°F MCl -.02 825,660 2,060,730 66.2 
MCl .1 798,870 1,354,100 130. 5 
MCl .25 788,820 938,095 194 
MCl .27 795,140 909,230 257.4 
MCl .29 783,420 866,900 322 

104°F MCl .2B 611,010 691,190 68 
MCl .34 562,170 572,990 130 
MCl .24 45B,B80 560,560 192.B 
MCl .42 513,080 460,750 254.4 
MCl .3B 499,750 475,760 320 

30.4°F MC2 -.21 417,450 4,441,250 66.1 
MC2 -.07 318,070 9d4,600 127.7 
MC2 .0022 336,640 766,880 192.4 
MC2 .05 352,920 680,910 254.8 
MC2 .08 370,540 653,170 320.8 

77°F MC2 -.08 353,100 1,172,200 64.8 
MC2 . 02 336,010 720,410 130.2 • MC2 .05 324,340 625,410 196.8 
MC2 .09 320,980 550,774 258 
MC2 .12 334,450 536,680 325.2 



POISSON 

• TEMP. SAMPLE NO . RATIO Mr. ACT. Mr. ASSUMED LOAD (LBS) 11-131 

104°F MC2 -.1 316,120 1,148,950 68.4 
MC2 .04 267,970 531,150 131 
MC2 .06 280,660 527,420 194 
MC2 .13 284,500 436,930 256.4 
MC2 .17 284,670 404,990 318.6 

28°F MDl -.23 1,497,670 20,839,774 128.5 
MDl -.18 1,357,250 9,450,370 195.6 
MDI -.13 1,279,354 5,850,480 266.4 
MDl -.05 1,236,632 3,508,070 334.8 

77°F MDI -.02 1,144,820 2,868,140 130.6 
MDI .OS 1,096,620 2,095,790 195.2 
MDl .09 1,015,970 1,756,780 261. 8 
MDl .08 961,780 1,704,380 331. 6 

104°F MDl .10 1,065,910 1,793,015 66.8 
MDl .17 664,700 944,660 131 
MDl .17 540,286 762,040 194 
MDl .19 478,630 649,730 258 
1'1Dl .20 437,770 573,330 320.4 

.40°F MD2 -.05 922,870 2,640,780 65.9 
MD2 .05 938,760 1,824,710 129.6 
MD2 .23 940,650 1,455,547 195.2 
MD2 .16 953,430 1,382,090 260 
MD2 .10 936,230 1,553,180 322 

77°F MD2 -.12 755,490 3,190,160 128. 6 
MD2 -.01 729,390 1,712,930 194 
MD2 .02 724,913 1,543,670 257.8 
MD2 .01 716,600 1,587,640 320 

105°F MD2 -.06 579,270 1,719,110 66 
MD2 .22 535,100 682,440 131 
MD2 .33 511,840 533,000 194.4 
MD2 .26 483,790 566,860 256.8 
MD2 .28 458,030 520,940 320 

33°F MEl .07 664,540 1,209,480 64.9 
MEl -.02 714,720 1,745,680 128.8 
MEl .04 716,330 1,429,780 195 
MEl .05 775,340 2,210,510 257 
MEl .02 792,150 1,715,570 322.2 

77°F MEl -.03 460,750 1,202,020 6 4. 5 
MEl -.01 579,000 1,375,870 129.2 
MEl .04 623,570 1,230,610 192.6 

• MEl .04 640,810 1,273,960 259.2 
MEl .07 672,640 1,220,500 322 



POISSON 
TEMP, SAMPLE NO, RATIO Mr. ACT. Mr. ASSC'MED LOAD (LBS). 

101°P MEl .14 558,220 834,890 67.2 
MEl .08 512,490 913,790 132.8 
MEl . l 499,090 837,760 194.8 
l-!El . 1 512,230 864,930 257.2 
MEl . 1 505,340 839,920 323 

33°F ME2 -.14 1,213,050 5,648,890 65.6 
ME2 -.01 1,159,292 2,768,470 128.6 
ME2 .03 1,148,420 2,340,620 194.8 
ME2 .06 1,140,130 2,163,330 259.6 
ME2 .11 1,121,090 1,824,800 321. 4 

77° ME2 -.16 1,203,030 7,026,670 68 
ME2 .10 1,059,430 1,791,110 130 
ME2 .08 1,027,914 1,826,180 194.4 
ME2 . 2 9 964,350 1,071,140 255 
ME2 .12 889,930 322 

100°P ME2 .23 841,870 1,052,710 65.2 
!>1E2 .22 769,960 971,330 131.6 
ME2 .13 733,530 947,550 194.4 
ME2 .22 709,340 892,300 255.6 
ME2 .22 682,410 856,490 321. 6 • 28°F ~lFl .29 2 '· 107,220 2,342,870 67.6 
:,iFl .15 1,375,150 2,047,960 130 
MFl .25 1,288,150 1,542,270 195.8 
MFl .25 1,197,690 1,441,400 263.4 
MFl .23 1,181,700 1,457,380 333.6 

77°F MFl .38 2,003,970 1,911,960 66.2 
MFl .36 1,439,170 1,416,640 130 
YJFl .36 1,228,360 1,216,250 201.2 
MFl .33 1,121,690 1,161,040 268 
MFl .37 1,067,860 1,029,830 332.8 

103.3°P MFl . 4 2,227,158 2,055,010 67.2 
MFl .13 1,213,830 1,818,040 140.2 
:-lF l .64 1,051,270 715,850 191.4 
YiFl .38 677,768 642,340 257 
MFl . 4 2 640,720 579,120 318.6 

28°F MF2 -.08 1,355,930 4,442,270 67.4 
MF2 -.1 755,200 2,840,680 129.3 
MF2 -.05 710,660 1,993,090 194.4 
l,JF2 -.04 648,330 1,742,330 256.8 
MF2 -.04 605,930 1,662,960 324.4 

77°F MF2 -.02 1,014,898 2,363,601 66.6 • !·lF2 .05 732,460 1,403,400 130.8 
:-lF2 -.02 627,346 1,488,670 193.6 
MF2 .09 611,008 1,119,760 322.8 



POISSON 
TEMP. SAMPLE NO. RATIO Mr. ACT. Mr. ASSUMED LOAD (LBS) II-133 

• 103°F MF2 -.07 828,500 2,518,280 131 
MF2 .03 545,780 1,139,780 195 
MF2 .11 522,393 843,640 256 
MF2 .16 497,828 716,680 328 

32.7°F MGl -.19 1,903,145 15,033,400 67.2 
MGl -.15 1,252,930 6,482,660 130.4 
MGl .05 1,135,274 2,170,000 194 
MGl -.01 1,038,020 2,463,680 258 
MGl .04 1,006,880 2,015,890 324.4 

77°F MGl .17 1,748,202 2,453,370 131. 6 
MGl .03 1,246,600 2,552,940 194 
MGl .19 1,186,620 1,610,720 259.2 
MGl .24 980,460 1,195,100 323.2 

10l.5°F MGl .14 1,327,030 1,984,088 128.6 
MGl .21 809,800 1,052,250 195.2 
MGl .33 660,540 686,940 256.4 
MGl .35 574,300 576,840 323.6 

31. 5 °F MG2 -.17 1,175,375 7,560,340 69.2 
MG2 .002 812,170 1,848,900 132 

• MG2 .05 740,030 1,418,840 194.8 
MG2 . 1 718,728 1,203,640 260 
MG2 . l 702,900 1,189,150 320 

77°F MG2 .12 1,522,640 2,418,140 66.4 
MG2 .14 792,920 1,210,890 133 
MG2 .32 677,970 714,400 201.4 
MG2 .36 606,709 597,280 264.4 
MG2 .43 584,617 520,690 329.8 

104°F MG2 .19 1,951,013 2,606,475 66.8 
MG2 .31 744,830 791,480 130.4 
MG2 .46 603,730 514,750 196 
MG2 .53 522,506 403,613 258.6 
MG2 .60 486,920 345,430 320.6 

• 



• 

• 

• 



• 

• 

• 

LABORATORY MR TESTS 
ON TEST TRACK BASE AGGREGATES 

Neil McGee 
Foundation Lab Chief 
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Topic: 

II-137 

Resilient Modulus tests run on test track base materials. 
Samples of base materials run for Resilient Modulus Values 
were: 

1. GS88133 Special No. 1 (Pit 86079) 
2. GS88133 Special No. 6 (Pit 86079) 
3. GS88234 (Source 173006 Meridian at Waite Park) 

Scope: To run a Resilient Modulus test on the above listed samples 
to aid in the determination of what materials to use for 
bases in the test track. The Resilient Modulus value ,,1ill 
also aid in the determination of the bases thicknesses 
to be used in the test track. 

Procedures: AASHTO T274-2(86) specifications were used, except 
for the following: 

1. The compaction process was based on the Tl80 proctor 
test. An electric vibratory hammer was used to 
densify the samples. The densities were right on to 
very close to the Tl80 proctor values. 7 lifts with 
a vibration time of 15 seconds per lift was used. 

2. An additional seating load was used to extend the 
seating load to 30 p.s.i., instead of just 20 p.s.i. 
and a 30 p.s.i. load was used at the 20 p.s.i. con
finement pressure test. The tester thought it would 
be good to see if the samples would take an upward turn 
in,modulus values at an increased lqading such as the 
30 p.s.i. loading. 

3. The transducers were placed at 1/3 pts., rather than 
1/4 pts. due to the length of the transducer probes. 

Description of the Testing: 

Results: 

The Resilient Modulus testing was done with a Materials 
Testing System (MTS machine). A repeated loading haversine 
loading wave was used to apply the loads to the samples. 
A one second load duration and a total cycle of two seconds 
was used in the loading process. The samples were 6 inches 
by approximately 12 inches in size. The transducer holder 
rings holds two transducers of good sensitivity. 

The results are shown on the graph and the work sheet . 



• 

• 

• 



• 

• 

• 

LABORATORY MR TESTS ON 
TEST TRACK SUBGRADE SOILS 
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COLD REGION FACILITY - SUBGRADE SOILS 

BY NEIL MCGEE 5/27/88 

Topic: Resilient Modulus Test run on test track subgrade soils 
No. 563, 564, 565 and 566. 

11-141 

Scope: Resilient modulus tests were run on the new Mn/DOT test track 
subgrade soils at Optimum Moisture Content and Optimum Moisture Content 
plus 2 percent. The tests are to give parameters that will aid in the 
design of the track and will also show variation of Resilient Modulus 
between and O.M.C. and an O.M.C. plus 2 percent increase in water 
content. 

Procedures: AASHTO T274-2(86) specifications were used in the testing 
procedure, except for the following: 

1. The compaction process was based on a T99 proctor and the impact 
hammer method was used. 

la. 5 lifts were employed in the compaction of the 2.8 inch 
diameter samples at 7 blows/lift. 

lb. The number of lifts and blows were equated to the energy 
of the T99 proctor. 

Description of the Testing: The resilient modulus testing was done 
with a Materials Testing System (MTS) machine. It applied the repeated 
loading haversine wave. A .1 second load duration and a total cycle of 
2 seconds was used in the loading process. The clamps are of a hinged
type holding three LVDT's. The clamps were aligned parallel to one 
another and perpendicular to the loading axis by means of machined guide 
rods with tabs .to place the clamps at approximately the quarter points 
on the samples. The readout was taken on a Nicollet Oscilloscope. A 
non-contacting horizontal deflection measurement system was used to 
determine Poisson ratios. 

Test Results: The samples had a maximum variation from one another of 
6.1% clay content difference between the leanest and fattest of them 
and three of the samples SiL content were primarily the same with one 
sample having from 12-14 percent greater SiL content than the other 
three samples. 

The Resilient Modulus Tests run at O.M.C. and their values taken from 
the 3 p.s.i. loadings ranged from approximately 11,500 p.s.i. to 21,000 
p.s.i. on the four samples. 

The Resilient Modulus Test values of the O.M.C. plus 2 percent water 
content samples were approximately 80% to 200% less in value than the 
O.M.C. samples. 

Slightly higher strength were shown in all of the samples due to 
variation of the confinement pressures. This difference was small, as 
compared to the increase of water content effect on Resilient Modulus. 

Poisson ratio values were determined on some of the samples. The Poisson 
values were somewhat scattered and unpredictable on the 1 p.s.i. loadings, 
but after heavier loadings, such as the 3 or 4 p.s.i. loadings, they fit 
a fairly tight pattern on both the O.M.C. and O.M.C. + 2% samples. The 
Poissons varied in most cases not much more than .05 Poisson value, and 
many of the loadings much less. Values of .3 to .4 Poisson was shown on 



the heavier loadings of the O.M.C. samples, whereas near a .5 was 
shown on the O.M.C. + 2% of the Sample No. 564. • 
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Introduction 

ALASKA DOT/PF APPLICATIONS 
OF RESILIENT MODULUS TEST RESULTS 

FROM H&V EQUIPMENT 

Thomas L. Moses, Jr., P.E.* 

The Highway Research Section of the Alaska Department of 
Transportation and Public Facilities purchased a repeated 
load test device in 1981. This equipment has been used in a 
research efforts to provide a general characterization of the 
resilient modulus values of asphalt pavement, crushed 
aggregate base, and subbase samples throughout Alaska. This 
equipment has also been used on numerous design projects to 
determine the resilient modulus values of the asphalt 
pavement, base course, subbase, embankment, and crushed 
pavement. In addition, indirect tensile tests have been run 
on pavement that did not meet specification to assess the 
long term performance. 

Equipment 

The H&V repeated load pneumatic test system is capable of 
measuring indirect tensile resilient modulus of bituminous 
mixtures as described in ASTM Test Method D-4123 and 
resilient modulus of unbound materials under triaxial loading 
as described in AASHTO Test Method T-274. 

The testing frame is bench mounted and has a maximum capacity 
of 2,500 lbs. The load and control system can apply pulsed 
dynamic loads to 1,000 lbs. and operates on 15 cfrn at 120 psi 
air supply. The frequency control ranges from 10 to 60 
cycles per minute and the duration of applied load is 
adjustable within the range of .05 to 1 second in increments 
of .05 seconds. The seating loads, dynamic loads and 
confining pressures are manually adjusted. The equipment is 
furnished with a fatigue shutoff switch with visual readout 
of number of cycles to failure when the machine is used in 
the fatigue testing mode. 

The triaxial cell can accept loads up to 1,000 lbs. and 
samples up to 4-inch in diameter and 8-inch in length. The 
triaxial cell uses linear variable differential transformers 
with specimen clamps for 4-inch diameter samples. The 
diametral yoke has displacement transducers for 4-inch 
diameter by 2.5-inch thick asphalt concrete specimens. 

*Central Region Materials Engineer, Alaska Department of 
Transportation and Public Facilities, P.O. Box 196900, 
Anchorage, Alaska 99519-6900 . 
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The original 
Packard Model 
HP 17403A A/C 
been replaced 

recording device was a two channel Hewlett-
7402 A Oscillographic recorder with two 
carrier preamplifiers. This recorder has since 
with an IBM PC compatible computer. 

Test Procedure 

In general the dynamic diametral tests are run in accordance 
with ASTM Test Method D-4123. Due to the soft grades of 
asphalt (AC 1.75 & AC 2.5) used in Alaska, the 4-inch 
diameter by 2-inch thick asphalt cores are tested in an 
environmental chamber at 50" F. Prior to testing the cores 
are precooled for 12 to 18 hours before testing at 50 • F. 
For samples of AC-5 or AC-10 the samples are run at 50" F. 
and 72" F. The sample is pulsed for .1 second at a load to 
obtain an initial strain at the start of the test of 200 M
strains. The frequency of the pulse is 1 second. In many 
cases the load has to be reduced to obtain 100 M-strain due 
to deformation of the sample. 

In general the resilient modulus of unbound materials is 
tested in accordance with AASHTO Test Method T-274. The 
samples are placed in the membrane in 3 equal lifts. Each 
lift is compacted with a vibratory hammer for 1 minute. A 
confinement pressure of 4 pounds is applied to the chamber to 
contain the sample. The sample is conditioned by applying a 
deviator stress of 15 psi at a confining pressure of 7.5 psi 
for 200 repetitions. The sample is pulsed at 0.1 second with 
a frequency of one second. Two hundred repetitions of each 
of the following deviator stress and confining pressure 
conditions are applied to the sample: 

Deviator Stress (psi) 

3 
5 
7.5 

10 
20 

6 
10 
15 
20 
40 

9 
15 
22.5 
30 
60 

2 

Confining Pressure (.£ill 

3 
5 
7.5 

10 
20 

3 
5 
7.5 

10 
20 

3 
5 
7.5 

10 
20 

• 

• 
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Research 

The first indirect tensile testing of bituminous materials 
was part of the Alaska DOT/PF research project "Use of 
Layered Theory in the Design and Evaluation of Pavement 
systems". The primary purpose of this project was to 
evaluate the CHEV5L, CHEVSL with iteration, BISAR, ELYMSMS 
and PSAD2A computer programs for use in mechanistic pavement 
designs. As part of that project indirect tensile tests were 
run on several asphalt concrete cores in the Fairbanks area. 
Cores were taken from both old (15-20 yr.) and new (less than 
2 yr.) pavements were tested. These samples were tested at 
varying temperatures with the following results: 

TABLE 1 

Resilient Modulus Properties of 
Alaskan Asphalt Concrete 

Temperature 
( C F. ) 

70 
60 
50 
40 
30 
20 

70* 
70** 

Resilient 
Minimum 

(New) 

36,000 
110,000 
220,000 
400,000 
610,000 
980,000 

74,100 
58,100 

Modulus (PSI) 
Maximum 
(Aged) 

410,000 
620,000 
920,000 

1,300,000 
1,700,000 
2,200,000 

82,900 
98,600 

* recycled mix with AC 2.5 as additive (laboratory sample) 
** recycled mix with AC 1.75 as additive (laboratory 

sample) 

General Properties: 
Asphalt Content= 5% - 6% 
Air Voids= 2% - 4% 
Pavement Age= 2 - 10 years 

A second research project was the comparison of resilient 
modulus values of asphalt cores taken in test sections of 
Shaw Creek project on the Alaska Highway. Indirect tensile 
tests were run on asphalt cores of AC 2. 5, AC 1. 7 5 with 
chemcrete, and AC 1. 7 5. Ten samples were tested in each 
group. The resilient modulus values of the AC 2. 5 varied 
between 175 ksi to 403 ksi with an average of 385 ksi. The 
resilient modulus values of the AC 1.75 ranged from 46 ksi to 

3 
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255 ksi with an average of 164 ksi. 
with chemcrete had resilient modulus 
82 ksi to 306 ksi with an average of 
were tested at 50° F. 

Design 

The samples of AC 1.75 
values that ranged from 
252 ksi. These samples 

Indirect tensile tests of bituminous pavement and resilient 
modulus tests of unbound materials have been done on several 
design projects. Laboratory tested resilient modulus values 
have been useful in comparing various pavement design 
alternatives and evaluating the properties of unusual types 
of materials such as crushed pavement and cold recycled 
asphalt. 

The following three projects are examples where mechanistic 
pavement designs based on laboratory tested resilient moduli 
were instrumental in evaluating various pavement design 
alternatives. 

Seward Highway Girdwood to Ingram Creek The Seward 
Highway project from Girdwood to Ingram creek was 
reconstructed and paved in 1986. The pavement had developed 
severe fatigue cracking. 

Several pavement design alternatives were considered 
including hot recycling, cold recycling, and crushing the 
existing pavement prior to overlaying. The mechanistic 
design for each alternative was based on laboratory tested 
moduli for HAP (422ksi), hot recycled asphalt (453ksi), cold 
recycled asphalt (200ksi), and crushed pavement (63ksi). The 
base course and embankment moduli were based on back 
calculating falling weight deflectometer data. 

The most economical design was to crush the existing pavement 
and overlay with 3-inch of HAP. 

Sterling Highwa;y .MP ..ll.]-..l.27 - The Sterling Highway project 
from MP 117 to MP 157 was originally constructed and paved in 
the mid 1960's. The road between MP 133 to MP 157 has 
developed extensive fatigue cracking. 

Reconstruction is scheduled for 1989. To eliminate 
reflective cracking the pavement between MP 133 and MP 157 
will be rotomilled and overlaid with 2. 5-inch HAP. The 
section between MP 117 and MP 133 will be overlaid with 
2.5-inch of HAP. 

A mechanistic pavement design was done for both sections. 
Design moduli for each section was based on back calculations 
of falling weight deflection data. These values were checked 
with laboratory resilient modulus tests. 
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Cold Bay Airport The main runway at Cold Bay was 
reconstructed in 1988 by removing the existing 4-inch 
pavement and placing 6-inches of hot recycled asphalt 
pavement. This 10,443-foot long runway was originally 
constructed during World War II and overlaid in the 
mid-1970' s. Fatigue cracking developed in the wheel paths 
requiring reconstruction. 

The two 
existing 
removing 
recycled 

pavement designs considered were crushing the 
4-inch pavement and overlay with 2-inch of HAP and 
the existing pavement and placing 6-inch of hot 

asphalt pavement in the 100-foot wide keel strip. 

The resilient moduli for the HAP and the recycled asphalt 
pavement were based on laboratory resilient modulus tests. 
The resilient modulus values for the base course, crushed 
pavement, and embankment were based on previous resilient 
modulus testing done on similar samples. 

Construction 

Indirect tensile tests of asphalt cores have been conducted 
for two projects to assess the future performance of new 
pavement . 

On the Parks Highway MP 71-104 project, check Marshall 
Stability tests of the asphalt pavements did not meet the 
minimum 1500 lbs stability requirement. Three pavement cores 
were tested from this project and from an adjacent project 
(Parks Highway MP 35-42) that used the same grade of asphalt 
(AC-2.5) and had passing check Marshall Stability tests. The 
samples were tested at 50° F. and 72' F. 

The tested resilient modulus values of the asphalt pavements 
did not compare favorably. However, a mechanistic design 
using the tested resilient modulus values indicated that the 
pavement would have a sufficient performance life and the 
pavement was accepted. 

Project 

Parks MP 71-104 
Parks MP 35-42 

5 0 ° .E..,_ 

233 ksi 
360 ksi 

5 

7 2 ° .E..,_ 

40 ksi 
69 ksi 
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One section of the asphalt pavement on the Boniface Parkway 
Project had clay balls. Indirect tensile tests were run on 
four asphalt cores taken from the section with clay balls and 
without clay balls. These samples were tested at 50° F. and 
72° F. There was a significant difference in resilient 
modulus values and the pavement in the section was overlaid. 

Clay Balls 

w/o Clay Balls 

Future Uses 

5 0 ° F. 

407 ksi 

559 ksi 

72° F. 

49 ksi 

77 ksi 

The Alaska Department of transportation and Public facilities 
is in the process of purchasing a second repeated load test 
device for the Central Materials Laboratory in Anchorage. 
This equipment will be used primarily for design and 
construction projects. 

The primary benifit will be to measure the resilient moduli 
of existing pavements for overlay pavement design. In 
addition, laboratory tested resilient moduli for crushed 
asphalt, hot recycled asphalt, and cold recycled asphalt will 
be used for the mechanistic pavement design. 

This equipment will also be used for comparing the resilient 
moduli of asphalt mixes using the current Alaska DOT Marshall 
mix design method and the mix design method recommended by 
teh FHWA Technical Advisory TA 5040.27. The two major 
differences between the two mix design methods are the 
inclusion ov a VMA requirement and limiting the amount of 
natural fines. 
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INTRODUCTION 

Over the past few years, several highway and research 
agencies have developed laboratory methods whereby pavement 
materials could be dynamically tested. Dynamic testing could 
simulate in the laboratory the stress conditions found in the 
field. Traditionally the static method of testing was used in 
characterizing highway material properties. Dynamic testing 
could provide a greater insight as to how highway pavements react 
to stresses under different conditions. These stresses could be 
either axial or radial in nature. They could be changed for a 
period of time such that each pulse could simulate separate wheel 
pass. The pulses could then vary in magnitude, duration, and 
shape as compared to the variations in wheel loads in magnitude, 
speed, and pavement depths. 

In 1984, the Research Unit for the Kansas Department of 
Transportation (KDOT) acquired a dynamic testing machine (or 
simply referred to as the press). The purpose was to produce 
different stresses under various loading conditions whereby new 
pavement mixes (with and without additives) could be analyzed. 
Old mixes could also be tested as a basis of material reference 
to the new mixes. The objective of KDOT's Research Unit, is to 
develop better, longer lasting, and hence more economical 
pavements. 

In addition to the research efforts, the new Pavement 
Management System (PMS) required dynamic stress and strain data 
to develop stress prediction models. The equipment can even be 
used as a design tool in conjunction with the field dynaflect 
equipment now on hand in the PMS system. 

The system was purchased and put together as a component 
system. Competitive bids were initially issued and received in 
September 1981, for the main closed-loop servo-hydraulic testing 
system as well as the strip chart recorder and dual channel 
oscilloscope. Due to a request to modify the bids after the 
closing date and the availability of an equivalent digital 
(computer controlled) system at a comparable price, new bids were 
solicited with consideration given to an equivalent digital 
system. The final bid selection for the closed-loop servo
hydraulic testing system was made in November 1981. 

The specifications under which the final bids were issued, 
and how the hydraulic testing system met those specifications is 
presented in Table 1. 

AMI Consultants in Sparks, Nevada was finally awarded the 
contract, who in turn sub-contracted to the actual manufacturer, 
Cox and Sons, Inc., Colfax, California. The oscilloscope was not 
required for the newer computer system but other components were 



TABLE l. · Specification for Dynamic Testing Machine. 

SPECIFICATION FOR DYNA11IC TESTING MACHINE 

l. DYNAMIC MATERIAL TESTING 
LOAD FRAME (l) 

Static Capacity, lbs. 
Dynamic Capacity, lbs. 
Spring Rate, lbs/in. 
Max. Frame Deflection @ Rated Car,ac. in. 
Horizontal clearance, in. 
Vertical Clearance, in. 
Hydraulic Lifts and Locks 

2. SERVO CONTROLLED HYDRAULIC ACTUATOR( U 

Mounting 
Dynamic Rating, lbs. 
Stroke, in. 

50,000 min. 
25,000 min. 
2.6xl06 min. 
0.02 max. 
25.0 
50.0 
Required 

Crosshead 
11,000 min. 
4.0 min. 

An LVDT (linear to 0.5% of total travel) should be mounted 
on the hollow core of the piston rod. It must be cositioned 
from the grip mounting end to provide for convenient adjust
ment of the null position. The actuator piston should have 
seal supr,orts to prevent twist or roll of the seal durinq 
hiqh frequency cyclical operation. The actuator piston must 
have an internal thread for mounting specimen grios and 
plattens. 

3. PERF0Rt1ANCE P1~CK/\GE - HYDRAULIC PO\./ER 
SUPPLY(l) ANO SERVO VALVE(S) 

Lrn·, level s1,i tch 
Filter-micron 
Noise rating, dba@ 3 ft. 
Reservoir Temr,erature, °F 
Temr,erature and Pressure Indicators 
Service Manifold as required 

Required 
3 
80 max. 
125 niax. 

The hydraulic power supply and servo valve(s) should be 
matched, so the static capacity of the system is at least 
ll,000 lbs. Also, the system must be able to maintain a 
loading of 3,000 lbs. at 20 Hz, + 0.1", without affect in(] 
the static characteristics of the system. The hydraulic 
power supply should be rated at 3,000 psi. and should 
have a rating of at least 5 gpm. The system must provide 
for an interlocked bumpless transfer system to change 
control mdes of the actuator, 1~hile hydraulic pressure 
is applied, 1-1ithout manipulation of supression or offset 
controls. 

2 

ACTUAL 

50 ,000 
30,01)0 
3. 5xl06 
0.014 
30 ( 25 
45 
Yes 

Yes 
20,000 
10.0 
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4. FATIGUE RESISTANT LOAD CELL(l) 

Rating, lbs. (same as static rating 
Compensated Temperature Range, °F 
Usable Temperature Range, °F 
Cyclic Life, rating from full rated 

to full rated compression, cycles 
Mounting 
Thread 

5. COMPRESSION PLATENS(2) 

Rating, lbs. 
Diameter, in. 

of system) 11,000 min. 
30 to 150 

tension 
-50 to 200 

,oB 
Table 
Internal 

25,000 
4.0 

Thread - enternal, to match internal threads 
on load cell and actuator 

6. ELECTRONIC COfffROL SYSTEM 

2,500 & 10,000 lb. 
15()°F. (Max.) 

108 
Actuator 
Internal 

2.0 & 4.0 
Ball bearing 

(Note: The follm·1ing specifications were used in the qualification of the 
final contract recipient). 

Control of the system will be achieved through a central processor unit, 
(CPU) ~1ith 16 bits of processing power and minicomputer instruction set. 
This instruction set should greatly simplify and speed programming effort 
reSJlting in substantial savings in pro(Jramminq time and memory utilization . 

The digital controller must include conditioning equipment for load, 
strain and stroke. It should manage all the operational asnects of the 
testing system including the servohydraulic system and the closed loop 
operation under load, and/or stroke, and/or strain control. The system 
must also have capabilities for data acquisition, data analysis, and re
port generation. Output 1•1ill be directed to the CRT and/or an ootional 
printer-plotter. The interface for the printer-plotter must be supplied 
with the system even if the printer-plotter option is not taken. 

The system should have enough memory space so user proqrams can be 
stored, as well as data acquired during testing. Additionally, the 
system should have a bulk data storage medium (disk, cassette or oaoer 
tape). 

7. OTHER 

?a. Consoles 

Enough console space must be provided to house the electronic Meets Specification 
control system plus one strip chart recorder and one oscillo-
scope ~,hi ch 1,;i 11 be supp 1 i ed by the Ks DOT. Back mounting 
space \'Ii 11 be approximately 15 inches (vertical) for the re-
corder and 6 inches (vertical) for the oscilloscooe. Controls 
should be located in a manner that will provide easy access 
by the operator. The console(s) must contain a bin with a 
DC power supply large enough to drive all the modules and 
interconnections required for the system. All the connections 
should be made using the back panels. 

3 



lb. Keyl ock Switch ( l) 

A keylock switch to prevent unauthorized use of the 
system. 

7c. Interconnecting Electrical Cables(l lot) 

Include all necessary interconnectinq cables. 

7d. Hydraulic Hoses(l lot) 

Include all necessary hydraulic hoses. 

7e. Operation and Maintenance Manuals. 

7f. System Service. 

Includes installation assistance and interconnection 
of all the supplied items, and on-site trainin~ of 
KsOOT personnel in the operation and maintenance of 
the complete system. 

7g. Maintenance. 

Includes maintenance during the first year (under 
1·1arranty). A proposal for maintenance contract 
should be submitted for consideration by the KsOOT. 
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Meets Specifications 

Meets Specifications 

r1eets Specifications 

2 Sets Supplied 

7h. ~Ja rranty. 

7 i . Del i very. 

l Year l Year 
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16 wks or Due to modification~ 
less the 16 week period 
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needed and selected on a competitive bid basis. The cost of the 
close-looped hydraulic testing system and the various components 
are listed in Table 2. The manufacturers are also listed for 
most of the equipment. 

EQUIPMENT 

The equipment consists of a hydraulic pump or power pack, 
load frame, computer control package, and a cabinet for the 
accessories. The actual and final layout is shown in Figure 1. 
The power package supplies hydraulic pressure from a 208 volt, 
three phase electric motor operated pump. A heat exchanger uses 
water to cool the hydraulic fluid but a fail safe temperature 
switch is also supplied. A low oil level switch is supplied to 
shutdown the system if the hydraulic oil level in the reservoir 
drops too low. The capacity of the reservoir is approximately 80 
gallons. 

The load frame contains the hydraulic actuator, servo 
valves, filters, accumulators, and necessary column clamps needed 
to raise and lower the column. The hydraulics makes a complete 
loop from the previously mentioned power package through the load 
frame. Basically the hydraulic pump drives the actuator through 
a servo valve, which in turn is electrically controlled from an 
analog signal generated from the control system. The load frame 
is the location at which the samples are actually tested . 

The next location is a cabinet that houses some of the 
accessories such as the strip chart recorder and LVDT 
conditioning equipment. There was extra space allowed for future 
expansion or mounting of additional equipment. 

The last cabinet contains the electronic systems that 
operates and controls the machine. 

1. The central processor unit (CPU) is a Texas Instrument 
module (TM 9901). It contains the microcomputer, 
memory, parallel digital input and output (I/O) and two 
serial data ports (RS 232). The actual computer 
language used is a version of Engineering Logic FORTH 
(E. L. FORTH) called ELF. ELF is a simple but powerful 
language for machine control and data acquisition. It 
differs from conventional language by using Hewlett 
Packard calculator type notation. Values are entered 
into the machine before the machine is instructed to 
use them. 

ELF is also a stack oriented language just as some 
calculators are stack oriented. When numbers are typed 
into the system, they go onto the stack. Different 
operations use the data off of the stack and sometimes 
put the results back on it . 

5 



Table 2. Summary of Equipment Manufacturers and Costs. 

DESCRIPTION 

Closed Loop Hydraulic Testing System 

Environmental Cabinet 

Triaxial Cell & Panel 

Split Mold 

Strip Chart Recorder 

Printer 

LVDT Conditioning Eq. 

LVDT's 

LVDT Calibrator 

Load Cells 

6 

MAtiUFACTURER 

Cox & Sons 

B-M-A Inc. 

Research Enaineering 

Research Engineering 

MFE Corporation 

C. Itoh & Co., LTD 

Daytonic 

Schaevitz 

Strainset 
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57,320.00 

4,997.00 

12,666.00 

900.00 

3,645.00 

559.00 

2,615.65 

1,904.40 

198. 00 

968. 51) 

85,773.55 • 
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Computer and 
Controls 

Counter 

Accessory 
Cabinet 

I 

\ 
\ 

Hydraulic 
--- Press 

Floor Trough 
for hydraulic and 
electrical lines 

Environmental Cabinei· 

~-Hydraulic Power Packane 

Figure l. Dynamic Testing Machine Layout. 
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The Memory Expansion Module contains additional random 
access memory (RAM) and programmable read only memory 
(PROM). PROM contains the system software and the 
machine control software. Additional test control, 
data reduction and report writing routines can be 
loaded from the floppy disk. 

3. The analog· interface is a 1 6 ch an n e 1 , f u 11 y 
differential, analog to digital converter board. All 
inputs are read at least 25 times/sec. Ten additional 
channels are used for scanning maximum and minimum 
values at a 500 Hz rate. This data is then available 
to the operator through a variety of paths. The 
operator may choose to write his own routines to access 
and act upon the analog data. A listing of the analog 
channels are presented in Table 3. 

4. A dual 8" floppy disk recorder may be used to store 
programs for machine control, data reduction, or data 
analysis. It may also be used as a data acquisition 
storage device. 

5. The video display terminal consists of a typewriter 
type keyboard and a video display monitor. The monitor 
has a 12" screen with green phosphorus. The top seven 
lines of the screen are used for realtime data display 
(Analog channels, major axes display, parameters 
display, or peak detector display). The middle 17 
lines (80 characters) may function as a scrolled 
terminal for system control, an editor for developing 
disk resident programs, a diagnostic tool for system 
checkout, an analog scaling value monitor, or a 
computer program editor. The bottom line on the video 
monitor allows control programs to efficiently output 
information to the operator. 

6. A printer located beside the control cabinet, is used 
as an interface to the system. It may be used to print 
data acquisition reports, to print data program 
listings, or to print operator defined outputs. 

7. The front panel is used to select the operation mode of 
the system and for manual positioning. It contains all 
of the controls used during actual testing. This 
includes four rotary switches, a series of 24 lighted 
control buttons, an ON/OFF button, and an EMERGENCY 
reset button. 

8. Signal conditioning is supplied for the transducers 
used in machine control. Additional signal 
conditioning modules were made available for LVDT's and 
pressure transducers. These modules scale the analog 
inputs to the standard~ 10 volt range used as inputs 
to the analog interface. 
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Table 3. Analog Data Channels . 

Channel 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

ANALOG DATA CHANMELS 

Function 

Z Axis Stroke error signal 

Z Axis Load error signal 

Y Axis error signal 

Z Axis Load feedback - filtered 

Z Axis Storke feedback 

Z Axis Load - not filtered 

LVDT Set #1 
LVDT Set #2 

Y-Axis feedback (temperature) 

Load Cel 1 (Tri axial) 
Triaxial Pressure Transducer #l 

Triaxial Pressure Transducer #2 
Triaxial Pressure Transducer #3 

(Not used) 

(Not used) 
Limit module analog input 

Max Peak - Z Axis Load feedback - filtered 
Min Peak - Z Axis Load feedback - filtered 

Max Peak - Z Axis Stroke feedback 

Min Peak - Z Axis Stroke feedback 

Max Peak - Z Axis Load feedback 

Min Peak - Z Axis Load feedback 

Max Peak - Peak scanned/LVDT Set #1 
Min Peak - Peak scanned/LVDT Set #1 

Max Peak - Peak scanned/LVDT Set #2 

Min Peak - Peak scanned/LVDT Set #2 
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Data may be acquired by any of four methods. First, it 
may be stored on the disk during the test. Disk 
storage is useful for high speed data acquisition and 
to collect data in machine readable form for later data 
reduction and analysis. Second, it may be printed out 
on the system printer. The printer is useful for 
collecting data at any rate compatible with its speed. 
It gives immediate output as the test progresses, and 
can be used in conjunction with the floppy disk if both 
immediate output and machine readability are required. 
The third method is from the strip chart recorder 
tracings. And the fourth and last method, the min/max 
channels can be manually copied from the video monitor. 

10. Electrically Erasable Programmable Read Only Memory 
(EEPROM) is used as modifiable storage for the scaling 
valves and engineering units of the analog inputs. 
This allows calibration of certain analog signals as 
well as storage of the correct units. 

11. The system also provides positive fail-safe limits for 
both an overstroke or an overload condition. A 
separate analog controller works in parallel with the 
computer controlled system. It has a separate power 
supply and is isoiated from the computer controlled 
system to the maximwn degree practical. The separate 

• 

controller monitors the feedback signals for pulses or • 
voltages beyond the operator selected limits. If a 
feedback signal gets outside the accepted range, the 
analog controller takes control and places the machine 
in another control mode that is pre-selected by the 
operator. Once the analog controller takes control the 
actuator moves to either a pre-selected position or to 
a pre-selected load. The hardware limits may be set on 
both sides of the feedback signals. 

12. The two axis analog controller controls the main 
actuator (z-axis) in either load or the stroke mode. 
In the load mode of operation the actuator will 
position itself so that a pre-selected load is applied 
to a specimen through a load cell. The load cell can 
register loads in compression or tension. In the 
stroke position, the actuator is directed to a pre
selected position. This position is determined by a 
sonic transducer. A "bumpless" trans fer between load 
or stroke may be executed under either manual or 
programmed control. The z-axis may be directed in 
either load or stroke mode to hold, ramp, perform 
cyclic functions, run gated functions, or to run from a 
computer program. The cyclic and gated functions are 
sine, haversine, triangle, and rectangle. The analog 
controller also controls the secondary axis (Y-axis) in 
the temperature mode. However, the control 
capabilities are limited to a few basic functions. 

10 
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APPLICATIONS 

At the present time, there are five tests that this 
equipment can accomplish. Most of these tests are computerized 
and fully automatic. Data acquisition from these particular 
tests is always printed by the printer even though the video 
screen, strip chart recorder, and possibly the floppy disk can be 
used as a backup. 

Several types of test can be run on bituminous samples. 
First, the samples must either be manufactured in the laboratory 
(kneading compactor, etc.), or obtain from the field as asphalt 
concrete cores. After obtaining the samples, aluminum clamps are 
glued around each core with super-glue. The normal core size is 
four inches in diameter and approximately eight inches in length. 
Gage lengths have varied down to one or two inches, but the 
accuracy of the test will be sacrificed. LVDT's are placed on 
each side of the sample. One half of the total deflection is 
recorded on each LVDT and the sum of both LVDT's is added at the 
signal conditioner. The voltage signal from the LVDT conditioner 
is then fed into one of two analog inputs for data actuation as 
previously described. Dynamic Tests on these samples can be 
accomplished at various temperatures. To achieve the desired 
temperatures, the bituminous samples are placed in an 
environmental cabinet where the whole sample can be brought to a 
temperature between o°F to 100°F. The temperature is controlled 
by either the Y-axis computer controller or manually set. 

Once the clamps were glued on the sample, LVDT's mounted, 
and proper temperature achieved, the dynamic modulus can be 
determined. The procedure will not be explained but can be 
obtained by referring to ASTM D-4123. 

Dynamic Modulus testing can also be accomplished by the 
indirect method. This procedure will be the same as that found 
in ASTM D-4123. 

Bituminous plugs (Marshall size) can also be tested by the 
split tension method. Tensile strength can then be calculated. 
The test can be accomplished in the environmental cabinet at most 
temperatures. Procedures are also outlined in ASTM D-4123. 
Possibly, the only exception is the two inches/minute loading 
rate of the hydraulic ram (z-axis). 

Creep tests are also accomplished on these asphalt mixtures. 
Clamp and LVDT arrangements are the same as previously described 

but the test method is different. A compressive load is applied 
to a core or laboratory sample in about l or 2 seconds. LVDT 
deflection readings are taken as long as the load remains on the 
sample. Computer programs are set up so that the appropriate 
data channels are activated, and the compressive loads 
automatically applied at specific lapse time intervals . 

Other tests accomplished by this equipment for the Kansas 

1 1 
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DOT are resilient modulus determinations of soil and granular 
samples. AASHTO T-274 describes the procedures. The triaxial 
cell is used and chamber pressures up to 100 psi can be achieved. 

The chamber is manufactured of a thick transparent material 
and can withstand pressures up to 300 psi. Air is used as a 
pressure medium. Deflection measurements are again re~orded 
through LVDT's mounted in clamps that in turn are friction 
mounted on the outside of the specimen membrane. Loading 
schedule is a haversine type loading accomplished in 0.1 second 
with a 0.9 second rest period. All data channels and controls 
are computer controlled through programs that are stored on disk 
floppies. 

The dynamic testing 
operation over four years. 
used. 

SUMMARY 

system as described has been in 
The equipment has been extensively 

It is estimated that the equipment averages approximately 10 
man-hours for a 40 hour week. As of this date, downtime has been 
relatively low with only one major repair. All other repairs 
have been relatively minor and should be considered routine 
maintenance. The system support from Cox and Sons, Inc. has been 
excellent. Parts are still available and interested individuals 
may contact Glenn Fager or the Manufacturer for further 
information. 

12 
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Purchase 

Modulus Testing by 
Colorado DOH 

Dick Hines* 

Colorado DOH (CDOH) purchased a resilient modulus testing 
device in October 1974 for $5,935. It was designed by Roger Schmidt 
and manufactured by Retsina Co. The device was obtained to examine 
the possibility of using modulus to determine strength coefficients 
of asphalt mixes and to compare modulus results to other mix 
properties. 

Operation 

The device applies a load across the vertical diameter of a 
4" diameter, 2.5" thick specimen of asphaltic concrete. A solenoid 
valve allows pressurized air from a surge tank to enter a bellofram 
resulting in the load. The resulting deformation is measured by two 
transducers mounted in a yoke suspended across the horizontal 
diameter of the specimen . 

Controls for load application and deflection readout are 
contained in a control box. Load is set by adjusting the pressure 
in the surge tank using a pressure regulator. The surge tank 
pressure is monitored by a pressure transducer in the control box. 
Deflection can by determined either 0.05 or 0.1 seconds after the 
load is applied. 

Calibration 

The transducers are calibrated using a differential 
translator. A differential translator looks like a micrometer and 
works in a similar manner. The differential translator moves the 
transducer tip a known amount and the deflection is read on the 
meter on the control box. Gain is adjusted until the meter readout 
agrees with the differential translator. 

Load is calibrated to applied air pressure using a proving 
ring. A graph of deflection versus load for the proving ring was 
supplied with the device. Also included is a dead weight applicator 
so that the graph can be checked using a known dead load. 

* Flexible Pavement Engineer, Colorado Department of Highways, 
4340 East Louisiana Avenue, Denver, CO 
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Lettman Research 

From 1975 to 1980 the device was used in a multi-agency 
research project headed by Dr. Robert Lettman of the University 

of Idaho. This research was the field verification phase of the 
development of a test system to predict moisture susceptibility of 
asphalt mixes. 

The test system currently used by CDOH begins with the 
compaction of two replicate specimens of the asphalt mix. One 
specimen is conditioned by vacuum saturation, freezing for 16 
hours, and soaking in a 140° F water bath for 24 hours. The 
conditioned specimen is then transferred to a 77° F water bath for 
2 hours in preparation for testing. The dry specimen is stored in 
air at 77° F until tested. The specimens are tested by loading to 
failure across a vertical diameter (split tensile test). The ratio 
of the tensile strengths of the conditioned specimen to the dry 
is determined. 

For the research project, resilient modulus ratio was 
determined in addition to the tensile strength ratio. Also, test 
temperatures were 73° F and 55° F. The test system over predicted 
moisture damage for the five year study period. However it was felt 
that the test system would be an accurate predictor for longer term 
damage. The tensile strength was chosen over modulus as the 
standard test because it was the more accurate predictor of 
moisture damage. A testing temperature of 77° F was found to be 
more convenient than those used in the study. 

Current Use 

Resilient modulus is currently used as a specification for 
one grading of asphalt mix. For this grading Hveem stability did 
not yield consistent results. Since the device was purchased 
resilient modulus has been determined for all asphalt mixes and 
has been considered in design. In a few months CDOH plans to use 
resilient modulus to determine asphalt mix strength coefficients. 

Problems 

The device has had few mechanical problems in 14 years of 
continuous operation. The transducer advance screws were replaced 
because of wear. The off-on switch was broken by mishandling and 
was replaced. 

Past and Future 

The Retsina device has been dependable and provided consistent 
results. It is simple to operate and fast. CDOH will soon be using 
resilient modulus for strength coefficient determination and later 
creep may be used to determine rut resistance. 

2 Hines 
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AN OVERVIEW 
OF 

RESILIENT MODULUS TEST SYSTEMS 

Andrew M. Brickman' 

1.0 INTRODUCTION 

Since development of the 1986 AASHTO Guides for Design of 

Pavement Structures, the apparatus for testing diametral and 

triaxial resilient modulus has emerged from the university research 

lab to the production lab arena of road building agencies and 

private consulting firms. 

This transformation has imposed demands on the equipment 

designer to not only simplify and streamline the apparatus, but to 

also: 

• increase reliability, accuracy, and efficiency of 

equipment 

• increase user convenience while minimizing chance of 

error in set-up, calculations, and reporting data 

• implement PC or microprocessor-based controllers to 

achieve the above goals 

This paper attempts to define the current criteria and design 

constraints of a repeated load system. 

treats: 

Specifically, the paper 

Scientific Instrument Technician, Oregon State University, 
Civil Engineering Department, Corvallis, OR 97331-2302. 

1 Brickman 
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• Loading systems; air versus oil power, open and closed 

loop control. 

• Instrumentation; transducers and signal conditioning. 

• Data acquisition and control; structure of signal 

capturing and load control. 

• Future developments; what to expect in system 

improvements and changes. 

It is expected the reader will gain a clearer understanding 

of the various test system options available to user agencies. 

2.0 LOAD APPLICATION 

Both AASHTO T-274 and ASTM D-4123 prescribe a load waveform 

which is either a sinusoid or a pulse, with frequency of 0.33, 0.5, 

or 1 Hz and duration of 0.1 to 0.4 sec. Load magnitudes can be as 

small as 10 lbs. for soft soils in the triaxial test to over 2,000 

lbs. for stiff bound materials in the diametral test. Equipment 

manufac~urers have gone exclusively to fluid power to apply 

repeated loads in both triaxial and diametral testing. Mechanical 

testers employing cams, levers, gear or screw drive, while suitable 

for static or slow displacement testing, prove too cumbersome for 

repeated load, especially in a load-controlled mode. 

Electromagnetic drive systems, while well suited for metal fatigue 

testing in resonant-drive machines at frequencies much higher than 

10 Hz are not suitable for resilient modulus testing. The high 

currents needed to produce repeated loads at 1 Hz and below create 

2 Brickman 
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a noisy environment to nearby electronic instrumentation . 

Fluid power options open to the designer include: 

fluid medium: air or hydraulic oil 

control mode: open or closed loop 

A brief discussion of advantages and disadvantages of each follows. 

2.1 Fluid Medium 

2. l. l 

2.1.2 

Compressed air is a logical choice as a source 

of load power. It is non-messy, non-toxic, and 

readily available in most labs. As an 

additional advantage, the noisy compressor can 

be placed remote from the test lab. At normal 

line pressures, however, (100-125 psi) upper 

load limits are 1,000 - 2,000 lb for reasonably 

sized actuators. Also, since air is highly 

compressible, considerable energy is expended 

to cycle high loads continuously (e.g., as in 

an hours-long fatigue test) Compressibility 

also places a limit on the quickness of load 

application (rise time to attain full load). 

Hydraulic Fluid (oil) really shines as a fluid 

power performer. For example, at working 

pressures of 2,500 or 3,000 psi, it can be very 

quick ir load rise time, and a 10-kip, 2-in. 

stroke actuator can be smaller than two 

Marshall specimens . 

3 Brickman 
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First cost of hydraulic systems is high, 

though, and these systems are more complex than 

pneumatic systems. Additionally, the pump unit 

usually resides closed to the test apparatus, 

and may require external cooling means as well 

as noise reducing cabinetry. Oil leakage also 

is all too often a problem. 

2.2 Control Mode 

2.2.1 Open Loop Loading Systems respond to a command 

input without regard to current output status 

of load or displacement of the actuator. A 

good example is a constant rate triaxial load 

frame (older style without servo-motor) . The 

command input is a setting to a constant speed; 

once started, the platen moves until shut off. 

No self adjusting takes place to maintain speed 

(Figure 1) . 

Repeated load modulus systems of the open 

loop variety use a source of constant pressure 

to derive their load pulses. Typically, the 

actuator cylinder is toggled by a valve between 

a high pressure source and a low pressure 

source to gain the desired train of load 

pulses. The chief advantages are simplicity, 

reliability, and low cost. The valves used are 

4 Brickman 
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SOURCE OF 
REGULATED 
PRESSURE 
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TIMER 
(COMMAND) 
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DATA SIGNAL 
RECORDING CONDITIONER 
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Figure 1 - Open Loop Load Control of Test System 
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Figure 2 - Closed Loop Load Control of Test System 
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2.2.2 

rugged on/off devices which are easy to service 

or replace, and the actuator can be single 

acting (unidirectional). Pressure regulators 

with output gauges can supply the high and low 

pressure; the gauges give the operator a rough 

idea of applied loads. 

Closed Loop Loading Systems employ a sensor at 

the actuator output that can monitor the 

desired variable, either load or displacement. 

That signal which reports the current output 

status is called the feedback signal. It is 

compared to another signal, input command, at 

a summing point. The difference between the 

input command and output status is the error 

and is used to drive the actuator control valve 

to rapidly minimize error (Figure 2). 

The chief advantage of closed loop control 

is its ability to follow command signal input 

changes, within the ~peed and amplitude 

capabilities of the actuator. Indeed, a large 

industry has evolved in the field of structural 

response testing, both destructive and 

nondestructive, based on the capabilities of 

closed loop controlled actuators to simulate 

field phenomena. However, closed loop systems 
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are inherently more complex and expensive than 

open loop systems. The actuator must be 

double-ended (bi-directional) and the fluid 

must be ported by a double acting servo valve. 

This is a proportional, electrically driven 

metering valve manufactured to fine tolerances. 

A servo amp drives the servo valve; dynamic 

response of the complete system with feedback 

must be optimized or "tuned" for the materials 

and load frame used. Performance of an 

improperly adjusted system can range from 

sluggish to wildly unstable . 

3.0 SYSTEM INSTRUMENTATION 

Resilient modulus testing of diametral and triaxial specimens 

requires load and displacement measurement by electronic means. 

Also to be reported are temperature of specimens and confining 

pressure (triaxial test) . A transducer is a device designed to 

convert a measurable variable (load, pressure, strain, etc.) into 

soDe sort of electrical signal. A signal conditioner accepts the 

signal from its type of transducer, then applies amplification, 

zero offset, and linearizing as necessary to provide an output 

voltage signal which varies linearly with the input measured 

qua:1,:ity, and spans a specified full range (e.g., 0 to 10 volts, 

-5 to +5 volts, 0 to 1 volt, etc.) . 

7 Brickman 
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3.1 Transducers 

3.1.1 

3 .1. 2 

Load Monitoring is most often achieved by 

strain gauge load cells in resilient modulus 

systems. There is a wide selection of cells 

varying in profile, ruggedness, environment 

capability and mounting, and of course, price. 

Since a specimen must be 'pushed on' to be 

stressed, it is not difficult for the designer 

to find a place in the 'load line' to place a 

load cell. 

Displacement measurement most commonly is 

carried out by the LVDT (Linear Variable 

Differential Transformer) which features little 

or no hysteresis, 'infinite' resolution, good 

stability and ruggedness 1
• 

Other sensors which can be used especially 

in the diametral test, but which may tend 

toward the disadvantages shown are: 

strain gauges applied directly to 

specimen: expensive and time consuming to 

apply. 

Handbook of Measurement and Control, E.E. Herceg, Schaevitz 
Engineering, 1972. 
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strain gauge "clip-on" extensometers: may 

lack needed sensitivity for diametral test 

( 10 micro-inches), or may vibrate 

excessively during loading cycles. 

strain gauge "arm" sensors touching 

from external stationary specimen 

mounting: 

flexing 

may respond to load frame 

in addition to specimen 

deformation; tendency of specimen to shift 

laterally with each load pulse may mask 

deformations. 

Both diametral and triaxial testing 

invariably use two LVDTs whose outputs may 

be summed in the signal path, and 

sometimes a third or fourth to read other 

deflections for Poisson's ratio or 

permanent deformation information. 

The most convenient form of LVDT is 

the gauge head, which packages body, 

spring loaded core and tip all in one unit 

(Figure 3). Small gauge heads with 

precision ball bearings are available from 

several suppliers. 

~3~-~l'--'-'.3:;._ __ ~P~r~e=s~s~u~r=e indication for triaxial testing may 

employ Bourdon gauges or mercury manometers for 

9 Brickman 
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Bearing 

Tip 

Probe shaft "Mounting thread • Connector 

Figure 3 - Cross Section of Typical LVDT Gauge Head (after E.E. Herceg) 
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3 .1. 4 

high or low cell pressures, respectively . 

Alternately, transducers of the variable 

reluctance or strain gauge type may be employed 

with suitable signal conditioning and readout. 

Temperature monitoring of asphalt concrete 

specimens can be carried out quite successfully 

with traditional thermocouple or thermistor 

probes in contact with the specimen surface. 

Even if the specimen is in an environmental 

cabinet (constant temperature air bath), 

temperature should be reported using such a 

surface probe. 

3.2 Signal Conditioning 

• This presents a real challenge to the system designer. 

• 

The operator, probably not a researcher or instrumentation 

specialist, must make electronic adjustments to get meaningful 

dynamic data. In the case of the LVDT channels, interactive 

mechanical and electronic adjustments are usually necessary. 

Any design that blends convenience with operator confidence 

will increase efficiency. Calibration should be made easy to 

carry out, whether a quick confidence check or full periodic 

comparison against lab standards. 

""3c..:•c.:2=-=-. l=----=O"-'p=-t=i-"o""n=s for the designer are many in the signal 

conditioning market. Manufacturers can supply 

conditioning in the following packaging: 

11 Brickman 
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stand-alone cabinet 

multi-channel cabinet configurable with plug

in modules 

modules to be installed in users' cabinet 

printed circuit cards requiring mounting and 

power supply 

On the other hand, the designer is free to specify 

and have built his own custom conditioning system. This 

could involve significant development time as well as 

some liability on the part of the equipment manufacturer 

to provide some guarantee of long-term performance. 

4.0 !JATA ACQUISITION AND CONTROL 

~ost would agree that the days of the strip chart recorder and 

clipboard are numbered as the exclusive data acquisition (DA) 

devices of resilient modulus testing. The PC or microprocessor-

based DA unit, just a few years ago so expensive and clumsy to 

implement, now boasts these characteristics: 

faster sa~pling rate (frequency response) 

• higher accuracy 

easier to reconfigure for different sampling modes 

• more convenient storage and retrieval of records 

lower cost 

computational and control capabilities 

I~ is t~is last feature that enables the PC to become the control 
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center of a very powerful and configurable laboratory data system. 

Hardware and sofcware have proliferated in recent years; each month 

brings new offerings in the DA field. 

4.1 Data Acquisition 

4 .1.1 The basic elements of an automated DA system 

(Figure 4) are: 

• 

• 

• 

time-varying signals of interest which 

have been signal-conditioned to a uniform 

scale, usually several volts magnitude 

a multiplexer or scanner mechanism which 

can switch among the signals on command 

an analog-to-digital converter (A to Dor 

A/D) to convert ("digitize") the sampled 

voltage l~vels to binary words (bytes) 

a buffer or short-term memory of adequate 

size to hold the rapidly sampled set of 

voltage values 

a controller with clock to provide 

necessary timing commands to the A/D 

converter, multiplexer, and buffer 

These DA systems are available to the 

designer in a large variety of configurations; 

most commonly they are employed using a host 

PC (IBM or compatible, Apple, HP or other), and 

comprise either (Figure 5): 
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Figure 4 - Basic Elements of Automated Data Acquisition System 
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Board Level Configuration 
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Figure 5 - PC-Based Data Acquisition Arrangements 

(After Keithley Inst. Corp.) 
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4.1.2 

• a card to fit in a PC an expansion slot, 

or 

• a module cabinet intended to communicate 

via a cable data link to the PC (Figure 

5) . 

Sampling rates in excess of 1,000 

samples/sec are quite adequate for modulus 

testing, and are widely available in DA add

ons for PCs at an economical price. Full-scale 

resolution of 12-bits (1 part in 4,096) or 16-

bits ( 1 part in 65,536) provide ample 

resolution of the sampled signal. 

The Host Computer or microprocessor controls 

the DA section of the system, and can also 

perform the following functions: 

graphical display of sampled dynamic load 

and displacement waveforms 

• initial data processing of sampled values 

to obtain preliminary results 

• 

• 

file generation, recording, and retrieval 

on-scr~en status reports and prompts to 

operator 

• report generation at end of test sequence 

Indeed, there is really no reason the host 

computer cannot be interactive with the 
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operator at every step of the test process, for 

example, even prompting the new trainee in the 

set-up of the specimen or reminding personnel 

of need for a scheduled calibration. 

4.2 Control of Test System 

It is now well within the capabilities of the faster PCs 

(286- and 386-based) to be used directly in control of closed 

loop servo feedback systems. To achieve this, one of these 

higher speed machines can be programmed to perform the 

following sequence in a fraction of a millisecond: 

scan several analog input channels (one of which is 

the intended variable, say load) and convert to 

digital data (fast A- to -D processing) 

compare this most recent load data to the most 

current value of intended load (the load command 

signal) 

• output a correcting analog error signal, sized 

appropriately to minimize the next error signal 

(this analog output is from a D- to -A convertor) 

This corrective analog signal would then be used to drive 

the closed loop servo valve (Figure 6). Thus, the faster PCs 

could be applied directly in the closed loop itself, as well 

as doing all the data acquisition. 

Several variations on this theme of PC control are 

possible, with the PC tied either directly to actuator control 

17 Brickman 
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duty (inner closed loop control), or with the PC indirectly 

commanding and monitoring an analog closed loop controller (Figure 

7) . 

5.0 FUTURE DEVELOPMENTS 

The complexity of equipment used for resilient modulus 

testing, especially in the triaxial test set up, can intimidate and 

frustrate new users. This author sees the bulk of future 

developments aimed at reducing complexity, not only to ease the 

training burden for new operators, but also to increase reliability 

and through-put of the testing process. 

5.1 The Role of the PC 

PCs will steadily gain ground as the central instrument 

of measurement, control, turnkey operation, and even training. 

A prolific amount of A to D and D to A hardware is already 

available. Now it is the programmer's task to structure 

software for the resilient modulus tests, both diametral and 

triaxial. Expect to see more use of menus, graphics, and 

interactive screen prompting. 

5.2 More Use of Closed Loop Control 

This is likely for both pneumatic and hydraulic systems. 

At least one manufacturer offers an air servo valve and 

matching servo amplifier valve driver (Dynamic Valves, Inc., 

Palo Alto, CA, (415\494-2333) . 
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5.3 Better Fixtures 

Better Fixtures to hold diametral specimens and LVDTs as 

we11·as place them accurately in the load line are needed. 

Accuracy and uniformity could be improved, and efficiency 

increased. 

5.4 Non-Contact Displacement Transducers 

These may be sufficiently evolved in a few years to meet 

the stringent demands of the diametral test. Required 

resolution of 10 micro-inches and response to 10 to 50 Hz is 

taxing on LVDTs and associated signal conditioning, but laser 

displacement technology has made recent strides in these 

directions, as well as in size and price reductions . 

6.0 CONCLUSIONS 

Recent improvements to the Repeated Load Resilient Modulus 

Test equipment mostly have involved the data acquisition portion 

of the system. These improvements have been significant and 

worthwhile with many designs exploiting the power of the personal 

computer for rapid data capture and increased operator interaction. 

Further efforts to refine the system should concentrate on the goal 

common to the design of any quality measuring instrument: 

• 

• 

accuracy and repeatability 

ease of use 

ruggedness and dependability 

• reasonable cost 

21 Brickman 
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ease of maintenance 

As more of these systems are fabricated and then applied in 

daily lab use, it is hoped that all of these attributes can be 

achieved through diligent design and application of the most up to 

date measurement technology. 
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ABSTRACT 

A major objective of the Asphalt Aggregate Mixture Analysis System 

(AAMAS), sponsored by the National Cooperative Highway Research Program 

(NCHRP), is to insure that laboratory-molded specimens will be fabricated 

in a manner which will adequately simulate field conditions and conse

quently yield reliable engineering properties. This paper describes a 

field and laboratory study which evaluates the ability of four compaction 

devices to simulate field compaction. 

III-31 

The compaction devices evaluated were selected based on their 

availability, uniqueness in mechanical manipulation of the mixture, and 

potential for use by agencies responsible for asphalt mixture design. The 

devices evaluated are: 1) the Mobil steel wheel simulator, 2) the Texas 

gyratory compactor, 3) the California kneading compactor, and 4) the 

Marshall impact hammer. 

The ability of the four laboratory compaction devices co simulate 

field compaction is based on the similarity between engineering proper

ties (resilient moduli, indirect tensile strengths and strains at failure, 

and tensile creep data) for laboratory-compacted samples and field cores. 

Five projects were selected for this study. Project locations were in 

Texas, Virginia, Wyoming, Colorado, and Michigan. The field compaction 

procedure used at the sites was the standard procedure used by the state 

highway departments responsible for the highways involved. 

Overall, the Mobil steel wheel simulator demonstrated the ability to 

produce mixtures with engineering properties nearest those determined from 

field cores. The Texas gyratory and California kneading compactors ranked 

second and third, respectively, but with very little difference between 

the two. The Marshall mechanical hammer ranked a distant last. 
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INTRODUCTION 

In the last few years, the highway community has acknowledged the 

need to improve existing asphalt concrete paving mixture design methods. 

Heavier traffic loads, higher contact pressures and a greater awareness of 

environmental effects have made highway engineers aware of the need to 

develop a design system which is able to optimize the selection, propor

tioning and manufacturing of asphalt binders and aggregates in order to 

produce pavements resistant to all forms of distress. 

The National Cooperative Highway Research P~ogram (NCHRP) is sponsor

ing the development of an asphalt aggregate mixture analysis system 

(AAMAS) for the laboratory evaluation of asphaltic mixtures. A major 

objective of the study is to insure that laboratory specimens will be 

fabricated in a manner which adequately simulates field compaction and 

consequently will yield reliable engineering properties. 

Brent Rauhut Engineers, Inc. (BRE), is the prime contractor of the 

AAMAS proje¢t. Under this research program, BRE and their subcontractors 

are developing a design system based on performance-related criteria that 

will account for a wide range of distress mechanisms, e.g., fatigue 

cracking, thermal cracking, permanent deformation, moisture damage, age 

hardening, etc .. The evaluation system will also set standards for the 

preparation of test specimens, conditioning of the specimens, testing of 

the specimens, and criteria for mixture selection. 

The Texas Transportation Institute (TTI), under the direction of 

Brent Rauhut Engineers, Inc., was responsible for the implementation of an 

experimental program to evaluate the elements of laboratory sample 

preparation necessary to duplicate field conditions closely enough to 

• 
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yield realistic engineering properties of the asphalt concrete mixtures. 

The specific objective of the research conducted by TTI was to 

evaluate a variety of laboratory compaction methods which are widely used 

and/or have the potential to simulate field compaction. The study was to 

select the compaction technique best able to achieve material and engi

neering properties (percent air voids, strength, stiffness, etc.) similar 

to those of the material placed in the field using standard compaction 

practices. 

Field sites were selected by research team members for the study. 

Sites were selected so that a wide range of aggregate sizes and gradations 

would be represented; yet, the ability and probability df maintaining 

close control of field variables was also a requirement . 

Four compaction devices were selected for the study: 1) Texas 

gyratory shear compactor, 2) California kneading compactor, 3) Marshall 

mechanical compactor, and 4) Mobil steel wheel simulator. These devices 

were selected because of the unique compaction techniques produced by 

each, e.g., gyratory action, kneading action, impact, and simulated 

rolling wheel, respectively (2,3,4,5,6,7). 

Two other compaction devices were initially considered in this study. 

The Arizona vibratory kneading compactor (8) and the Waterways Experiment 

Station (WES) gyratory compactor. Limited testing with the Arizona 

device indicated that it did not produce mixtures which closely simulate 

field engineering properties. The WES gyratory (3), was not made 

available for this study; however, it is the intent of AAHAS to evaluate 

this device as part of an extended program . 

3 



RESEARCH APPROACH 

The first step in the evaluation was to collect field cores and 

samples of asphalt, aggregate and loose mix from the drum plants and 

transport them in sealed containers from the field projects selected for 

this study to the laboratory. Specimens were manufactured by reheating 

the loose mix in the laboratory oven and then compacted at or near the 

same average air void content that was produced in the field by a 

traditionally-used field compaction method. 

Compaction curves (compaction energy versus air void content) were 

developed for each material and for each compaction device in order to 

select the energy required for each device to produce the target air void 

content established by the field cores. Once laboratory samples were 

fabricated with each compaction device at the target air void content for 

each site, triplicate field cores and laboratory-prepared samples were 

tested for indirect tensile strength, indirect tensile creep, and 

diametrar resilient modulus. Each test was performed at 77½F. 

The laboratory compaction methods were prioritized based on their 

ability to produce samples with engineering responses in close agreement 

with those measured from field cores. 

The full-scale test matrix consisted of five field projects (which 

will be discussed subsequently), four compaction devices, one test 

temperature (77½F), and three replicates per test cell. The mean and 

variance of the laboratory specimens compacted with the different devices 

were computed and compared with field core statistics to determine whether 

or not a significant difference existed between the field cores and the 

laboratory-fabricated samples for each engineering property,i.e., tensile 
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strength, tensile strain, resilient modulus, and tensile creep. Secondly, 

mean squared error (MSE) was used as a criterion by which to rank each 

laboratory compaction device with respect to the way it predicted field 

compaction results based on resilient modulus and indirect tension 

testing. Indirect tensile creep data were compared and evaluated based on 

power law curves which best fit the accumulated strain versus time of 

loading for the mean response from three replicate samples. The power 

curves for the laboratory mixtures which most closely approximated the 

power curve for the field cores were ranked highest. The comparison of 

creep curves was based on at-test statistic for the slope of the log-

log plot of the compliance versus time of loading. Indirect tensile 

creep testing was performed in lieu of compressive creep testing because 

of size (thickness) limitations from field cores. Since many of the field 

mixtures were placed as relatively thin overlays, cores were not thick 

enough for compressive creep testing. 

Selection of Field Projects 

Field sites were selected based partly on the potential to exercise 

control over construction and material variables influencing compaction 

(1). The first criterion for selection was that the project must meet 

certain minimum standards which insured that the variability of the 

following factors could be adequately controlled: compaction process, 

aggregate consistency and gradation consistency, base placement 

temperature, mixture placement temperature, consistency of the mixing 

plant, and air void content. Other variables which were considered in 

5 



project selection included: asphalt type and grade, aggregate size and 

type, and mix plant type. 

Five field projects were selected. Each project possessed unique 

characteristics which are discussed below: 

Colorado: The site selected was a section of a two-lane rural 

highway, designated as State Route 9. The goal of this project was to 

extend pavement life by means of an overlay. The process began with a 

leveling course averaging 1.5 inches in thickness. On top of the leveling 

course, a nonwoven geotextile (Trevira) was placed. This was followed by 

the placement of two lifts, each 1.5-inches thick, of a dense-graded c~ 

inch top size aggregate), surface course mix. The surface course layer 

6 I 

was evaluated in this study. I 
Michigan: This project was an overlay for a rural two-lane highway 

designated as State Route M21. In order to assure that cores were at 

least 1.5 inches in height, the state and contractor agreed to increase 

the mat thickness in the area of the test sections to 1.75 inches. 

Texas: The Texas project was located on Highway 21. This was a 

major reconstruction project converting an existing two-lane roadway into 

a four-lane divided highway. The thickness of the asphalt concrete lifts 

vary transversely across the roadway from 2 to 3 inches. 

Virginia: This was a reconstruction project of a two-lane highway 

designated State Highway 621. It consisted of placing 4 inches of an 

asphalt concrete base on top of an untreated aggregate base course. An 

asphalt concrete binder and surface course were to be placed on top of the 

asphalt concrete base mix. 
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'llyoming: This project consLsted of an overlay of a four-lane divided 

interstate highway, designated as IH-80, with a recycled mixture. Four 

inches of the existing asphalt concrete pavement in the driving lane in 

each direction was removed by cold planing. This material was recycled 

back into t:.h_e asphalt concrete mix on a basis of 40 percent reclaimed 

material and 60 percent new aggregate. 

More detailed characteristics of these projects are depicted in 

Tables 1 and 2. These tables refer to the aggregate blends and asphalt 

types. Several other considerations should be noted - all mixtures were 

fabricated in drum mix plants and placed at temperatures ranging from 275 

to 310½F. The compaction trains utilized in the field projects included: 

a) vibratory rolling for breakdown compaction followed by static rolling 

for finish compaction, b) static rolling for breakdown compaction followed 

by pneumatic rolling for intermediate compaction and static rolling for 

finish compaction, and c) pneumatic rolling for breakdown compaction 

followed by static rolling for finish compaction. All projects were 

constructed during the summer of 1988 so that the base placement 

temperature varied only from 90½ to l00½F. 

Material Handling and Specimen Preparation 

The sampling of asphalt concrete mixtures for laboratory specimen 

preparation was performed in such a way as to insure random selection of 

trucks and to prevent segregation of mixtures. Properly sealed containers 

were used to transport mixtures and great care was taken to provide full 

mixture documentation and temperature histories. 
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The sampling of asphalt concrete cores from the roadway was performed 

in accordance with the following sequence: 

1. Drill cores from pavement test section, 

2. Allow cores to cool and dry, 

3. Identify cores by test section and subset, and 

4. Wrap-cores with clear tape (for protection during transporta

tion) and place them in zip-lock bags (impermeable to air and 

water). 

Figure 1 depicts the flow chart of the compaction study developed for 

specimen preparation. 

Approximately 25 field cores were drilled from each field project the 

next day after rolling compaction. These cores were then collected and 

stored in the laboratory for testing. Nine of the 25 cores were tested 

for resilient modulus (3 replicates), indirect tensile stress and strain 

at failure (3 replicates), and indirect tensile creep (3 replicates). 

Since material properties of these field cores were determined on sets of 

three replicate samples, it was necessary to arrange field cores in sets 

in a manner that would minimize the variance of air void content within a 

set and yet so that there would be no statistical difference between the 

mean of air voids in any set and the mean of air voids in the overall 

project. Laboratory-compacted samples were prepared at a void content 

approximately equal to the mean void content of all field cores from a 

selected project. 
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Table 3 presents air void content summaries for all field projects. 

The field section selected was that which used a compaction procedure 

prescribed by the state agency in which the project was located. The 

program for preparation and compaction of laboratory specimens was as 

follows: 

1. Reheat the loose mix to the same compaction temperature as was 

used in the field. 

2. Determine compactive effort (7,9,10), by trial and error, for 

each compaction device required to produce the mean air void 

content derived from field cores for the project in question . 

Table 4 presents a summary of the compactive efforts required for each 

compaction device and for each project to equal the mean air void content 

of field cores. 

Testing Methods 

Once the compactive efforts were determined, a series of specimens 

were prepared with the same air void content(± 0.5 percent air voids) as 

the related field project. Sets of three samples per test, whose means 

were not significantly (statistically) different from the overall mean air 

void content of the field cores, were prepared for testing at 77½F. The 

tests performed were the diametral resilient modulus test, indirect 

tensile creep, and the indirect tensile strength test. 

Indirect tensile strength tests were performed by BRE in accordance 

with Test Method TEX-226-F of the Texas State Department of Highways and 

9 
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Public Transportation at 77½F, at a loading rate of 2.0 inches per minute. 

This test was performed on mixes and field cores from 3 projects: 

Michigan, Texas, and Virginia. The repeated load indirect tensile test 

(resilient modulus) was performed in accordance with ASTM standard D4123-

82. It was c·onducted by applying compressive loads of a haversine 

waveform (11). The resulting horizontal deformation of the specimen was 

measured and used to calculate the resilient modulus. The load applied to 

the specimens was determined on the basis of the indirect tensile strength 

(IDT) test results. Ten percent of the stress to failure in the IDT was 

the stress applied to the specimens to produce deformation in the elastic 

range without damaging the sample. Table 5 shows the indirect tensile 

strength test results at 77½F for field cores. 

• 

The indirect tensile creep was performed in the same way as the • 

resilient modulus except that a static load, in lieu of a cyclic load, was 

continuously applied for 60 minutes and then removed. Deformation was 

measured during the loading and recovery periods (12). 

RESULTS 

Results of resilient modulus testing at 77½F are presented in Table 

6. A review of these data demonstrates that only the values boxed, 

prepared by Marshall impact compaction, are statistically different from 

the field cores data (o - 0.05) (13). 

The mean squared error (MSE) was used to rank-order the abilities of 

the various compaction devices to produce samples which produce 

engineering properties similar to those produced by field compaction. The 

MSE is defined as: • 
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where: X 

V 

s2 

MSE (x · v) 2 + s2 

mean of the test value, 

target value or the mean of ~he field test data, and 

variance of the laboratory test values. 
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Table 7 presents HSE data derived from resilient moduli data from 

laboratory-prepared samples compared to field cores. Of course, a lower 

MSE, indicates that the compaction device in question better simulates 

field conditions as measured by resilient moduli at 77½F. The results are 

presented by project and in summary form. The gyratory and steel wheel 

compactors produce samples closest to field conditions. Next, is the 

kneading compactor followed distantly by the Marshall compactor. 

Table 8 presents stress and strain data from the indirect tensile 

test (IDT). The data which are significantly different from the field 

core data are boxed in Table 8. Table 9 presents MSE values comparing 

laboratory-prepared samples with field cores computed from stress and 

strain data from the IDT test. Based on the average MSE rankings, samples 

compacted by the gyratory compactor are most similar to field cores 

followed by those compacted by the steel wheel simulator, the kneading 

compactor and the Marshall hammer. 

Table 10 is a summary of average difference between field cores and 

laboratory-compacted specimens based on data from resilient modulus and 

IDT testing (stress at failure and strain at failure). In this table, the 

absolute difference represents the accumulated difference between field 

cores and laboratory-prepared specimens based on the test values. 



Figure 2 through 6 present plots of the accumulated permanent strain 

versus time of loading from the indirect tensile creep test. These data 

were analyzed as to the difference between data from field cores and 

laboratory-prepared samples by statistically comparing the slopes and 

intercepts for each relationship (produced from laboratory-compacted 

samples) with that produced from field data. Table 11 summarizes these 

data. 

In the computation of the t-test statistics (14), which was used to 

evaluate the difference among tests, the null hypothesis was; 

12 

where; the slope of the log-log plot of accumulated permanent 

strain versus time of loading for tests on field 

cores, 

slope of the log-log plot of accumulated permanent 

strain versus time of loading for tests on laboratory

compacted specimens. 

The t-test statistic was computed as: 

where: standard error of the slope for the laboratory

compacted method in question. 

The experiment has n-2 degree of freedom, where n - number of samples 

tested in the experiment. 
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The t-test statistic is presented in the last colWlln of Table 11. 

Only the boxed entries represent statistically significant differences 

between the creep results for the compaction procedure in question and the 

field core data at the Q - 0.05 level of significance. 

Although the results vary from project to project, the average_ 

rankings based on the t-test statistics are summarized at the bottom of 

Table 11. Once again, the steel wheel simulator is ranked first. The 

kneading compactor is now second followed by the gyratory compactor with 

the Marshall, a distant last. In this ranking, the difference between the 

steel wheel and kneading compactor was not significantly different (a= 

0.05). All other comparisons were statistically valid (a - 0.05). 

Tables 12 and 13 present a summary of the evaluation. Table 12 

presents the overall average ranking for all tests, the percentage of the 

time the results were ranked first and the percentage of time they were 

ranked either first or second. A high ranking indicates high relative 

similarity between engineering test results from lab and field cores. 

Table 13 shows how often the difference between a test (mean of three 

replicates) from a specified laboratory comparison procedure was not 

significantly different from the data from field cores for the specified 

project . 
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DISCUSSION 

The Mobil steel wheel simulator most closely simulates field compac

tion based on all mixture properties: resilient modulus, indirect tensile 

strength and strain at failure, and indirect tensile creep. However, this 

high correlation may be partially influenced by the disturbance effect 

involved in the core drilling operation required to obtain both field 

cores and specimens compacted with the steel wheel. No other laboratory 

compaction processes require coring. Additionally, the potential to use 

the Mobil steel wheel simulator as a standard laboratory procedure is 

hampered by the difficulty of using the device. The device prepares 

samples in the form of a 6" x 12" x 4" prism. To produce'. a standard 

2.5 inch x 4-inch cylinder requires a large core drill to core a specimen 

from the compacted prism. Substantial modifications to the system would 

be required to produce cylindrical specimens capable of being tested in 

compressive creep or for axial or diametral resilient modulus. Two 

persons are typically required to perform the compaction procedure. 

The Texas Gyratory Shear Compactor proved to be very effective with 

traditional mixes (top size less than 3/4 inches) but did a poorer job 

with coarse mixes such as those from the Virginia and Wyoming projects. 

However, because of its simplicity of operation and the potential to use 

the larger gyratory models capable of fabricating large-size ~pecimens, 

and thus accommodating large-sized aggregate, the Texas gyrat~ry seems to 

be the most prudent choice as the compaction device to be used for future 

preparation of specimens for mixture design/analysis. 

Although the kneading compactor ranked third in its ability to 

replicate field conditions, its level of simulation of field mixes based 
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upon their engineering properties is not greatly different from the Texas 

Gyratory and the Steel Wheel Simulator. Furthermore, the California 

Kneading Compactor is the only laboratory device capable of fabricating 

any size of cylindrical specimen as well as rectangular beams. This 

capability makes the kneading compactor an appealing choice for compaction 

purposes. 

The Marshall mechanical hammer did the poorest job of simulating 

field conditions. The absence of kneading effect during the compaction 

operation due to the uniform impact type of load applied by the 

mechanical version of the Marshall hammer is probably the major reason 

behind the poor correlation shown by this compaction device. A manual 

compactor, is expected to perform somewhat better because the tamping 

imparted by the operator will not always fall in the same portion of the 

specimen, thus providing some kind of rearrangement of aggregate particles 

after every blow. 

CONCLUSIONS. 

The Mobil steel wheel simulator closely simulates field compaction 

based on a comparison of selected engineering properties of mixtures from 

five field sites. However, this device cannot be broadly implemented 

because of its inability to produce specimens of the varied geometries 

which will be required by AAMAS. 

The Marshall impact hammer does not adequately simulate field 

compaction based on the results of this study and should not be used for 

samples compaction in the AAMAS study. 

The leading candidates for laboratory compaction based on the 

criteria of acceptable ability to simulate field compaction and utility of 



use are the Texas gyratory compactor and the California-type kneading 

compactor. The Texas gyratory demonstrated a slight superiority in its 

ability to produce samples with material properties which simulated field 

conditions. 
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Pqp:"eqa.te Colorado 
Blend 

Coarse Pit run 
gravel 30% 

Fine Pit run 70% 

• 

Table 1. Summary of Aggregate Blends Used in Field Projects. 

Texas Michigan Virginia 

3/4" crushed Pit run Trap rock 
limestone 35% gravel 39% #56 60% 

3/8" crushed Trap rock 
limestone 33% #8 5% 

Lilllestone Concrete Crushed fines 
screenings 15.1% sand 25% #10 20% 

Field sand 16.9% Blen:l sand 16% Natural sam 15% 
#CS sand 20% 

• 

Wyaning 

RAP -
coarse gravel 

Fine gravel 

...... 
O:> 

• 

40% 
40% 

20% 
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Table 2: Type and Percentage of Asphalt and Additives Used at the Job Site. 

Material 0:>lorado Michigan Texas Virginia 

Asplalt Sinclair Marathon Exxon , Otevron ~ 

AC-10 . 5.5% (85-100), 5.6% AC-20 5.5% AC-20 4.5% 

Additive Pave borrl 0.4% ---- ---- ACRA 1000 0.6% 

• 
Wyanirg 

Sinclair 
AC-20 

Hydrated 
Lime 

2.75% 

1.00% 

1--1 
1--1 
1--1 

..., I 

\.0 +'> 
\.0 



Table 3. Summary of Air Void Information from Field Cores. 

Project 

Colorado 

Michigan 

Texas 

Virginia 

Wyoming 

Mean 

Statistical 
Data 

Standard Deviation 

Mean 

Standard Deviation 

Mean 

Standard D_eviation 

Mean 

Standard Deviation 

~lean 

Standard Deviation 

Section (Compaction Train) 

VB/SS 

8.19 

0.936 

5.85 

1.193 

5. 77 

0.688 

SP/SS 

8.75 

0.966 

PB/SS 

4.21 

0,63 

Note: VB/SS - Vibratory roller for breakdown compaction followed by a 
static steel wheel roller for finish compaction. 

20 

SP/SS - Static roller for breakdown compaction followed by a 
pneumatic roller for intermediate compaction and a static 
steel wheel roller for finish compaction. 

PB/SS - Pneumatic-rubber tired roller followed by a static steel 
wheel roller. 

• 

• 

• 
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21 
Table 4. Summary of Compactive Efforts Required to Compact Laboratory 

Samples Using Different Compaction Devices to Simulate Air Voids 
in Field Cores. 

1. Marshall Hammer (Blows per Face) 

Colorado 20 
Michigan 23 
Texas 18 
Virginia 47 
Wyoming 34 

2. California Kneading Compactor (Number of Tamps and Tamping Pressure) 
(psi) 

Colorado 20 (250) 
Michigan 25 (500) 
Texas 20 (250) 
Virginia 50 (500) 
"Wyoming 20 (250) 

3. Texas Gyratory (Gyration Pressure, Number of Gyr"'~~o:-.s 
and Leveling Pressure - psi) 

Colorado 25-3-250 
Michigan 50-3-500 
Texas 25-3-0 
Virginia 100-3-2500 
"Wyoming 50-3-250 

4. Mobile Steel Wheel Simulator (Number of Cycles or Cove~a~-=:.s_: 

Colorado ..... : 28 
Michigan 16 
Texas 15 
Virginia 175 
Wyoming 38 



Table 5. Summary of Indirect Tensile Strengths Data for 
Field Cores 

Project 

Colorado 

Mean 
Standard 

Michigan 

Mean 
Standard 

Texas 

Mean 
Standard 

Virginia 

Mean 
Standard 

'Wyoming 

Mean 
Standard 

Deviation 

Deviation 

Deviation 

Deviation 

Deviation 

Indirect Tensile Strength (psi) 

90 
9.18 

90 
8.01 

119 
35.20 

224 
16.30 

143 
5.30 

22 • 

• 

• 
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Table 6. SUmmary of Resilient Modulus Test Data at 77"F. 

Project Marshall Kneading Texas Mobile Steel 
Compactor Gyratorv Wheel Simulator 

Colorado 

11,060,0861* Mean (psi) 488,909 538,543 408,617 

Starrlard Deviation 469,911 70,557 77,925 74,160 
Coefficient of Variation(%) 44.3 14.43 14.47 18.15 

Midtlgan 
Mean (psi) 422,829 458,974 499,710 330,519 
Starrlard Deviation 24,384 151,078 307,908 27,037 
Coefficient of Variation(%) 5.77 32.92 41.61 8.18 

Texas 

Mean (psi) 11,308,2901 799,658 743,792 756,678 

Stan:Iard Deviation 167,120 28,309 21,882 22,404 
Coefficient of Variation(%) 12.77 3.54 2.94 2.96 

WyaniIJJ 

Mean (psi) 933,121 607,062 997,155 819,403 
Stan:Iard Deviation 55,173 43,578 169,271 181,862 
Coefficient of Variation(%) 5.91 7.18 16.98 22.20 

Virginia 

Mean (psi) 1,713,667 646,000 758,333 734,333 
Stan:Iard Deviation 1,195,166 67,480 155,307 72,141 
Coefficient of Variation(%) 69.74 10.44 20.48 9.82 

* Boxed cells are those which are significantly different from field cores. 

Field Cores 

609,628 

160,932 
26.40 

358,911 
64,029 

17.84 

697,233 

35,362 
5.07 

758,836 
171,717 

22.63 

924,667 
211,666 

22.89 

• 

N 
w 

.... .... .... 
I 

U1 
w 



Table 7. SUmmary of MSE Values (in ksi) for Resilient Mcdulus Tests at 77°F - Ranking of 
Cortpaction Devices. 

Project Marshall Kneading Texas Mobile Steel 
Cortpactor Gyratory Wheel Simulator 

C'olorado 423,400 19,682 11,125 45,877 
(4)* (2) (1) (3) 

Midtlgan 4,672 32,301 63,145 1,513 
(2) (3) ·. (4) (1) 

Texas 401,210 11,393 2,693 4,084 
(4) (3) (1) (2) 

~ 33,301 25,040 85,205 36,724 
(2) (1) (4) (3) 

Virginia 625,546 82,330 51,914 41,665 
(4) (3) (2) (1) 

Average Ranking 3.2 2.4 2.4 2.0 

1 rating 0 20% 40% 40% 

1 or 2 rating 40% 40% 60% 60% 

* ()=Number in parenthesis corresponds to the ranking of conpaction devices. 

• • 
N 
~ 

• 
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Table e. SUmmacy of Mean an:l Variance Values of Tensile Strength arxi Strain at Failure 

- I..alx>ratory-compacted Specimens at 77"F and Field Cores. 

Project 

Midrigan 

mr Mean 
(psi) Variance 

strain at Mean 
Failure (mils/in.) Variance 

Texas 

IDr Mean 
(psi) Variance 

Strain at Mean 
Failure (mils/ in. ) Variance 

Vil:gini.a 

mr Mean 
(psi) Variance 

Strain at Mean 
Failure (mils/in.) Variance 

Marshall 

~· 
~ 

~ 
~ 

~ 
~ 

~ 
~ 

~ 
~ 
~ 
~ 

Kneading 
~ct.or 

94 
2.34 

~ 
~ 

~ 
~ 
7.37 
3.94 

~ 
~ 
8.32 
2.16 

Texas 
Gyratocy 

84 
2.99 

14.56 
0.81 

129 
54.3 

9.01 
0.63 

~ 
~ 
g 
~ 

Mobile Steel 
Wheel Simulator 

89 
43 

15.67 
0.94 

172 
161 

7.00 
0.305 

~ 
~ 
9.12 
a.so 

* Boxe:i cells are those which are significantly different from field a:,res. 

Field Cores 

90 
64 

14.56 
7.57 

119 
19 

9.01 
1.17 

224 
266 

10.00 
0.13 

• 

N ......, 
U'I ....... 

....... 
I 

tJ1 
tJ1 



Table 9. SUmrnary of Mean Squared Errors for Tensile Stren:Jth and Strain at Failure 
- laboratory-compacted Specimens at 77°F and Field Cores. 

Project Marshall Kneading Texas 
Compact.or Gyrato:ry 

Midrlgan ror 217 - 18 39 
(4) * ( 1) (2) 

Strain at 29.1969 34.18 0.812 
Failure (3) (4) (1) 

Texas ror 2,909 1,108 154 
(3) (2) ( 1) 

Strain at 27.13 6.63 0.63 
Failure (4) (3) (1) 

Virginia ror 5,260 9,489 12,212 
(1) (3) ( 4) 

Strain at 20.49 4.98 4.21 
Failure (4) (3) (2) 

Average Ranking 3.17 2.67 1.83 

1 rating 16.17% 16.70% 50.00% 

1 or 2 ratill;' 16.67% 33.33% 83.33% 

* () = Nmnber in parenthesis correspon:ls to the ranking of compaction devices. 

• • 

Mobile Steel 
Wheel Simulator 

43 
(3) 

2.17 
(2) 

2,970 
(4) 

4.35 
(2) 

5,651 
(2) 

1.27 
(1) 

2.33 

16.70% 

66.70% 

N 
O"t 

• 
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Table 10. SUnmal:y of Average Differences Between Field Cores and I.aboratoey-o:mtpacted Specimens at 77°F. 

Q:mpaction Device Irdit"P.Ct Tensile Strength strain at Failure Resilient Mcxfulus 

Ratin:J Absolute Arith Rating Absolute Arith Rat~ Absolute 

Marshall Hammer 4 -45.67 -l.67 4 5.01 -5.0l 4· 417,744 

califomia Rheading 3 -43.00 -21.67 3 2.96 -2.96 3 150,730 

Mobile Steel Wheel 2 -43.00 -7.67 2 1.33 -0.59 1 107,950 

Texas Gyratory l 42.00 -35.33 1 0.68 -0.68 2 132,619-

Average Ranking: Marshall (4), califomia Kneading (3), Steel Wheel (1.67), Texas Gyratocy (1.33). 
% Ranking 1st place: Texas Gyratoey - 67%, Steel Wheel - 33% 
% Ranking 1st or 2nd place: Texas Gyratocy - 100%, Steel Wheel - 100%. 

Arith 

417,744 

-69,734 

-59,945 

376,520 

N ,_. 
............ ...... 

I 
u, 
'-I 



Table 11. SUrmral:y of RJr..Jer F.quations, Regression Data - Indirect Tensile Creep at 77"F. 

Project R-squared Slope Intercept Std. Error Std. Error 
of Slope Intercept 

Virginia 
Texas Gyratocy 0.891563 . 0.576438 -1.27847 0.034476 0.215940 

Kneaclirg Compactor 0.857157 0.552637 -1.22469 0.031285 0.239987 
Steel Wheel 0.889208 0.516630 -1.42876 0.031274 0.195884 

Marshall Compactor 0.803910 0.619924 -0.39349 0.042458 0.325696 

Field Cores 0.880600 0.510721 -1.33436 0.047001 0.208163 

O>lorado 
Texas Gyratocy 0.948048 0.690015 -1.47302 0.022843 0.172820 

Kneaclirg Compactor 0.931948 0.703549 -1.42503 0.027159 0.200192 

Steel Wheel 0.865860 0.657510 -1.33212 0.036970 0.276357 

Marshall Compactor 0.900131 0.557329 -1.42231 0.025994 0.199377 

Field Cores 0.880600 0.510721 -1.33436 0.047001 0.208163 

Michigan 

Texas Gyratocy 0.906760 0.729422 -1.30219 0.035669 0.239692 
Kneaclirg Compactor 0.913237 0.679691 -1.42797 0.029336 0.222171 
Steel Wheel 0.927148 0.714616 -1.35888 0.028049 0.213949 

Marshall Ccq:,actor 0.851964 0.551779 -1.27532 0.0311896 0.244700 

Field O>res 0.880600 0.510721 -1.33436 0.047001 0.208163 

• • 

t-test 
(Slope) 

I 1. 9062 I c 3) 

1:--3398 (2) 
0.1889 (1) 

12.57201 (4) 

13.50481 (3) 

12.44751 (1) 

13.04481 (2) 

I 29. 0610 I c 4) 

1.9150 (3) 
o. 5830 (1) 
0.6360 (2) 

',4.54601 (4) 

N 
0:, 

• 
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Table 11. SUmmary of Power F.quations, Regression Data - Indirect Tensile Creep at 77"F. (cx:mtinued) 

Project R-squared Slope Intercept Std. Error Std. Error 
of Slope InterceEt 

Texas 

Texas Gyrat6:ry 0.908856 0.687949 -1.39331 0.031444 0.230748 

Kneadinq Compactor 0.916190 0.600636 -L44643 0.026784 0.185879 

· Steel Wheel 0.935618 0.670726 -1.59638 0.024637 0.188536 

Marshall Ccmpactor 0.880858 0.510343 -1.49552 0.027090 0.205865 

Field Cores 0.929432 0.847290 -1.58408 0.037384 0.235043 

Wyanin;J 

Texas Gyrato:ry 0.926571 0.590475 -1.59832 0.023051 0.230748 

Kneading Cottpactor 0.908457 0.585501 -1.38552 0.026025 0.199614 

Steel Wheel 0.924937 0.613214 -1.39623 0.024704 0.189197 

Marshall Compactor 0.890229 0.443410 -1.51394 0.021802 0.166715 

Field Cores 0.912511 0.663703 -1.35273 0.029358 0.216923 

Average Rankirq: Steel Wheel (1.6), Kneading (1.8), Texas Gyratory (2.6), Marshall (4). 
% Rankirq 1st Place: Steel Wheel (40%), Kneading Corrpactor (40%), Texas Gyratory (20%). 
%Rankirq 1st or 2nd: Steel Wheel (100%), Kneading Corrpactor (80%), Texas Gyratory (20%). 

t-test 
(Slope) 

15. 06751 (1) 

,9.20901 (3) 

17 .16661 (2) 

j 12.43801 (4) 

,3.1770,(3) 

13.00401 (2) 

,2.04381 (1) 

,7.19351 (4) 

,_. 
N ,___. 
\D ,_. 

I 
U7 
I.O 



Table 12. Overall Ranking of Compaction Devices. 

Compaction Device Average % 1st % 1st or 2nd 
Ranking 

Steel Wheel 1. 90 32.42% 81.68% 

Texas Gyratory 2.04 44.25% 60.83% 

Kneading Compactor 2.47 19.17% 38.33% 

Marshall Compactor 3.59 4.04% 14.20% 

Table 13. "Percentage of Cells That Are Not Significantly 
Different (a - 0.05) from Field Core Data. 

Compaction Device 

Marshall 

California Kneading 

Texas Gyratory 

Steel Wheel 

Percent 

12.5% 

62.5% 

62.5% 

75.0% 

30 • 
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I Sampling I 

Measure Specific Gravity 
of Bound Material .. 

Recanpact Samples 
Detennine Air Voids Air Voids vs. Canpactive Effort 

of Field Cores 

Canpact to Mean 
Air Voids of Cores 

Select Sample Sets 

I Test Cores and Speci~ns I 
-

Canpare Data Sets I 

Figure 1. Flow Chart of Compaction Study • 
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Comparative analysis of power curves for field cores 
and laboratory-compacted samples - Michigan project. 
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and laboratory-compacted samples - Texas project. 
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RESILIENT MODULUS 

1.0 GENERAL 

The design of flexible pavements has rapidly evolved from empirical and 
semiempirical procedures to design methods based on elastic and/or viscoelastic 
theories(! - 1)- Today, many highway agencies use such methods in one form or 
another for the design of new, reconstructed, and/or overlaid asphalt 
pavements. In addition, the 1986 AASHTO design guide replaces the soil support 
value (SSV) of the roadbed soil by its resilient modulus and it suggests the 
use of the resilient modulus of the other pavement layers to estimate the 
values of the layer coefficient. Hence, the use of mechanistic design 
procedures and/or the 1986 AASHTO procedure requires (to various degrees) a 
thorough knowledge of the basic structural properties (fatigue life, resilient 
characteristics, and plastic deformation) of the pavement layers (!! - 13). 

Several tests and test equipment have been developed and employed in 
various laboratories to evaluate the structural properties of the pavement 
layers (14 - 27). It was found that (regardless of the complexity of the 
tests, test procedures, and test equipment) different tests yielded different 
results and that the test results are difficult to reproduce (12). Further, 
existing asphalt concrete mix design procedures are based on parameters that do 
not necessarily have any relationship to the structural design of asphalt 
pavements and their fatigue lives (12, 15) . 

Structural properties of the pavement materials have a direct bearing on 
pavement performance under traffic loading and environmental·conditions (25 -
33). The pavement surface response to a wheel load (whether the wheel is 
moving or stationary} is deflection (deformation) which is the sum of the 
deflections of each individual pavement layer. For a moving wheel load, the 
magnitudes of these deflections are different from those of static loads 
(parked vehicles or a wheel load moving ate creep speed) and they are 
functions of the magnitude and speed of the wheel load, the axle type and 
configuration, the types of the materials in the pavement and their mechanical 
end physical properties, and the pavement temperature. 

Unlike static loads, a moving wheel imparts a dynemic load pulse to all 
pavement layers including the roadbed soils as shown in figure 1. For each 
moving wheel load, the magnitude of the dynamic load pulse (et a point on or 
under the pavement surface) increases from zero, when the wheel load is far 
from that point, to a peek value, when the wheel load is al.most over that 
point. It decreases back to zero as the wheel load departs. The time 
interval between the two zero values is related to the speed of the vehicle. 
After the departure of the first wheel load, the point under investigation will 
experience a relaxation period (a period of zero dynamic load) before a second 
wheel load approaches that causes the dynamic load cycle to be repeated (32, 
33). 

The above scenario implies that, in the laboratory, the proper test 
procedure for material evaluation should be capable of simulating the dynamic 
load pulse imparted to the pavement by a moving wheel load. This test 
procedure is typically referred to as cyclic load test, repeated load test, or 

1 
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2. Since the resilient modulus test is not a strength test, the peak 
magnitude of the applied cyclic load is typically equal to a small 
fraction of the strength of the specimen. Hence, the test specimen 
is not loaded to failure. 

3. During the test, specimen deformations are continuously monitored 
{as shown in figure 2) during the load-unload cycle and during the 
relaxation period. 

For cohesionless base and subbase materials as well es for cohesive 
roadbed soils, the test is conducted on cylindrical specimens confined in a 
triaxial cell as shown in figure 3. The system allows varying confining 
pressures to be applied to the specimens to model the in situ lateral stresses. 
A suitable loading system is used to apply a repeated load pulse of a fixed 
magnitude and fixed time duration to the cylindrical specimen. During the 
test, the confining pressure can be monitored using a pressure gauge; the 
cyclic load is generally recorded using an electronic load cell; and the 
specimen defo:n11ation is continuously recorded for analysis {as shown in figure 
2) using linear variable differential transducers {LVDT). Nevertheless, in 
order to obtain accurate and representative data, the following conditions must 
be satisfied: 

1. The ratio of specimen length to diameter must be at least two. 

2 • The triaxial test results depend upon the friction between the upper 
and lower loading platens and the upper and lower ends of the _ 
specimen. High friction causes restraints at the specimen ends and, 
hence, a rotation of the principle planes (the planes along which 
the shear stresses are zero). 

3. The minimum specimen diameter to the maximum aggregate (particle) 
size ratio should be 4. 

3.1 Data Analysis 

Although most resilient modulus tests are conducted using a sinusoidal 
wave fona, the test can also be conducted using other wave forms such as squsre 
and impulse. In addition, the cyclic load can be applied with or without a 
relaxation period. Since, as of this tim~, no standard definition of the 
resilient modulus has been established, these variations in the test mode make 
the task of comparing and/or sharing the test data between different 
laboratories and/or researchers extremely difficult. These difficulties stem 
from the way the resilient modulus is calculated and consequently reported in 
the literature. For example, in reference to figure 2, the total defonnation 
of the specimen (l>r) is the sum of three deformation components: elastic 
{D£), viscoelastic {Dv), and plastic deformation (Dr). The former two 
components are recoverable while the last one is irrecoverable. Each of these 
components can be divided by the original length of the specimen to obtain the 
respective strain (equations 1 through 3). The applied cyclic load, on the 
other hand, is divided by the cross-sectional area of the specimen to calculate 
the deviatoric cyclic stress (the difference between the major and minor 
principle stresses) using equation 4. It should be noted that the minor 
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example, figure 2 shows that the peak specimen deformation lags behind the peak 
cyclic load by a time period (A). This is typically called the phase angle, 
and it is a measure of the energy dissipation characteristics of the material. 

3.2 Models for Resilient Modulus of Cohesive Soils 

The basic model describing the stress dependency of the resilient modulus 
of fine grained cohesive soil is given in the following equation (28, 32, 33) 

where Ma 
Sd 

Kl, K2 

= resilient modulus (psi); 
= deviator stress, psi; 
= material constants. 

(5) 

It should be noted that the values of Kl and K2 are dependent on the 
physical and mechanical characteristics of the fine soil such BS density, water 
content, plasticity, and compressibility. 

3.3 Models for Resilient Modulus of Cohesionless Soils 

Two basic models were developed to express the resilient modulus of 
coarse-grained soil in terms of the applied stresses. The first expresses the 
resilient modulus as a function of the applied confining pressure. The second 
in terms of the bulk stresses (the sum of the principle stresses). The second 
model tends to be more accurate and is expressed in the following equation 

where 8 = 

K3, K4 = 

MR = K3 (8)K4 (6) 

the sum of the principal stresses (s1 = 2s2) with 
s1 = major principle stress, and s2 = minor 
principle stress (the confining pressure; and 
material constants. 

Comparing equations 5 and 6~ it can be seen that the stress sensitivity 
of coarse-grained non-cohesive soils is opposite to that exhibited by the 
fine-grained roadbed materials. that is the The resilient modulus of 
cohesionless soils increases as the sum of the principle stresses increases. 

Typical values of K3 and K4 for various coarse-grained soils are 
presented in table 1. 

4.0. RESILIENT MODULUS or COMPACTED ASPHALT MIXES 

The resilient modulus of compacted asphalt mixes can be obtained using 
either repeated load triaxial test or repeated load indirect tensile test. The 
procedure for triaxial test is similar to that for cohesive and cohesionless 
soils. The indirect tensile test and the repeated load indirect tensile test 
are described below . 
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performance in cold climates. Mixes that are brittle at cold temperatures will 
fail with very low tensile strains. Typical stress and strain values at low 
temperatures ere shown in figure 5 for several asphalt concrete specimens 
illustrating different low-temperature behavior (32, 33, 35, 36). 

4.2 The Repeated Load Indirect Tensile Test (ASTM 04123) 

The test equipment for determining the resilient modulus using the 
repeated load indirect tensile test includes an indirect tensile test 
apparatus, a repetitive loading mechanism (typically a closed loop hydraulic 
system), a test chamber for maintaining constant temperature during the test, 
and a measurement system (e.g., load cell and deformation sensors). The test 
is conducted on disc-shaped specimens (typically Marshall-size specimens) 
placed on its side on a curved loading strip (the curvature of the loading 
strip is the same as that of the specimen). The cyclic load is applied along 
the vertical diameter of the spe~imen and the resulting deformations along the 
vertical and horizontal diameters are measured. The ASTM D4123 standard 
permits measurement of the deformation along the horizontal diameter only. For 
this case, a value of Poisson's ratio has to be assmned prior to the analysis 
of the data (31, 32, 33). 

In a recent development, it was found that existing indirect tensile test 
apparatus produces inconsistent results due to several problems including 
rocking motion of the loading head during the test, which distorted the 
measurement of the specimen deformations. Figure 6 shows typical variations in 
the values of the resilient-modulus obtained using existing apparatus. 
Further, indirect tensile test apparatus that do not allow measurement of the 
deformation along at least two directions (i.e., along the vertical and 
horizontal diB111eters), which necessitate the assumption of the value of 
Poisson's ratio as stated in the ASffl D4123, produced misleading and 
inconsistent results es shown in figure 7 (32). Using the AS'IM standard, the 
resilient modulus can be calculated using the following equation: 

where p 
V 
DK 
L 

MR or E = (P)(U + 0.2734)/(DH)(L) 

= 
= 
= 
= 

the magnitude of the cyclic load (pounds); 
an assumed value of Poisson's ratio; 
deformation along the horizontal diameter (inch); 
specimen thickness (inch). 

(10) 

It should be noted that if the values of U and DH of the equation 
represent the instantaneous Poisson's ratio and the instantaneous recoverable 
deformation, then the value of MR represents the instantaneous resilient 
modulus. On the other hand, if the values of U and DH of the equation 
represent the total Poisson's ratio and the total recoverable deformation then 
the value of E represents the total resilient modulus. 

The AS™ recommends a value of Poisson's ratio of 0.35. A magnitude of 
cyclic load of 40, 50 and 60 pounds with a load duration of 0.1 second. The 
test is generally conducted at three temperatures, 41, 77 and 104 degrees F to 
generate design values over the range of temperatures nonnally encountered in 
the field . 
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Theoretically (for homogeneous, isotropic, and linear materials) the 
values of the resilient modulus calculated using the vertical deformation and 
Poisson's ratio (second equation) should be exactly the same as those 
calculated using the deformation along the thickness of the specimen and 
Poisson's ratio (third equation},- (28 - 31, 39). Asphalt mixes are 
heterogeneous and anisotropic Due to this and measurement errors, differences 
between the two calculated values should be expected. Nevertheless, the second 
equation can be utilized if the deformation along the thickness of the specimen 
is not measured. If deformations in all three directions are measured, then 
the values of the calculated resilient modulus from both equations should be 
compatible (a maximum difference of 5 percent). A better procedure, however, 
is to calculate the values of the resilient modulus and Poisson's ratio using 
the measured deformations in all three directions. This procedure is presented 
in the following equations {31): 

U = {(0.225127)(112) - (0.269895)(\'2) - (0.0447676)(A2) + 
(3.570975)(H){V) + (0.086136)(A)(H) + (l.145064)(A)(V)}/D (14) 

MR or E = {(0.253680)(H) + 3.9702876)(V) - (0.0142874)(A)/D (15) 

where D = (l.10579l)(H2 + v2 + A2) -
(H - (0.062746l)(V) + (0.319145)(A)J2; 

H = (DH )(L)/P; 
Y = {Dv )(L)/P; 
A = DL/P; and 
MR, E, Dv, DH, DL, L, and Pare as before. 

Based on tests conducted using the new indirect tensile test apparatus 
where the specimen deformations were measured in all three directions~ and on 
the test results, the following equations were developed to respectively 
estimate the values of the instantaneous and total resilient modulus of asphalt 
mixes (28, 31): 

ln(MR) = 

ln(E) = 

where: ln 
MR 
E 
T 
AV 
CL 
ANG 

KV 

16.092 - (0.03658)(T) - {0.140l)(AY) - (0.0003409)(CL) + 
(0.04353)(ANG) + (0.0008793}{KV) (16) 

16.385 - (0.04529){T) - (0.1549)(AV) - (0.0003339)(CL) + 
{0.04258){ANG).+ (0.0008364){KV) (17) 

= natural logarithmic operator; 
= instantaneous resilient modulus {psi); 
= total resilient modulus (psi); 
= temperature (°F>; 
= the percent air voids in the asphalt mix (AV= l, 2, .. ); 
= magnitude of the applied cyclic load (poW1ds); 
= aggregate angularity (ANG= 4 for crushed aggregate,= 2 

for roW1ded river deposited aggregate; and 
= kinematic viscosity of the asphalt at 275 °F (AASHTO T 

201), (centistokes). 

Figure 13 depicts the measured and estimated values of the resilient 
modulus using the last equation (31). 
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5.3 Viscoelastic Properties 

If the resilient modulus test is conducted properly (i.e., using loading 
and relaxation periods), the test results will yield information relative to 
the elastic as well as the viscoelastic properties of the test materials. 

5.4 Permanent Deformation Characteristics 

The resilient modulus test procedure also lends itself to the analysis of 
permanent deformation. Continual monitoring of the resilient modulus test over 
an extended period of time provides indications of the permanent deformation 
potential of the roadbed soil. One way to accomplish this (using a strip chart 
recorder) is to greatly decrease the speed of the strip chart for the period of 
interest, while allowing the pen of the recorder to continuously record the 
deformation traces. A schematic example of a deformation trace produced by 
this technique is presented in Figure 14. The permanent deformation during the 
time of interest is designated by Dp in the figure. 

6.0 ADVANTAGES OF THE CYCLIC LOAD INDIRECT TENSILE TEST 

In addition to the above noted advantages of the resilient modulus test 
relative to the static and strength tests, the cyclic load indirect tensile 
test will yield additional information that cannot be obtained from the cyclic 
load triaxial test. Recall that the test specimen in the cyclic load indirect 
tensile test is subjected to tension along the vertical diameter of the 
specimen. This will result in a plastic tensile strain. The magnitude of this 
strain will increase as the number of load application increases. When the 
plastic strain along the vertical diameter reaches a certain value, a crack 
along the vertical diameter will develop indicating that the specimen has 
exhausted its fatigue life. Hence, fatigue curves in terms of the applied 
cyclic stress and the tensile plastic strain can be obtained. Such fatigue 
curves are shown in figure 15. These curves can be employed to investigate the 
effects of the different asphalt mix constituents (aggregate type and 
gradation, asphalt type and content, test temperature, and the percent air 
voids) upon the fatigue life of the mix. These curves and the corresponding 
fatigue life equations can also be used (after a careful calibration using 
field data) to predict the fatigue life of asphalt pavements. 

7.0 ROLE OF THE RESILIENT MODULUS IN PAVEMENT DESIGN 

The resilient modulus of the roadbed soil, base, subbase, and/or asphalt 
mixes play a major role in both mechanistic and the 1986 AASHTO design 
procedures. For example, the resilient modulus of the roadbed soil is a direct 
input for most mechanistic pavement design programs that use elastic layer 
theory. It is also a direct input to the 1986 AASHTO Desiga Guide where it 
replaces the old Soil Support Value (S). In the AASHTO design guide, the 
resilient modulus of each pavement layer material (including the roadbed soil) 
exerts an influence on the structural coefficient of that layer and an 
extremely strong influence on the thickness and/or the structural requirements 
of the overlying layer. In the mechanistic procedures, it exerts strong 
influence on the overall pavement perfonoance . 
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Table 1. Summary of Ki and K2 statistics for various 
soils and aggregates. 

Soil/Aggregate Number 
type of data 

points 
Mean Std. dev. Range Mean Std. dev. Range 

Silty sands 8 1620 780 710- 3830 0.62 0.13 0.36-0.80 

Sand gravel 37 4480 4300 860-12840 0.53 0.17 0.24-0.80 

Sand/aggregate 78 4350 2630 1880-11070 0.59 0.13 0.23-0.82 
blends 

Partially 8 5967 2800 2156-4,119 0.52 0.12 0.40-0.75 
cM.LShed gravel 

Crushed stone 115 7210 7490 1705-56670 0.45 0.23 -(0.16)-0.86 

Limerock 13 14030 10240 5700-83860 0.40 0.11 0.00-0.52 

Slag 20 24250 19910 9300-92360 0.37 0.13 0.00-0.52 

All data 271 7391 8250 710-92360 0.52 0.16 -(0.16)-0.86 
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• Figure 8. General views of the new indirecc censile test device. 

25 



• 

• 

• 



• 

'" ....... 

• 
~ 0.20 

' 11-t 
~ ......,, 
C/l 0.16 
Cl) 
Q) 
J..t 

+J 
Cl) 

,-t 

(1j 0.10 
+J 
~ 
0 
N 

• r-t 
J..t 
0 

0.05 ::r: 
Q) 

,-t 
•r-t 
(/) 

i::::1 
Q) 

0.00 f-4 o:o 0.5 1.0 1.5 2.0 

Distance from Center (Inches) 

Figure 10. Variations of horizontal stresses along the horizontal diameter of an indirect tensile 
test specimen. 

• 

..... ..... ..... 
I 

co 
w 



• 

• 

• 



• 

N 
.c, 

• 
,,,....... 
~ 

0.00 ' P-c 
~ ...__,, 
Cl) -.10 
en 
Q) 
S-4 

+> 
Cl) 

~ 
-.20 

co 
t) 

•..-4 
+> 
S-4 
Q) -.30 

::> 
Q) 

:>-
•r-1 
en -.40 Cl) 
Q) 
S-4 
~ s -.50 0 u 0.0 0.6 1.0 1.5 2.0 

Distance from Center (Inches) 

Figure 12. Variations of vertical stresses along the horizontal diameter of an indirect tensile test 
specimen. 

• 



• 

• 

• 



w ..... 

• 
0 
<( 

g 

u: 
UJ 
Q 

Figure 14. 

• 
DP• plastic deformation 

________ _,..TIME 

j I ... TIME 

Typical load deformation cycles with 0.1 second loading time and 0.4 second relaxation 
period. 

• 

..... ..... ..... 
I 



• 

• 



• 

• 

• 

NO. OF LOAD CYCLES 250 500 
----------------------------------------------------------------------------------
AVG. CYCLE LOAD 503.6932 509.9026 
RESILIENT MODULUS 360735.9 351388.9 
TOTAL MODULUS 238634.7 329289.0 
RESILIENT POISSON'S RATIO 0.161399 0.112115 
TOTAL POISSON'S RATIO 

VERTICAL DEFORMATION 
--------------------
TIME LAG 
RESILIENT 
VISCOELASTIC 
PLASTIC 
TOTAL 

HORIZONTAL DEFORMATION 
----------------------
TINE LAG 
RESILIENT 
VISCOELASTIC 
PLASTIC 
TOTAL 

RADIAL DEFORMATION 
------------------
TIME LAG 
RESILIENT 
VISCOELASTIC 
PLASTIC 
TOTAL 

0.530121 0.258199 

3 -1 
0.001924. 0.001995 
0.000000 0.000041 
0.000176 0.000318 
0.001924 0.002036 

26 24 
0.000139 0.000137 
0.000024 0.000019 
0.000051 0.000095 
0.000164 0.000156 

22 3 
0.000826 0.000663 
0.002992 0.000694 
0.000082 0.000157 
0.003818 0.001357 

Gil Baladi 

Depa_rt~ent of Civil Engineering 
M1ch,gan State University 

E. Lansing, Ml 48824-1212 
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AFTER SPECIMEN ROTATION II !-89 

• NO. Of LOAD CYCLES 250 500 

AVG. CYCLE LOAD 508.1169 508.0763 
RESILIENT MODULUS 348765.8 366355.6 
TOTAL MODULUS 243137.3 230637.1 
RESILIENT POISSON'S RATIO 0.143034 0.170355 
TOTAL POISSON'S RATIO 0. 775383 0.683670 

.VERTICAL DEFORMATION 
--------------------
TIME LAG -2 -3 
RESILIENT 0.002015 0.001908 
VISCOELASTIC 0.000020 0.000183 
PLASTIC 0.000761 0. 001198 
TOTAL 0.002035 0.002091 

• HORIZONTAL DEFORMATION 
----------------------
TINE LAG 19 20 
RESILIENT 0.000138 0.000137 
VISCOELASTIC 0.000250 0.000182 
PLASTIC 0.000127 0.000158 
TOTAL 0.000389 0.000319 

RADIAL DEFORMATION 
------------------
TIHE LAG 18 21 
RESILIENT 0.000831 0.000874 
VISCOELASTIC 0.002998 0.003156 
PLASTIC 0.000341 0.000489 
TOTAL 0.003829 0.004029 _______ .,.... _________________________________________________________________________ _ 
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STRAIN AND TEMPERATURE DEPENDENCY OF THE IRM, 
by John Heinicke and Ted S. Vinson 

Introduction 

A laboratory test program was conducted to: 1) develop 

relationships between the resilient modulus and the tensile strain level 

and temperature, and 2) establish the significance of these relationships 

on the determination of the I RM,'. As previously noted, the current test 

procedure (ASTM D 4123) specifies a temperature tolerance of ±1.8°F 

(±1 °C), and there is no requirement to perform all tests at a specific level 

of tensile strain. 

The asphalt concrete specimens used in the test program were 

fabricated by the Materials Division of the Oregon Department of 

Transportation (ODOT). Six 4-inch diameter by 2.5-inch long specimens 

were prepared using the ODOT Class "C" mix design for heavy traffic 

(Sullivan et.al., 1986). The specimens were compacted with a Hveem 

kneading compactor, and air voids contents of approximately 4.6% and 6.8% 

(three specimens, each) were obtained by varying the the number of blows 

at the 500 psi level from 150 to 50 blows, respectively. 

The test procedure involved the following steps: 

11RM 
' 

1) The bulk specific gravity of each specimen was determined to 

obtain the air voids contents; the following groups were 

identified: 

Group 1 ==> 4.6% ±0.4% air voids content 

Group 2 ==> 6.8% ±0.2% air voids content 

2) The specimens were allowed to cure for two days. 

3) The specimens were placed inside an environmental cabinet 

Index of Retained Resilient Modulus 

MR of conditioned Specimen 

MR of Dry (control) Specimen 
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and the temperature was stabilized at the lowest test 

temperature [36°F {2.1 °C)]. 

4) The resilient modulus test was performed along a randomly 

selected axis; each test was conducted using a load frequency 

of 1 Hz and a load duration of 0.1 second; the test temperature 

was maintained within ±0.2°F (±0.1 °C) of the target 

temperature and monitored using thermistors attached to the 

sides of the specimens; the load was continually increased, 

allowing tensile strain and modulus values to be measured at 

six levels. 

5) The specimen was rotated 90° and the procedure was repeated. 

6) After testing each specimen, the temperature was increased 

to the next level and allowed to stabilize overnight. 

Steps 3 through 5 were performed using the following temperature 

levels: 36°F, 53°F, 65°F, 73°F, 81 °F, and 92°F (2.1 °C, 11.7°C, 18.8°C, 

22.8°C, 27.2°C, and 33.1 °C). Approximately 300 load repetitions were 

applied at each level. 

Test Results 

The results of the test program are plotted in Figure 1. Figure 1 a 

presents the log tensile strain vs. log resilient modulus relationship for 

all tests performed on Group 1. The data for the three specimens are 

combined corresponding to the six test temperatures. Similarly, Figure 

1 b shows this relationship for Group 2. 

The regression line equations for each set of data take the general 

form: 

2 
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( 1) 

where K1 = a constant evaluated at £1 = 1 µ (ksi) 

n = a constant representing the slope of thE 

log-log regression line 

The values of K1, n, and R2 for the regression iines are given in Table 1 

Discussion of Results 

As noted previously, the tensile strain vs. resilient modulus data 

points were obtained at six strain levels. However, fewer data points 

were obtained at the temperature extremes, namely 36°F and 92°F. At 

36°F, the specimens were so stiff that the load limit of the test 

equipment (i.e., a 1000 lb. load cell) was reached at approximately 50µ to 

80µ. At 92°F, permanent deformations were visible at strain levels 

greater than 1500µ, and one of the Group 2 specimens displayed slight 

cracking at 1600µ. 

The coefficients of determination (R2 in Table 1) range from 0.59 

to 0.91 for all data. However, if separate regression lines are calculated 

for each specimen, the R2 values range from 0.91 to 1.00, with the 

majority above 0.95. Further, the correlation is better for the specimens 

of Group 2, which have less variation of air voids contents. Therefore, 

most of the scatter at each temperature level can be attributed to the 

variation of the air void contents in each group. 

The data display two characteristic trends: 

"1) The slopes of the regression lines, with minor exceptions, become 

steeper as the temperature increases. This may simply indicate 

that the relationship between the tensile strain and the resilient 

4 

• 

• 

• 



• 

• 

• 

TABLE 1. Regression Constants for Log Tensile Strain vs. Log Resilient 

Modulus Relationships. 

( I) (2) (3) (4) (5) 
GROUP TfMPERA TURE K n Rz. 

Nlt1BER ("F) (ksi) 

36 2369 -0.063 0.59 
53 1384 -0.104 0.73 

(4.6~ air 65 700 -0.126 0.81 
voids) 73 424 -0.122 0.77 

81 258 -0.128 0.75 
92 146 -0.155 0.80 

36 2075 -0.074 0.90 
2 53 1038 -0.103 0.83 

(6.8~ air 65 475 -0.116 0.87 
voids) 73 276 -0.100 .. 0.83 

81 159 -0.099 0.91 
92 125 -0.166 0.89 
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modulus is likewise dependent upon temperature. However, the 

strain levels increase with temperature, implying that the strain 

dependency of the resilient modulus is greater at higher strain 

levels. 

2) The regression lines of Groups 1 and 2 are generally parallel, 

with Group 2 data displaced downward. Using the regression 

equations to obtain resilient moduli at the 100µ strain level, the 

Group 2 moduli are from 71 to 83% less than the Group 1 moduli. 

Thus, increasing the air voids content by approximately 2% 

results in a 75% reduction of resilient moduli. 

The resilient modulus data can be normalized to illustrate the 

general trend of the tensile strain vs. resilient modulus. Normalizing the 

moduli at each temperature level also eliminates the effects of stress 

history from previously performed tests. The normalized moduli are 

obtained by dividing the resilient modulus at any given strain and 

temperature level by the corresponding resilient modulus evaluated at £1 = 

1 µ (i.e., the constant K1 ). The normalized resilient moduli vs. tensile 

strain are plotted in Figure 2. It may be noted that the results shown in 

Figure 2 resemble the relationship between normalized dynamic moduli 

and shear strain shown in Figure 2. Although Figure 2 represents only 

one particular asphalt concrete mixture at two air voids contents, a 

similar relationship may exist for all asphalt concrete mixtures. Such a 

characteristic relationship would permit the resilient modulus of any 

asphalt concrete mixture to be estimated at a standard tensile strain by 

determining the modulus at any other strain level. Figure 3 shows the 
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envelope and the average relationship between the normalized resilient 

modulus and the tensile strain for both air void contents. 

Figure 3 can be used to illustrate the significance of the resilient 

modulus vs. strain relationship on the IRMr through the following example. 

Consider two values of resilient moduli such that the resulting IRMr = 

0.70. Let 

Mr(control) = 250 ksi, evaluated at Et = 100µ; 

Mr(conditioned) = 175 ksi; and 

t = 2.5 inches. 

Further, consider that the moduli are evaluated under constant load. Then, 

H (control)' = (100 x 10-6) /0.52 = 0.192 x 10·3 inch 

Substituting H(control) into 

P(control) = (250,000)(0.192 x 1 o·3)(2.5)/0.62=194Ibs. 

P(control) represents the load that would also be used for the test on the 

conditioned specimen. The value of horizontal deflection for the 

conditioned specimen may be obtained from 

H(conditioned) = (0.62)(194)/(175,000)(2.5) = 0.275 x 1 o-3 inch 

The corresponding strain level may be computed from 

£i(conditioned) = (0.52)(0.275 x 1 o·3) = 143µ 

Entering Figure 3 at the two tensile strain levels identified above, the 

appropriate normalized resilient modulus ratios (use average value 

represented by the dashed line) may be obtained, 

for ti (control) = 100µ ==> 0 .. 57 

The equations suppporting this calculation are given in the paper by T. Vinson in the 
Proceedings of the Workshop on Resilient Modulus Testing, Oregon State University, 
March 1989. 

9 

III-103 



fore, (conditioned) = 143µ ==> 0 .. 52 

The resulting IRMr is thus determined as, 

IRMr = (175/250) (0.57/0.52) = 0.77 (* 0.70 !) 

Note that this does not represent the worst case. For the nominal 

value of IRMr = 0.70 determined with the control specimen at E1 = 50µ and 

the conditioned specimen at 150µ, the actual value of IRMr = 

(0.70)(0.65/0.50) = 0.91. Clearly, the failure to perform both resilient 

modulus tests at the same tensile strain level results in the 

misinterpretation of the resulting IRMr. 

The significance of the resilient modulus vs. temperature 

relationship on the IRMr can be demonstrated by plotting the resilient 

modulus vs. temperature at a specific value of tensile strain. Such a plot 

for E1 =100µ is shown in Figure B.4. The allowable temperature extremes 

for the commonly used test temperature of 73°F (22.8°C) are represented 

by two vertical lines. Using the regression line as a turning point, the 

corresponding values of the resilient moduli are 206 and 256 ksi. 

Obviously, the ratio of any two equivalent moduli must be identically one. 

However, the ratios of these values (206/256 = 0.81 and 256/206=1.24) 

identify a range of ±20%. Thus, the failure to conduct each modulus test 

at the same temperature (but within the test specifications) may result in 

a ±20% error in the resulting IRMr. 
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According to AASHTO T-274, the resilient nodulus test is used to 

provide 

tion of 

"a constitutive relationship between stress and deforma

pavement construction materials for use in structural 

analysis of layered pavement systems". 

The basic structure of the test is quite simple. In the test, a 

repeated axial deviation stress is applied to a cylindrical soil 

specimen. The recoverable (resilient) axial strain response of the 

specimen is measured and used to calculate a stress-dependent 

resilient modulus. 

For those of you who have had to run T-274, the inherent simpli

city of the test procedures ends right after one reads the basic 

definitions. The description of the preparation procedures are 

difficult, at best, while the description of test sequence is 

nothing short of a maze. 

We at the Washington State Department of Transportation (WSDOT) 

Materials Laboratory, like most western states, have used the 

Hveem Stabilometer R value test to characterize subgrade soil 

stiffness. The Hveem Stabilometer R value test has been a very 

stable, repeatable test. With a reasonable production sequence, 

we can usually test four samples a day four out of five days a 

week with one operator. 

With this background, we obviously had quite a few concerns as we 

looked at adopting T-274 as our primary test for characterizing 

-1-



subgrade soil stiffness. Some of our more basic concerns were the 

following: 

1. The test process has distinctly different processes between 

cohesive and non-cohesive soils. We have a lot of silty 

sands to sandy silts with some of either characteristic. 

2. Very large number of conditioning and test sequences for 

non-cohesive soils. 

3. Most test stages for non-cohesive soils far exceed the 

stresses expected in any pavement section. 

4. When testing cohesive soils, we broke many samples at o 

psi confining pressure. This is probably because we have 

largely silty soils with very little clayey soils. 

5. We question that there is a need to condition all samples 

at the full range of deviatior and confining stresses. The 

conditioning sequence takes as much, if not more, 

attention and time as the test sequence. 

operator 

6. No mater how sophisticated we become in using the stress 

dependent relationship of the subgrade soils, we still 

think of the qualitative stiffness value as a single 

number. In no prior test procedures have we produced a test 

value that is an exponential equation dependent on a stress 

-2-

• 

• 

• 



• 

• 

• 

III-109 

state. How many people have a good feel for a soils stiff

ness when it's expressed as 4,000 -b-' 350 ? 

We purchased a resilient modulus test device several years ago and 

began performing resilient modulus tests in our soils lab as part 

of a combined research project with Dr. Joe Mahoney at the 

University of Washington to develop a mechanistic pavement design 

procedure. Twenty-one pavement test sites were established 

throughout the state to quantify seasonal layer stiffness and 

fatigue responses for the project. Extensive resilient modulus 

testing was performed on the different surfacing materials and 

subgrade soils from all of the test sites. At the time we set up 

the test procedures for this study, we were privy to the test 

procedures tentatively recommended for ASTM D-18 Committee on Soil 

and Rock. Those recommendations basically called for a single set 

of test stages using 1, 2, 5 and 10 psi deviator stress at 6, 3 

and 1 psi confining stress for all materials. The conditioning 

stages were reduced somewhat from that described in T-274. 

For the mechanistic design research project, we decided to perform 

the test at 1, 2, 4, 6, 8 and 12 psi deviator stress and 1, 2, 4 

and 6 psi confining pressure. Sample conditioning was accom

plished with 1200 repetitions@ 8 psi deviator stress at 6 psi 

confining stress. 

After completion of the tests for the research project, we 

reviewed the test results and convinced ourselves that on the 

-3-



majority of the tests we obtained the same stress relationships 

with or without the higher stress levels. Reasonably repeatable 

results were obtained performing the test at 1, 2, 4, 6 and 8 psi 

deviator stress and 1, 2 and 4 psi confining stress. Conditioning 

was again accomplished using 1200 cycles of 8 psi deviator stress 

and 6 psi confining pressure. 

After again reviewing these test procedures, we have had some 

concerns that we reduced the test series to stress states well 

below that which we commonly experience in our roadway sections. 

To better cover the range of stress found in our roadway section, 

we now use the following sequence: 

Conditioning sample at 8 psi deviator stresses and 6 psi con

fining stress -

1, 2, 4 and 6 psi deviator stress @ 1 psi confining stress 

1, 2, 4 and 6 psi deviator stress @ 2 psi confining stress 

1, 2, 4' 6 and 8 psi deviator stress @ 4 psi confining stress 

1, 2, 4' 6, 8, 10 & 12 psi deviator stress @ 6 psi confining 

stress 

This pattern covers the range of stresses found in most of our 

pavement sections which vary from gravel with bituminous surface 

treatments to full depth asphalt concrete pavement. 

-4-
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Figure 1 shows the relative position of the test series for T-274 

and WSDOT. We prefer this test series because: 

It covers the bulk stress range found 

pavement sections. 

in most of our 

2. The conditioning series is such that the operator can make 

better use of his time while the sample is being condi-

tioned. We can now produce two modulus tests per day with 

one operator. -s-



3. We do not fail as many samples as we did using T-274. 

4. The test sequence is the same for all soils. 

In addition to the stress state changes, we have added the 

following changes to the test procedures that we also consider 

necessary: 

1. We have established a regression procedure to eliminate 

operator error in fitting a line through the test 
·~ 

points. \61 The regression statistics are also helpful in 

judging a given test result. A user-friendly program 

has been developed to make this process easier~ 

2. The results of the test are not reported in the form of 

a stress dependent equation to our field personnel. We 

have established a convention to report only a single 

modulus value to our field personnel. The modulus value 

for a granular material is reported at a bulk stress of 

25 psi. The modulus value for fine grained soils (minus 

exponent) is reported at 10 psi deviation stress. 

The modifications we have described reflect our crude attempts 

to make the test more rational to us. We are aware of many 

peoples' concerns with the test procedure. We strongly encour

age and support a national effort to refine the test procedures 

to make them more rational and efficient. 
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(D Joe P. Mahoney, "Regression Analysis for WSDOT Material 

Applications", Final Report Research Project GC 8286 Task J, 

February 1988. 

NJ-T-274 
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RESILIENT PROPERTIES OF SuBGRADE S01Ls 

By Marshall R. Thompson I and Quentin L. Robnett, z Members, ASCE 

(Reviewed by the Highway Division) 

INTRODUCTION 

For given traffic and environmental conditions, the most significant factor 
influencing the design thickness of a flexible pavement is subgrade soil support. 
This influence is most pronounced at low soil support values, values that are 
unfortunately typical for the majority of lllinois soils. 

It bas been well documented that the "resilient deformation" (rebound 
deformation from repeated load applications) of a flexible pavement structure 
is responsible for fatigue-type failures in asphalt concrete surface courses. For 
a typical flexible pavement structure, the subgrade significantly contributes to 
the total deflection of the pavement system. Recognition of the importance 
of the resilient behavior of flexible pavements is reflected by the fact that 
many current flexible pavement thickness design philosophies incorporate "limit
ing deflection" or "limiting asphalt concrete radial strain" criteria. 

The general objectives of the research summarized in this paper were to 
identify and quantify those soil properties that control the resilient behavior 
of Illinois soils. Even though this study was conducted with Illinois soils, the 
results should be applicable to pedologically similar soils. 

SOIL SAMPLING AND EVALUATION 

Sampling Program.-A field sampling program, based on pedologic soil series, 
was implemented to collect typical fine-grained Illinois soils. Soils developed 
from the major parent materials of the state (loess, Wisconsinan till, and lllinoian 
till) were included. Emphasis was primarily placed on collecting those soils 
of predominant occurrence. 

It was deemed desirable to examine .and compare the resilient properties of 
not only the predominantly occurring soils of the landscape, but also the soils 

Note.-Discussion open until June I, 1979. To extend the closing date one month, 
a written request must be filed with the Editor of Technical Publications, ASCE. This 
paper is pan of the copyrighted Transportation Engineering Journal of ASCE. Proceedings 
of the American Society of Civil Engineers, Vol. 105, No. TE l, January, 1979. Manuscript 
was submitted for review for possible publication on March 3, l 978. 

1 Prof. of Civ. Engrg., Univ. of Illinois at Urbana-Champaign, Urbana, Ill. 
2 Assoc. Prof. of Civ. Engrg., Georgia lnst. of Tech., A1lanta, Ga . 
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that are closely associated on the landscape. For this reason, where possible, 
the other soils of the catena in which the predominant soils occur were also 
sampled. 

A total of 50 individual soil samples was considered in the program. Twenty 
seven pedologic sites representing approx 39% of the land area of Illinois were 
sampled. Based on the laboratory data obtained for the soils included in the 
sampling program, reasonable estimates of the resilient properties or pedologically 
similar soils can be made. 

TABLE 1.-Soil Property Determination 

Property 
(1) 

Liquid limit (LL), as a percentage 
Plasticity index (Pl), as a percentage 
American Association of State Highway 

and Transponation Officials 
(AASHTO) group index (new procedure) 

Grain size analysis 
percentage passing No. 200 
percentage sill (0.05 mm--0.002 mm) 
percentage clay ( <0.002 mm) 

Soil activity 
Maximum dry density, in pounds per 

cubic foot 
Optimum moisture content, as a percentage 
California bearing ratio (unsoaked), 

as a percentage 
California bearing ratio (soaked 96 hr), 

as a percentage 
California bearing ratio swell, as a 

percentage 
Specific gravity 
pH 
Organic carbon, as a percentage 
Static stress-strain 

Test procedure 
(2) 

AASHTO T 89 
AASHTO T 90 

AASHTO M 145 
AASHTO T 88 

Pl/ percentage < 2 µ clay 

AASHTO T 99 
AASHTO T 99 

AASHTO T 193 

AASHTO T 193 

AASHTO T 193 
AASHTO T 100 
I: I soil water suspension pH meter 
Wet combustion 

"Static stress-strain tests were conducted with samples compacted at 95% of AASHTO 
T 99 maximum dry density. Two nominal moisture contents, optimum (AASHTO T 99) 
and optimum plus 2% were considered. The unconfined compressive strength was calculated 
for the ultimate applied load. The static modulus of deformation was determined as an 
"initial tangent" modulus. Three specimens were used to determine the average response 
for each test. 

Evaluation of Soll Propertles.-Selected soil properties were determined. Those 
properties considered included the more common soil index properties as well 
as such properties as organic carbon content and pH. Engineering property 
data were also developed. Table I lists the various properties determined and 
the test· procedures utilized. 

Presentation of Soll Property Data.-A complete summary or the soil sampling 
and soil property data is available in Ref. 4. Abbreviated data [liquid limit, 
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plasticity index, percentage of silt, perce1111,ege of cb.y, Ame,k1tn As.:iloci1uion 
of State Highway and Transportation Offaciais {AASH'fO) dass~fica,ion, Unified 
classification, and U.S. Departmeni of Agricuhu,e (USDA) classi1k&tio111! are 
summarized in Table 2. 

RESILIENT TESTING PROGRAM 

General.-A realistic repeated load testing JPrncedu~e fer ev&hiating 1hi: resilient 
characteristics of fine-grained soils has been developed al ,Ile Uni11ersi1y of 
Illinois (3). During the developmenteJ s~age, repeated ioad 1esting techniques 
that had been used or proposed for use air..d informa1io11 co11ceming ,he faciors 
that significantly influence the resilienl characteristics of fine-g,ained soiis were 
considered. 

Specimen Preparsdo111.-The factors deemed to be of sigr.ifo:ance re[afrve 10 

the preparation of resilience lest specimens included: (I) Specimen size; (2) 
compaction moisture and density; End (3) type of compac1io111. 

A specimen size of 5 cm (2 in.) in diameter and lO cm (4• in.) hish was 
chosen because of the ease and speed of prepuation, ihe sm£11l quantity of 
material required, and the uniformi,y obtained. For fine-grained soils of the 
type considered in this project, the specimen size selected is adequate rela1ive 
to maximum soil particle size consideration. 

Compaction moisture contenl and density are widely recognized as having 
an important influence on the resilient charz.cterisiics of fine-grained soils. Illinois 
Department of Transportation compactior. specifica1iom, for fine-grained sub
grades require a minimum of 95% of AASHTO T-99 densi1y. Therrefore, a 
substantial amount of the subgrade should be placed ai densi,ies ~ 95%. 
Consequently, 95% AASHTO T-99 density was chosen as lhe primary compaction 
level for test specimen preparation. Forty one (14 A horizons, 27 BC horizons) 
of the soils were also tested at 100% AASHTO T-99 der:sity. 

A study (3) of placement moislu,e contents for 2 variety of soils from two 
interstate highway sections in Illinois, each approx IO miles ( ! 6 km) in length, 
revealed that sizeable quantities of 1he subgrades were pl2ced wet of op!imum. 
It was noted that the compaction moisture contenl aver.,.ged 9i.2% of op!imaim 
with a standard deviation of 15. l % of optimum fer the I ,2 l3 observa1ions. 
1f the moisture contents are assumed :o app.oximaie a ~o,md dis1ribu,ic111, 
this would indicate that approx 43% of the soil embankmeni was placed wet 
lfoptimum. More specifically, the data indicated 1ha1 appro;. 20% of the saibgrade 
111aterial was placed at 110% of optim:lm o, weuer, and approi. i% of 1he 
;ubgrade material was placed al no% of oplimum or wetter. 

Based on the facts th .. t large quantities of subgrade may be piaced wel of 
>ptimum and flexible pavement distress is mos! pronounced during the wet 
;pring period, resilience test specimens were prepared at and above ,he o,>!imum 
noisture content (AASHTO T-99). Specimen moiswre conients a: preparation 
Nere approximately optimum, optimum plus l %, and optimum plus 2%. In some 
nstances, additional moisture contents were utilized. Specimens compac1ed at 
100% density (AASHTO T-99) were prep£1red only at optimum p!!;S 2%. 

Information in !he literature and Universi1y of ll!ino1s pilot studies {3) indicated 
hat kneading-type compac1ion, a procedure that develops subs:antial shearing 
11rains during the compaction opereiion, produces specime.:1s iro which resilieni 
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TABLE 2.-Soil Claasification Data I 
Percentage 

Liquid Plastic- less than AASHTO Unified USDA 
Soil Limit ity index 2 µ clay class class class 
(1) (2) (3) (4) (5) (6) (7) 

AASHO 25 11 25 A-6(6) CL sil 
Alvin B 21 2 15 A-4(8) ML sl 
Ava B 33 11 23 A-6(11) CL sil 
Bluford A 28 7 6 A-4(5) CL-ML sil 
Bluford B 47 20 39 A-7-6(20) CL sic! 
Bryce A 51 22 10 A-7-6(16) ML sil 
Bryce B 46 24 34 A,7-6(18) CL cl 
Bryce C 48 26 47 A-7-6(22) CL C 

Callin A 42 14 12 A-7-6(15) ML sil 
Callin B 47 19 29 A-7-6(22) ML sic! 
Cisne A 25 4 18 A-4(2) CL-ML sil 
Cisne B 53 29 42 A-7-6(29) CH sic 
Clarence C 53 28 72 A-7-6(32) CH C 

Clinton A 34 9 16 A-4(9) ML sil 
Clinton B 43 20 38 A-7-6(23) CL sic 
Drummer B 49 26 38 A-7-6(28) CL sic 
Elliot A 33 10 13 A-6(5) CL sit 
Elloit B 45 22 40 A-7-5(19) CL sic 
Elloil C 34 15 35 A-6(12) CL sicl 
Fayette A 43 11 20 A-7-5(15) ML sil 
Fayette B 43 21 31 A-7-6(23) CL sicl 
Fayette C 32 9 18 A-4(9) ML sil • Flanagan A 49 19 24 A-7-5(24) ML sil 
Flanagan B 49 22 36 A-7-6(25) CL sic 
Hamburg 25 I 9 A-4( I) ML sl 
Herrick A 41 12 13 A-7-6(14) ML sil 
Herrick B 46 21 37 A-7-6(23) CL sic 
Hosmer A 34 5 3 A-4(6) ML si 
Hosmer e; 47 22 30 A-7-6(25) CL sicl 
Hosmer 8 2 36 9 23 A-4(10) ML sil 
Hoyleton A 31 6 13 A-4(6) ML sil 
Hoyleton B 44 19 39 A-7-6(20) CL sic 
Huey B 44 28 28 A-7-6(14) CL sic! 
Illinois Till B 28 14 22 A-6(5) CL I 
Illinois Till C 22 8 12 A-4(1) CL I 
Ipava A 49 14 28 A-7-5(19) ML sic! 
Ipava B 56 31 41 A-7-6(36) CH sic 
Muscatine A 47 17 20 A-7-6(20) ML sil 
Muscatine B 48 26 32 A-7-6(29) CL sic! 
Richview A 29 4 11 A-4(3) ML sil 
Richview B 36 11 29 A-6( 10) ML sicl 
Sable A 57 29 26 A-7-6(33) CH sicl 
Sable B 51 27 31 A-7-6(30) CH sicl 
Stoy A 31 8 6 A-4(7) ML sil 
Stoy B 47 24 28 A-7-6(26) CL sicl 
Tama A 45 17 32 A-7-6(20) CL sicl 
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T A!lli .. E 2.-CoM5nusd 

(1) (2) (3) (4) (5) (6) (7) 

Tama B 46 24 32 A-7-6(27) CL sicl 
Wisconsin Till 27 10 IS A-4(4) CL i 
Wynoose A 26 I 12 A-4( I) ML sil 
Wynoose B 50 24 36 A-7-6(28) CL sic 

characteristics are accentuated. Kneading-type compaction, described in Ref. 
3, was therefore used to prepare the test specimens. 

A complete "summary of specimen preparation data (moisture content, dry 
density, degree of saturation, and volumetric water con1en1) is available in Ref. 
4 for the moistu,e contents of opiimum, optimum plus I%, and optimum plus 
2%. 

After preparation, the specimens were wrapped in plastic and placed in a 
constant temperature room at 77° F (25° C) to Cl!lre for a minimum of 7 days 
prior to resilience testing. This curing period was used to minimize any effects 
that "thixotropic" strength gain might have on the determination of resilient 
moduli. 

Resilience Testing 
Testing Equipment.-A pneumatic loading apparatus, capable of applying 

repeated dynamic loads of controlled magnitude and duration, was used in the 
study. The typical load pulse duration was 0.06 sec. Resilient (recoverable) 
deformation (over the entire length of the specimen) was measured with a LVDT. 
Details of the testing apparatus are presented in Ref. 3. 

Specimens were tested with no lateral confining pressure, i.e., a> = 0. A 
number of factors were considered in adopting the o-3 = 0 testing procedure: 
(I) Simplicity and ease of testing; (2) il can be shown (e.g., finite element 
and, elastic layer theory that the magnitude of confining pressure that exists 
in the upper regions of the subgrade of a typical flexible highway pavement 
is very low, normally less than 5 psi (34. S kN / m 2 

); (3) numerous examples 
were found in the literature where no lateral confining pressure was used during 
examination of the resilient behavior of fine-grained soils; (4) results obtained 
during earlier University of Ulinois laboratory studies (3) indicated that small 
magnitudes of confining pressure [up lo o-3 == 5 psi (34.5 kN / m 2 

)] had no 
significant effect on the resilient behavior of the fine-grained soils examined; 
and (5) recent studies by Fredlund, Bergan, and Wong (2) indicated that the 
resilient modulus is not significantly influenced by confining pressure effects 
if the fine-grained soils are compacted on the "wet side" of optimum water 
content. 

Testing Procedu!!e. -Afier the curir.g penicd, four specimens (given soil, 
moisture content, denshy) were prepared for the resilience test. A rubber 
membrane was placed on each specimen to prevem moisture Joss during testing 
and plexiglas loading caps were placed on each end of the specimen to insure 
uniform loading. 

The specimens were then placed in the resiiience device and conditioned 
with 1,000 axial stress applications (unconfined compression) of a predetermined 
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magnitude. The magnitude of axial stress applied during conditioning was 
equivalent to the vertical subgrade stress produced by a 9-kip (40-kN) dual 

TABLE 3.-Avarage Soil Property Data 

Propeny 
( 1 l 

Average Standard deviation 

Liquid limit 
Plasticity index 
Group index 
Percentage passing No. 200 
Percentage silt 
Percentage clay ( <2 µ) 
Activity (Pl/ percentage of clay) 
-y O max, in pounds per cubic foot 

(AASHTO T-99) . 
w0 "', percentage of (AASHTO T-99) 
California bearing ratio (immediate) 
California bearing ratio (soaked) 
California bearing ratio swell, as a percentage 
Specific gravity 
pH 
Organic carbon, as a percentage 

(2) 
40.3 
16.3 
16.5 
89.7 

. 60.9 
25.8 
0.68 

101.9 
19.7 
8.6 
3.8 
1.7 
2.67 
5.9 
0.83 

,.,,-""T'"---,,--...,.....--,--..... .....,....---,-...,.....--,--~.....,....--, 

"' .., 
,,; 
" i 
:I 

" 

'E • 
! 
·;; 
• 0: 

0 

I •o, 

I 
I 
I 
I 
I 

0 

,o ,, 20 " ,0 

Repeated A1o1ol Siren, • 1 p11 

(3) 

9.8 
8.4 
9.9 

12.5 
14.0 
13.0 
0.37 

8.2 
3.6 
3.0 
2.1 
1.13 
0.06 
I.I 
0.83 

FIG. 1.-Typlcal Raslllant Raspon■a Plot (1 kai = 6.89 MN/m2
; 1 pal= 6.89 kN/m 2

) 

wheel load (80-psi (552-kN /m 2 ) tire pressure] placed on a typical Class Ill 
(less than 1,000 vehicles for average daily traffic) flexible pavement designed 

• 

• 

• 
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by the Illinois Department of Transportation flexible pavement design procedure 
(l ). 

Following specimen conditioning, the resilient behavior of the four specimens 
was determined at various levels of axial stress. Resilient deformations were 
measured using an axially mounted L VDT connected to a high-speed recorder. 
At each incremental stress level, approx 10 stress applications were applied 
to the specimen and the resilient deformations recorded. Ten stress applications 
were sufficient 10 develop a "repeatable" deflection output on the high-speed 
recorder but yet did not introduce significant "number of load application" 
effects on the resilient response of the soil. The stress level was incrementally 
increased, approx 3 psi-5 psi (21 kN/ml-34.5 kN/m 2

) increment, until a 
substantial amount of permanent deformation developed, making it impossible 
to further accurately record the resilient behavior. 

Resilient Modulus Calculation. - The resilient modulus, £", was calculated 
by dividing the repeated axial stress (equal to the deviator stress for no lateral 
confinement) by the resilient or recoverable strain. 

. . . . . . . . . . . . . . . . . . . . . . (I) 

in which E11. = resilient modulus; rr = repeated axial stress; and tR = resilient 
(recoverable) strain. 

ResWent Response.-A special procedure was devised to characterize resilient 
response. A plot of resilient modulus, in kips per square inch, versus repeated 
deviator stress, in pounds per square inch, was prepared using the response 
data for all of the specimens. A typical plot is shown in Fig. I. The plots 
typically displayed a "break point" deviator stress where there was a substantial 
change in the slope of the E R-rr O relation. Linear regression analyses were 
conducted using the data for deviator stresses less than and greater than the 
break point deviator stress. From the two linear regression equations it was 
possible to determine their point of intersection. The resilient modulus and 
deviator stress corresponding to the intersection point were noted as ER, and 
rr 0 " respectively, as indicated in Fig. I. The slopes of the two linear equations 
were designated as K1 and K2 as in Fig. I. Note that the units of K I and 
K2 are kips per square inch and pounds per square inch, respectively. 

Summary resilience plots for all of the soils are presented in Ref. 4. Only 
the resilient response data for optimum, optimum plus I%, and optimum plus 
2% were used in the statistical analyses for this paper since data for other 
moisture contents were 001 developed for all soils. 

Effect of Reslllent Behavior on Pavement Response.-To provide a proper 
perspective, the influence of subgrade resilient behavior on the structural response 
of flexible pavements must be considered. Thompson and Robnetl (4) conducted 
a sensitivity analysis using a stress-dependent elastic layer structural model. 
The pavement section considered was a 2-in. (51-mm) asphalt concrete surface 
course and a 10-in. (250-mm) crushed stone base course. The factors varied 
were E,1.1 and K1 of the subgrade. The ER, values of 3 ksi, 6 ksi, and 15 ksi 
(21 MN/m 2

, 42 MN/m 2
, and 104 MN/rn 2

) and K, values of 500 psi/psi, 
I, 100 psi/psi, and 2,000 psi/psi (3.45 MN /m 2 

/ MN /m 2, 7 .6 MN/ m 2 
/ MN /m 2 , 

and 13.8 MN/ml/MN/ml) were included in the analysis. 
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Pavement surface deflection, a valid indicator of flexible pavement perform
ance, was used to study the E Ri and K I effects. The £ R, effects were most 
pronounced and primarily controlled surface deflection. Surface deflection is 
fairly insensitive to K 1 variations except at very low £,._, values. It was apparent 
that the consequences of the errors associated with estimating ER, were more 
critical for the lower E ,._1 values. In most of the subsequent data analyses, emphasis 
is placed on the ER, response parameter. 

DATA ANALYSES 

Average Values.-Soil property and resilient response data were analyzed. 
Tables 3 and 4 are summaries of the average values and the standard deviations 
based on all of the soils. Tables 5 and 6 are similar summaries considering 
the soils as either A or the combination of B and C horizons. 

TABLE 4.-Average Soil Resilient Property Data 

Property 
(1) 

Average 
(2) 

(a) Optimum Moisture 

K,. in kips per square inch per pound per 
square inch 

K 2 , in kips per square inch per pound per 
square inch 

E ,,_ 1 , in kips per square inch 
a Di, in pounds per square inch 
q., in pounds per square inch 
£.,.uc• in pounds per square inch 
Degree of saturation, as a percentage 

-1.21 

-0.186 
8.94 
6.2 

24.4 
2,677 

71.7 

(b) Optimum Moisture + I% 

K,, in kips per square inch per pound per 
square inch - I . 135 

K 1 , in kips per square inch per pound per 
square inch -0. 171 

E ,,,
1

, in kips per square inch 7 .36 
a Di, in pounds per square inch 5. 9 
Degree of saturation, as a percentage 76.3 

(c) Optimum Moisture + 2% 

K,, in kips per square inch per pound per 
square inch 

K 2 , in kips per square inch per pound per 
square inch 

E ,,,, , in kips per square inch 
a D,, in pounds per square inch 
q., in pounds per square inch 
E ••••le, in pounds per square inch 
Degree of saturation, as a percentage 

-I.Oil 

-0.170 
6.22 
6.17 

19.5 
1,767 

80.3 

Note: I psi= 6.89 kN/m'; I ksi = 6.89 MN/m 2
• 

Standard deviation 
(3) 

0.6 

0.09 
3.4 
1.0 
8.4 

1,374 
5.6 

0.60 

0.11 
3.4 
1.3 
5.8 

0.60 

0.10 
3.2 
I. 14 
6.6 

1.788 
5.8 

• 
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Simple Correlatlon.-Simple correlation procedures were used to de1ermine 
the relation among the soil properties and resilient response characteristics. 
Tables 7 and 8 summarize the simple correlation data. Only those correlations 
significant at a = 0.05 are shown. 

Regression Equatlons.-Based on the preliminary data obtained from the simple 
correlation analysis, selected commonly determined soil properties (those with 
the higher correlation coefficients from the simple correlation analyses) were 
used to develop simple and multiple linear regression equations for predicting 
the resilient response parameter, E 11.,, for conditions of optimum moisture conten1 
and 95% AASHTO T-99 density. Table 9 is a summary of the belier correlaiions 
developed. 

Analysis of Variance-Soll Classification Effects.-The soils were grouped 
according to the AASHTO, Unified, and USDA classification systems. la some 

TABLE 5.-Averaga Soil Propeny Data for A Horizons and B + C Horizona 

Averages 

Property A horizons ( 1 B) BC horizons ( 3 2) 
(1) (2) (3) 

Liquid limit 37.41 41.28 
Plasticity index 10.59 18.88 
Group index 11.00 18.94 
Percentage passing No. 200 89.65 89.53 
Percentage sill 70.06 55.75 
Percentage clay (<2 µ) 15.12 31.44 
Activity (Pl/percentage of clay) 0.83 0.59 
'Y., max, in pounds per cubic foot (AASHTO 

T-99) 99.49 !03.54 
w

00
,, as a percentage (AASHTO T-99) 20.99 18.84 

California bearing ratio (immediate) 7.65 9.08 
California bearing ratio (soaked) 3.76 3.88 
California bearing ratio swell, as a percentage 1.76 1.67 
Specific gravity 2.60 2.70 
pH 5.66 6.06 
Organic carbon, as a percentage 1.62 0.34 

instances, the groups 'included more than one soil type. Analysis of variance 
procedures and Duncan's Multiple Range Test were utilized to determine if 
there are significant differences in resilient response behavior among the various 
soil groupings. The resilient response parameter, E11.,, was considered for 
approximate moisture contents of optimum, optimum plus I%, and optimum 
plus 2%. 

Tables IO, 11, and 12 are summaries of the analyses. There are no significant 
differences among the means underscored by the same line. 

Linear Regresslon-,Degree of Saturation Effects.-The simple correlation 
analyses indicated a highly significant (a= 0.01) relation between ER, and degree 
of saturation. Fig. 2 includes the plot (95% AASHTO T-99 density) showing 
the relation between E11., and degree of saturation. The regression equation shown 
in Fig. 2 is highly significant (o. == 0.01). 
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TABLE &.-Average Soil Resilient Property Data for A Horizons and B + C Horizons 

Average 

Property Water content A horizons ( 18) BC horizons (32) 
(1) (2) (3) (4) 

Water content, as a 0 21.04 18.80 
percentage 0 + I 22.09 19.86 

0 + 2 23.17 20.96 
Degree of saturation, 0 75.39 69.79 

as a percentage 0 + I 79.14 74.72 
0+2 83.06 78.87 

K,. kips per square 0 -0.880 -1.387 
inch per pound per 0 + I -0.854 -1.268 
square inch 0 + 2 -0.646 - 1.186 

K 2 , kips per square 0 -0.126 -0.218 
inch per pound per 0 + I -0.113 -0.199 
square inch 0 + 2 -0.093 -0.209 

E ,., , kips per square 0 5.54 10.72 
inch 0 + I 4.77 8.71 

0+2 3.80 7.46 
a 0 ,, in pounds per 0 6.23 6.21 

square inch 0 + I 6.07 5.86 
0 + 2 6.12 6.24 

q., pounds per square 0 17.8 27.8 
inch 0+2 15.1 21.8 

£.,.,,c• pounds 0 1,658 3,225 
per square inch 0+2 960 2,198 

Note: 0 = Optimum moisture content, as a percentage; I psi 
= 6.89 MN/m 2

• 

6.89 kN/m'; I ksi 

TABLE 7 .-Significant Simple Correlation Coefficients 

Cahl- I 

fornia Cah-
' 

Org•mc 
Reail- LL. Pl. s11,: Clay' bearing torn1■ Swell." carbon. 
,ant ... ... .. . as a ra110 bearing as a ... 

rHpon11 pe,rcent• percent- Group percen1- percent, ,mme, r■110 percent- Spec1f1c percenl• 
property ago 1g1 1nde• ago ago d1at1 soaked ago gravity •a• 

11> 12> (l) 1•> (5> (61 ill (81 (91 (101 (111 
- . ~-- -
laJ Op11m1,,1m• 

K, -0.274' 0,4JJ' -O.ll6' -0 296' -0 290" 0.272' 

K, -0 )37' -0.278' 0 274' -0.494" -0.4)0" -0 1)6' 0 )65' 

£ •• 0 330• O.S81' 0 434' -o oo· 0600' 0 )97 4 0 }97' -0.)19' 

Oo -0.310' 

(b) Op11mum + I~• --
K, 0.291' -0 391" -0291• 

K, I -0 361' -0.418. -0 ]61 1 -0478' -0.47!' -o 218' -0 lb6' 0.282' 

£ •. 0.461' 0 610' 0 508' -0.JU' O.lK7' 0.410' -0.321' 0.42)' 0.437' -0.446' 
-

-OJI)' I 0283' 

IC-) Opumum + 2~r_• -~----. 

519;--tO )49' -0 Jll' K, -0.331' -0 421' 
K, -0.46S' -O.S94' 
£., 0.419' o.,97' 

'USDA arain 111e 1crmlnology. 
"CBR swell procedure. 

-OSOl' 0.)71' 
0 500' -0.314' 

• Moisture coo1en1 rtlatave to AASHTO T-99 op1imum. 
"a • o.o,., ~ O 27.3 (indic11es t1gn1ficance II a ... O.o,) 
'a• 0 01., Z: 0 3S.C (indic11es significance II a • 0 01) 

-0 
-0 

0 
~b6' -0 512' -0 )4!" -0.480' 
15l' 0 484' -0 )18" 0 422' 0.<MO' 

O.Jll' 
-0 )~1• ~--~---

• 

• 

• 



• 

• 

• 

TE1 SUBGRADE SOILS 81 

Fig. 2 is based on all of the soils included in the study. Similar regression 
analyses were made for the soils grouped according to the AASHTO, Unified, 
and USDA classification procedures. Funher subdivision within each group 
was made based on soil horizon as indicated in Table 13. 

TABLE 8.-Signilicant Simple Correlation Coeflicienta 

Degree of 
Resilient saturation. 
response as a 
property percentage• 

(1) (2) 

K, 0.169" 
K2 0.413 C 

E,., -0.641 C 

• Based OD 149 observations. 
bBascd OD 100 observations. 

Unconfined 
compressive 

strength. 
in pounds per 
square inch 0 

(3) 

-0.472° 

0.684° 

•a. = 0.05, r 2: 0.159 (indicates significance at c, = 0.05). 
"a. = 0.01, r a: -0.254 (indicates significance at n = 0.01 ). 
"a. = 0.01, r 2: 0.208 (indicates significance at c, = 0.01). 
Note: I psi = 6.89 kN /m 2 

• 

Static modulus 
of elasticity. 

in pounds per 
square inch• 

(4) 

-0.290• 
-0.351° 

0.7)2 d 

TABLE 9.-Summary of Regre11ion Equations including Soil Propeniea 

Intercept, 
a, in ll.ip1 

Equa1ion per aquare 
numtMr inch 

111 (21 

I ◄ .88 
2 5.12 
) l0.71 
4 IU9 

' 6.46 
6 4.ll 
7 4.46 
8 6.90 
9 9.97 

10 6.)1 
II 8.58 
12 3.6) 

•SJ,&Aifi"-DL al a• 0.01. 
"S11DIDe&11t at " c 0.05. 

Clay. ... 
percenl-

ago Pl 
(3) (4) 

0.157 
0.235 

0.098 0.119 
0.0064 0.216 

-0.0178 0.222 
0.034 0.450 
0.0586 0.1397 
0.12)9 0.4192 

··-- - -
Regression C01ff1cien1 b 

O,gamc. I Cott•· S11nd11d 
carbon. S,l1. la11on e,ror of 

asa ... I coet• esum111. S •. 
percent- percent- Group L1qu1d hc11n1 ,n tupa pe, 

ago ago 1nde1 limn R square inch 
JS) (6) 171 (81 19) (10) 12----

0 !>00" 2 16 

0 Sal' i lW 
-2 14 0 11'1' l ~I 

-0.109 -u 450' l 08 
0 110 U 414' l 10 

0 I I~ 0 llO' l 25 
0 610' 2.10 

-1.97 U 711' l JO 
-1.88 -0.041 0.112' l.26 
-1.1>4 -0.00)8 -0.244 U7%' 2 la 

-0.0561 0 611' 268 
000)1 -0 )161 0.121' 2 4~ ------

Nole; Rcgrc.uion cqu11ion or the Corm· £ 11, = a + b, X 1 + bi X 1 + b., X., in v.hu.:h E •. 1) i.o ktpi per S"iu"rc 1o~b. 
I kai • 6.89 MN/111'. 

Certain of the soils were tested at conditions of 100% AASHTO T-99 densi1y 
and optimum plus 2% water content. Fig. 2 shows a plot of £,., as a function 
of degree of saturation for 100% compaction. A highly significant (a. = 0.01) 
regression equation relating ER, and degree of satura1ion is also shown in Fig. 
2. 
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ANALYSIS OF RESULTS 

General.-The average data summaries, Tables 3 and 4, indicate that typical 
fine-grained Illinois soils display a wide range of resilient behavior for given 
compaction conditions and also provide extensive general informalion concerning 
soil properties and resilient response behavior. his apparen, that a wide spectrum 
of soils was considered in the progra.n. 

It is important to note in Table 4 that a 0 ,, the stress level corresponding 
to ER" is approx 6 psi (41.4 kN /m ~) and has a small standard deviation regardless 
of compaction moisture content. for many purposes, it may be satisfactory 
to assume a stress level of 6 psi (41.4 kN / m 2 ) for a 01 • 

TABLE 10.-Anmlyais of Vuiami:01 IRH~!ta-AASH1i0 ClrnHilicll1160li'I 

Moisture I 

content. 
Group Averages• as a 

Horizons percentage b Average A B C ! 0 Calculated F 
(1) (2) (3) (4) (Si (6) (71 

ABC 0 8.93 6.10 6.27 I0.49 ! t.03 
' 7. Hid ABC 0 + I 734 4.62 4.97 9.3.iJ' 

ABC 0 + 2 6.23 3.74 3.92 5.46" 8.20· 

BC 0 l 10.72 7. 19f I0.33" i 11.63 ! 1.64 

BC 0 + I 8.7! 5. 19' 7_35• 7.89 8 l0.26° 

BC 0+2 7.46 3.84' 5_5g• 6.31 8 9_ 1g• 
I 

A 0 5.77 :us 5.59 6.89 7.97 

A 0 + I 4.77 2.44 4.81 5.83 6.18 

A 0 + 2 4.05 2.03 3.90 i 4.87 5. lll 
I 

"For averages indicated in !he manner 7. 16•, d denotes proper grouping. 
bO = optimum moisture content, AASHTO T-99. 
• Significant at a = 0.05. 
•Group A-6 = D. 
"Group A-7-6 = C. 
'Group A-4 = B. 
'Group A-7-5 = A. 

(8) 

29.58° 

23.61. 

37_97• 

26. 15• 

US.69' 

168.25 • 

26.03° 

-
7.40· 

Note: Variable - ER, is in kips per square inch; I ksi = 6.89 MN/m 2
• Underscoring 

indicates that there are no significant differences among the means. 

Table 4 indicates substantial variability in the E Ri ar.d K, resilient response 
properties. It is apparent that soil properties substantially effect a soil's resilient 
response characteristics. 

Resilient behavior is influenced by many !factors. Various important factors 
are considered in more detail in the following sections. 

Soll Propertles.-Soil properties that significantly correlated with resilient 
behavior are indicated in Table 7. Those properties that tend to contribute to 
low resilient moduli (low ER,) are low plasticiay (LL, Pl), low group index, 

• 

• 
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high silt content, low clay content, low specific gravity, and high organic carbon 
contents. 

Soll Classification Effects.-The analysis of variance soil classification data 
(Tables 10, 11, and 12) indicates that the resilient behavior (£ ,._, response 
parameter) of the various groups in the classification systems is not, in general, 
significantly different. Thus, classifying the soil in the AASHTO, Unified, or 
USDA system is not sufficient for the purpose of placing fine-grained soils 
into distinctive resilient behavior groups. 

Strength Propertles.-The correlation data in Table 7 indicate that certain 
strength related properties also significantly relate to ER,. Immediate California 

TABLE 11.-Analyeia of Variance Results-Unified Cleaaifica1ion 

Group Averages• 

Moisture 
content, 

as a 
Horizons percentage b Average A B C Calculated F 

(1) (2) (3) (4) (5) (6) (7) 

ABC 0 8.93 6.52 10.65 I0.86 33.47' 

ABC 0 + I 7.34 5.48 8.45 11.14 12.81' 

ABC 0 + 2 6.23 4.56 7.22 8.83 9.38' 

BC 0 I0.72 8.91 I J.26 d 11.33 C 3.28 

BC 0 + I 8.71 7.35 8.88 t 1.14 1.76 

BC 0 + 2 7.45 6.30 7.67 9.01 1.01 

A 0 5.11 5.05 7.13 9.67 41.55' 

A 0 + I 4.77 4.32 6.24 - 6.85' 

A 0 + 2 4.04 3.48 4.82 8.27 53.70' 

"For averages indicated in the manner 11.26•, d denotes the proper grouping. 
bO = optimum moisture content, AASHTO T-99. 
• Significant at a = 0.05. 
•oroup CH = C. 
•Group CL, ML-CL = B. 
Group ML, MH = A; Note: variable £ ,., is in kips per square inch; I ksi = 6.89 

MN/ m 2• Underscoring indicates that there are no significant differences among the means. 

bearing ratio (CBR) correlates positively with ER,, but for optimum and optimum 
plus 2% moisture contents, soaked CBR (the value normally used in pavement 
design) was negatively correlated with E ,._,. A similar negative correlation was 
reported in an earlier University of Illinois report (3 ). The positive correlation 
between E 111 (for optimum plus I% and optimum plus 2% moisture contents) 
and percentage of CBR swell are probably related to the fact that clay content 
is positively correlated with swell and plasticity index. 

Strong positive correlations with E ,._, (Table 8) were obtained for the static 
stress-strain data (unconfined compressive strength and static modulus). Regres-
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1' Ai:llc U.-ffelna!yeis IJ1 Va.i@nc«i RHult0-USIDA CiasaiUication 

Mo!Stcre 
conient, 

G,oup Ave'.oJgas• 
as a 

Horizons percentage 0 Avarage A i8 C 0 Calcuia!aci F 
{1) (2) {3) 14) (5) 

' 
(5) (7) (BJ 

ABC 0 8.94! 6.27 7.30 W.00 I i.82 1 us· 
ABC O+ i 7.3.J <,.96 5.53 8.36 10.81 23.14" 

ABC 0+2 6.23 .:',.4! 4.57 7.00 9.49 18.36' 

BC 0 10.72 6.27 W.62 I0.76 10.81 3.63< 

BC 0 + ! 8.71 4.96 7.!5 8.79 10.81 4.97" 

BC 0 + 2 7.45 
i 

4.4J 6. l6 7.3l 9.49 3.79' 

A 0 5.77 I 5.416 7.3 l 2.93 

A O+ I 4.18 I 4.6i 5.58 0.49 

A 0+2 4.CS I i 
3.73 5.64 4.30 

' 
• For mverages indicaied in 1he r.1an11er- ! .32 (C), C denotes proper grouping. 
bO = opti1:m.11::1 rnoist,.m: co111:n1, AASHTO T-99. 
'Significant al"' = 0.05. 
Note: GrollpS A = sandy loam; B = si,1 loam, loam, silt; C = silty day loam, clay 

loam; D = silly clay, day; varl.iible = ER,• in !kips pe: square inch; I ksi = 6.89 MN/m 2
• 

Underscoring indic&tes ,ilal !here are no significan! differences among the means . 
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sion equations relating £ Ri and unconfined strength and £ R, and static modulus 
are 

£ 111 = 3.46 + 1.9 E; R = 0.13; Sx = 2.43 ... 

ER,= o.s6 + o.307 q.; R = o.684; sx = 2.61 

. (2) 

. (3) 

in which E Ri is in kips per square inch; E = static modulus, in kips per square 

TABLE 13.-£ 111-Degree of Saturation Aegre11ion Equations (Soil Cla11lfica1ion 
Effectal 

Standard 
error of 

a, in kips estimate. in Correlation 
per square kips per coetfi-

Group Horizons inch" b" square inch ient. R 
(1) (2) (3) (4) (5) (6) 

(a) USDA 

sicl, c, sic ABC 27.59 -0.248 2.21, 0.620 
BC 25.60 -0.217 2.10 0.595 

sil, I, si, ABC 31.14 -0.325 2.68 0 572 
BC 33.90 -0.345 3.59 0.541 

(b) AASHO 

A-7-5 ABC 39.83 -0.453 1.81 0.831 
BC 27.54 -0.266 1.57 0.711 

A-4 ABC 17.33 -0.158 1.22 0.619 
BC 16.76 -0.146 1.64 0.549 

A-7..f, ABC 31.22 -0.294 2.28 0.652 
BC 24.65 -0.196 2.05 0.529 

A-fJ ABC 36.15 -0.362 3.32 0.645 
BC 35.67 -0.354 3.67 0.639 

(c) Unified 

CL, ML-CL ABC 31.89 -0.312 2.59 0.623 
BC 32.13 -0.311 2.56 0.637 

CH ABC 21.93 -0.151 I. 84 0.594 
BC 23.02 -0.161 1.87 0.650 

ML,MH ABC 31.39 -0.331 2.15 0.670 
BC 29.01 -0.284 2.78 0.577 

"Equation of the form £ 11 , = a + b S,. 
Note: £ 11, is in kips per square inch; S, degree of saturation, as a percentage; 

I ksi = 6.89 MN/m 2
• . 

inch; q. = unconfined compressive strength, in pounds per square inch; S x 
= standard error of estimate; and R is significant at cc = 0.0 I. Note that E ... 
is substantially larger than the static modulus of elasticity. 

Degree of Saturation Effects.-Degree of saturation is a factor that reflects 
the combined effect of density and moisture content. The value of E _., is strongly 
correlated with degree of saturation as shown in Table 8. The regression equations 
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shown in Fig. 2 indicate that £Rican be estimated based on degree of saturation. 
The E Ri degree of saturation regression equations differ for 95% AASHTO 
T-99 and 100% AASHTO T-99 compaction. Compaction of 100% provides higher 
E Ri for a given degree of saturation. The difference in £ R, values for 100% 
and 95% AASHTO T-99 compaction is reduced at increased degrees of saturation. 

The combined effects of compaction moisture content and density are easily 
discerned using the £ Ri degree of saturation relations. For soils substantially 
wet of optimum, high degrees of saturation, and low£ R, values are characteristic, 
regardless of level of compaction. 

The fact that the £ 11 ; degree of saturation relations are valid for the wide 
range of fine-grained soils considered is particularly significant. Since moisture 
content and density are used in compaction control testing, the specific gravity 

TABLE 14.-Analysis of Variance Results-Percentage of Compaction Effects 

Average Resilient Modulus. in kips 

Repeated 
de'viator 
stress, in 
pounds 

per 
square 

Grouping inch 
(1) (2) 

A horizons 3 
5 
8 

16 
B + C horizons 3 

5 
8 

16 

'AASHTO T-99. 
"Significant al a = 0.05. 

per square inch 

95% 
density• 

(3) 

5.94 
4.46 
3.87 
2.82 

11.73 
8.86 
7.50 
5.5 

Note: I psi= 6.89 kN/m\ I ksi = 6.89 MN/m2. 

100% 
density" 

(41 

5.86 
4.46 
3.89 
2.98 

13.36 
10.14 
8.72 
6.7 

Calculated F 
(5) 

0.021 
0.0 
0.005 
0.519 
6.24" 
9.96" 

10.82" 
10.07" 

of the soil solids is the only additional datum needed to calculate the degree 
of saturation and subsequently predict E Ri. 

Additional E Ri degree of saturation regression equations were developed for 
various soil classification groups. The equations developed (Table 13) can be 
used to predict E 11.i for different soil groups. The regression coefficient, b, 
is indicative of moisture sensitivity. II is interesting to note that for the BC 
horizons those classifications with higher clay contents and increased plasticity 
tend to be less sensitive to changes in degree of saturation. For example, the 
CH group in the United system and the silty clay loam, clay, and silty clay 
groups in the USDA system have regression coefficients substantially less than 
the other groups. 

• 

• 

• 
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Compaction Effects.-In addition to the E Rt degree of saturation linear regres
sion analyses (Fig. 2), direct comparisons of the effect of 95% and 100% AASHTO 
T-99 compaction on· resilient behavior were also made. Various soils (14 A 
horizons 27 Band C horizons) were compared at a water content of approximate):,, 
optimum plus 2%. Thus, the only variable was percentage of compaction. 
Compaction conditions and the resilient moduli data for various repeated deviator 
stress levels (3 psi, 5 psi, 8 psi, and 16 psi (21 kN/m2, 34.5 kN/m2. 55.2 
kN/m 2

, and 110.4 kN/m 2
)) have been summarized in Ref. 4. 

Analysis of variance procedures were used 10 determine if percentage of 
compaction was a significant factor when moisture content was maintained at 
approximately the same value. Separate analyses were conducted for A horizon 
soils and the combined B + C horizon soils. The results are summarized in 
Table 14. 

The effect of increased compaction was not significant for A horizon soils, 
but was significant at all stress levels for the BC horizon soils. It is important 
to note that the differences, though statistically significant, were not large. 
The maximum resilient modulus increase (Table 14 data) achieved by increased 
compaction was about 1.6 ksi (II MN/m 2

) and the minimum increase was 
1.2 ksi (8.3 MN/m 2

). As shown in Fig. 2, a degree of saturation change of 
approx 4% or 5% (about a I% change in gravimetric water content) would 
effect approximate!:,, the same result. 

Horizon Effects.-The average data in Table 6 indicate the substantial effect 
of horizon (A or BC). Note in particular that for A horizons: (I) The degrees 
of saturation are higher; (2) K I response parameters are lower; (3) £ R, values 
are lower; and (4) q" and E •••••< are lower. 

It is apparent that, in general, A horizon soils are inferior to BC horizon 
materials. The use of A horizon materials in subgrade construction and associated 
problems of "top soil stripping" should be carefully considered. 

PROCEDURES FOR PREDICTING RESILIENCE 

General.-Results from this study have clearly demonstrated that the resilient 
properties of fine-grained Illinois soils range over a wide spectrum. Degree 
of saturation effects account for a substantial portion of the variability in resilient 

· properties. The resilient response parameter, E Rt, is the most significant subgrade 
input relative to predicting the structural response of a flexible pavement section. 
For practical purposes, a K 1 value of 1.1 ksi/psi (I.I kN/m 2/N/m 2

) may 
be used and aD1 may be taken as 6 psi (41 kN/m 2

). 

The development of procedures for predicting ER, would be of great value 
in the analysis and design of new or existing flexible pavements. Various prediction 
procedures are described in the following sections. 

Soll Property Based Procedure.-The soil property based regression equations 
presented in Table 9 can be used to predict ER, for the conditions of 95% 
AASHTO T-99 compaction and optimum moisture content. Selection of the 
best equation to use depends on the nature of the soil property data available 
and a consideration of the standard error of estimate for the particular equation. 
The equation with the lowest standard error of estimate should be used . 

To correct ER• for different moisture content conditions (compaction still 
at 95%), adjust ER, 0.334 ksi (2.3 MN /m 2, the regression coefficient in Fig. 
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2 for 95% compaction) for each I% change in percentage of saturation (decrease 
E ,., for increased saturation and increase £ ,., for decreased saturation). Extrapo
lation of the relation to moisture contents significantly dry of optimum is not 
recommended. 

Degree or Saturation Procedure.-The value of E ,._, can be predicted from 
degree of saturation data for either 95% or 100% compaction conditions based 
on the regression equations shown in Fig. 2. If soil classification data are available, 
more precise estimates for 95% compaction can be made with the regression 
equations for the various soil classifications summarized in Table 13. 

SoU Classification Procedure.-General estimates of the E ,._, resilient response 
parameter can be made based on the data presented in the analysis of variance 
results (Tables 10, 11, and 12). The values of E ,._, can be corrected for different 
moisture contents (95% compaction) using the technique described under "Soil 
Property Based Procedure." It is important to note that these data are "average 
values" and no "standard errors" of estimate are related to the data as is 
the case with a regression equation. 

Adequacy of Prediction Procedures.-Based on the various regression equations 
developed, E ,._, can be predicted with a certain degree of accuracy. The standard 
error of estimate, S .b shown for the various regression equations is a measure 
of the error associated with the prediction. The E ,., value will be within ± 
I S .t of the predicted value 68% of the time and ± 2 S .t 95% of the time. 

Typical standard errors of estimate are in the range of 1.5 ksi-3.5 ksi ( 10.3 
MN/m3-24.I MN/m 3

). Considering that field moisture content and density 
conditions (thus degree of saturation) and soil type along a project location 
are quite variable, an S.t of 2.0 ksi-3.0 ksi (13.8 MN/m 2-20.7 MN/m3

) seems 
adequate for many pavement design and analysis considerations. This is especially 
true considering the inability of current technology to predict subgrade moisture 
content and moisture changes as a function of time. 

Summary.-Several procedures have been described for estimating resilient 
properties. If the estimated resilient properties are not sufficiently accurate 
for the particular application, the laboratory resilient testing procedures used 
in this study can be used to evaluate the resilient properties of the soil for 
desired conditions of moisture and density. 

SuMMAAY AND CoNCLUBIONS 

An extensive and comprehensive study of the resilient properties of Illinois 
soils was conducted. The range of soils included in the program are characteristic 
of a substantial percentage of the fine-grained soils encountered in pavement 
construction throughout the state and other areas of the United States with 
pedologically similar soils. 

Illinois soils display a wide range of resilient properties. Natural soil charac
teristics and compaction conditions, particularly moisture content, are shown 
to primarily control resilient behavior. 

Significant correlations and regression relations were developed between 
resilient behavior and such factors as soil properties, degree of saturation, and 
static strength and modulus data. The regression equations can be used to predict 
the probable resilient properties of a soil. 

Current classification procedures do not group fine-grained soils into classes 
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with distinctive resilient properties. However, certain classification procedures 
provide a general indication of expected resilient behavior and the soil's sensitivity 
to moisture change. 

The influence of increased compaction on resilient properlies (95%-100% of 
AASHTO T-99) was demonstrated. Based on ER, degree of sa1ura1ion relations, 
increased compaction effected higher resilient moduli. Direct comparison of 
resilient moduli for 95% and 100% compaction (optimum plus 2 % moisture conlent) 
indicated no significant difference for A horizon soils bu1 a significant difference 
for the BC horizon grouping. Resilient moduli were higher for 100% compaction, 
although the increase was quite small, on 1he order of 1.2 ksi-1.6 ksi (7.6 
MN/m2-ll MN/m2

). 
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ROUND ROBIN TESTS AND USE OF TEST RESULTS 

IN PAVEMENT DESIGN1 

By Ira J. Huddleston1 and Hafping Zhou2 

INTRODUCTION 

Resilient modulus tests are used to characterize the structural 

behavior of component materials in mechanistic pavement design procedures 

and in the 1986 AASHTO pavement design procedure. Because resilient 

modulus is a relatively new test for many agencies, the degree of 

repeatability in a "production" lab is not well understood. This study 

was undertaken to evaluate 1) the variability of resilient modulus test 

results obtained from different agencies for three common pavement 

materials, and 2) the effect of the variability on actual pavement 

designs performed in accordance with the 1986 AASHTO Guide and 

m~chanistic procedures . 

Test Design 

Seven sets of pavement samples were prepared in the Oregon state 

Highway Department (OSHD) laboratory. Each set included three asphalt 

concrete samples for diametral indirect tension testing, a prepared 4.0-

in x 8.0-in cohesive soil sample for triaxial testing and a bulk granular 

base sample for triaxial testing. five of the sets were sent to different 

agencies for testing. The triaxial tests were to be performed in 

accordance with AASHTO T-274 and the diametral in accordance with ASTH 

04123. Not all of the agencies were able to complete their testing in 

time for the results to be included in this paper. 

• Presented at the Workshop on Resilient Modulus Testing at Oregon State 
University, Corvallis, Oregon. · 

1 Pavement design engineer, Oregon Department of Transportation 
2 Research assistant, Civil Engineering Dept., Oregon State University 
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Soil and Base Materjals 

The cohesive soil samples were prepared at maximum density and 

optimum moisture content using a standard proctor compactive effort 

(AASHTO T-99). The moisture density curve and soil classification 

information is shown in Figure 2. 

The granular base course samples were shipped bulk. Each agency was 

asked to prepare and test these samples in a loose and dense state. 

Actual sample preparation procedures were left up to the agencies. 

TEST RESULTS 

Diametral Modulus 

Diametral test results were received from five agencies. Table 2 

summarizes these test results. Due to the variations associated with the 

aging, not all these results can be compared directly. The results of 

tests performed by more than one agency on the same set of samples are 

shown in Table 3. The test results are plotted on Figure 3. Generally, 

the test results are fairly comparable. 

Triaxial Modulus 

Triaxial test results were received from three agencies. The granular 

material was tested at different moisture and density conditions. Tables 

4 and 5 summarize the test results. Differences between the test results 

are illustrated in Figure 4. Test results for the pre-compacted cohesive 

soil are summarized in Table 6 and illustrated in Figure 5. The results 

show a considerable amount of variability for the granular material. The 

cohesive soil test results compare more favorably. 

• 

• 
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Additional assumptions used to compute the design are listed below: 

a. Traffic• 1.0 million 18-kips ESAL's. 

b. Reliability• SO% 

c. Standard deviation• 0.4S (for flexible pavement). 

d. Initial PSI• 4.2; tenninal PSI• 2.5. 

e. Drainage coefficient• 1.0. 

The resulting pavement designs are su1T111arized in Table 9. 

Mechanistic Design 

In a mechanistic design, the resilient modulus of each layer is used 

in a layered elastic pavement model (ELSYMS) to predict critical stresses 

and strains. For this example, the locations are shown in Figure 6. To 

compare each set of test results, the layer thicknesses were fixed. The 

layer thickness used were 4.0 inches of asphalt concrete and 10.0 inches 

of aggregate base. Material properties for mechanistic analysis are 

summarized in Table 10. Based on these layer thicknesses and the 

predicted layer moduli, the expected repetitions to failure were 

estimated using failure criteria for fatigue (Finn's fatigue 

relationship) and rutting (Chevron relationship) as shown in Figures 7 

and 8. Table 11 sunvnarizes the results of the mechanistic analysis. 

Figure 9 shows a comparison using the test data from the three agencies 

on predicted pavement fatigue and rutting performance. 

DISCUSSION OF RESULTS 

Based on the results from the tests performed for this study, the 

following convnents are appropriate: 

1. The asphalt concrete modulus varied in a relatively small range. 

The most significant finding for the asphalt concrete testing may be 
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Table 1 Asphalt Concrete Samples Prepared for 
Resilient Modulus Workshop 

Sample # 
Hour OSHD Average Bulk 

FABR'D MR (ksi) of 3 SP.GRAVY. 

1 2.0 430 2.42 
2 2.0 455 433 2.42 
3 2.0 414 2.42 

4 2.5 458 2.42 
5 2.5 559 462 2.43 
6 2.5 368 2.40 

7 3.0 459 2.41 
8 3.0 540 492 2.42 
9 3.0 476 2.42 

10 3.5 445 2.41 
11 3.5 526 505 2.43 
12 3.5 544 2.42 

13 4.0 642 2.41 
14 4.0 583 651 2.41 
15 4.0 729 2.42 

16 4.5 580 2.40 
17 4.5 672 655 2.41 
18 4.5 712 2.42 

19 5.0 747 2.41 
20 5.0 702 743 2.42 
21 5.0 781 2.42 

I 

• 
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Table 3 Summary of Dlametral Test Results on Identical Samples 

Sample Modulus (ksl) * Average Variance I. D. 

13 529, 619, 642, 650 610 48 
14 497, 568, 583, 600 497 39 
1 6 451, 552, 553, 580. 451 49 

5 397, 559, 571 _ 509 79 
8 365, 540, 575 493 92 
12 372, 544, 575 497 89 

3 414, 428 421 7 
6 368, 387 378 10 

1 1 526, 560 543 1 7 

* Tested at 77 °F 

• 
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Table 5 Summary of Granular Soil Test Results 
(Loose) 

Test K1 K2 R2 Water Wet Dry 
Agency Content Density Density 

A 4874 0.2563 0.26 6.0 100.67 94.98 

B 3133 0.5004 0.83 4.8 116.35 111.02 

• • 
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Table 7 Summary of Unit Weight Test Results for AC Mix 

Test Sample Unit Weight Average Variance 
Agency I.D. (pcf) (pcf) 

A 5 150.94 149.60 1.25 
8 147.94 
12 149.92 

B 
1 149.33 149.12 0.48 
9 149.57 

1 0 148.46 

• C 
13 150.68 150.31 0.32 
14 150.34 
16 149.90 

D 
13 150.60 150.43 0.46 
14 150.90 
1 6 149.80 

E 
3 150. 70 150.80 0.26 
6 150.60 

1 1 151.20 

• 



Table 9 Pavement Structures Design Using AASHTO Method 

Test Layer Thickness Design Required Subgrade 
Agency (Inch) SN SN Modulus (ksl) 

A AC 4.5 1.89 2.36 11.6 
BC 9.5 0.47 

B AC 4.5 1.89 2.28 12. 7 
BC 13.0 0.39 

C AC 4.5 1.89 2.38 11.3 
BC 5.5 0.50 

Note: AC= Asphalt Concrete; BC• Base Course 

• • • 
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Table 11 Summary of Mechanistic Analysis Results 

Test AC BC Subgrade 
Eac 

N 
Agency Mr Mr Mr ac 

(10"5) 

A 730 12.1 11.6 313 3.0 
620 12.4 11.6 346 2.0 
510 12. 7 11.6 389 1.5 

B 
730 9.1 12. 7 330 2.2 
620 9.4 12. 7 367 1.8 
510 9.7 12. 7 415 1.1 

C 
730 19.6 11.3 276 5.0 
620 20.2 11.3 301 3.5 
510 20.8 11.3 332 2.5 

Note: Moduli are In ksl: strain in µ-strain 
E ac = tensile strain In AC; E sg = vertical strain on top of subgrade 

Nae = Number of repetitions of an 18-kip ESAL (based on Finn's fatigue relationship) 
Nsg == Number of repetitions of an 18-kip ESAL (based on Chevron's failure relationship) 

Esg 

586 
626 
675 

526 
567 
616 

606 
641 
682 

Nsg 
(10"5) 

5.0 
3.3 
2.4 

7.0 
5.2 
3.5 

4.0 
3.0 
2.2 
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100000 .--------------------------, 
A· K1::3133; k2:0.5004; R=0.91 
B- k1:4874; k2:0.2563; R:0.51 El 

fl B 
• A 1000 ___ .....,__.......,_..._ ........................ .._ __________ _ 

1 10 100 
Sum of Principal Stresses (psi) 

a) Loose Condition 

100000 ..------------------------, 
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Figure 4 Resilient Moduli of Granular Material Tested by Different Agencies 
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INTRODUCTION 

In recent years, engineers have increasingly made use 
of multi layer elastic or viscoelastic analyses to estimate 
the response of pavement structures to both load and envi
ronmental influences, particularly to estimate the poten
tial for fatigue cracking, permanent deformation in the 
form of rutting, and thermal cracking (e.g., References 2, 
J, and .1) • 

Solutions for stresses, strains, and deflections in the 
layered systems representing pavement structures require 
the use of linear elastic characteristics (e.g., Young's 
modulus and Poisson's ratio) or linear viscoelastic charac
teristics (e.g., creep compliance and Poisson's ratio) for 
the materials comprising these systems. It must be 
recognized, however, that many pavement materials do not 
strictly satisfy the assumptions of linearity. Accordingly, 
ad hoc simplifications of materials response must be used. 

One such simplification is to define the elastic 
characteristics of materials through repeated load testing 
and to develop relationships between applied stress and 
recoverable strain termed resilient moduli, the subject of 
this workshop. This paper attempts to provide a summary 
of some of the available information on the resilient 
characteristics of the various materials comprising pave
ment structures and the use of this information in pavement 
analyses. 

Some guidelines are suggested for conditioning materi
als to insure that representative modulus values are used 
in specific analyses. Emphasis is placed on the resilient 
characteristics of fine grained soils and granular materi
als although some discussion of the resilient properties 
of asphalt bound and other treated materials is included. 

STIFFNESS CHARACTERISTICS 

In this section a summary of some of the available 
information on the stiffness characteristics of paving 
materials useful for pavement analyses is included. While 
emphasis is placed on the resilient characteristics of 
fine-grained soils and untreated granular materials as 
noted above, some information is included for asphalt 
mixtures and portland cement and lime treated materials. 

Fine-grained soils 

The stiffness characteristics of fine-grained soils are 
dependent on dry density, water content, soil structure, 
and stress level. For a particular condition, the stiff-
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1. Modulus dependent on confining pressure (1.l: 

where: 

MR= resilient modulus determined from re
peated load test and equal to the quo
tient of ad and "•· 

~=confining pressure 

ad deviator stress, o, - o-3 

"•=recoverable axial strain 

K, n = experimentally determined coefficients. 

2. Modulus dependent on first stress invariant (Z): 

where 

e = (o, + 0 2 + a 3 ) or (ad + 3o3 ) in 
triaxial compressive test 

k,, k2 = experimentally determined coeffi
cients 

(2) 

(3) 

3 • Modulus dependent on mean normal stress, p, and 
deviator stress, ad or q (~): 

MR = F(p, q) 

where (in triaxial compression): 

At this time it is recommended that the relationship 

(4) 

be used for design purposes; Fig. 
results from a triaxial compression 
plotted using this relationship (~). 

(3) 

8 illustrates test 
repeated load test 
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ness (termed resilient modulus herein) is dependent on the 
applied stress, i.e., 

where 

0 0 = repeatedly applied deviator stress in 
triaxial compression test. 

(1) 

An example of this dependency is illustrated in Fig. 1 for 
a fine-grained soil. 

The general dependency of soil modulus on water content 
and dry density (and presumably structure) for a specific 
subgrade material tested in the as-compacted condition is 
illustrated in Fig. 2. 

Moduli of soils are also dependent on soil moisture 
suction. Data from tests on undisturbed specimens illus
trating relationships between resilient moduli measured in 
laboratory repeated load tests and soil moisture suction 
are shown in Figs. 3 and 4 (!), The data in Fig. 4 
illustrate that laboratory prepared specimens exhibit the 
same stiffness characteristics as field compacted specimens 
when specimens are compared at the same values of suction . 

Freeze-thaw action also affects the stiffness charac
teristics of fine-grained soils. When the soil is frozen, 
the stiffness increases; upon thawing the stiffness is re
duced substantially even though the water content has not 
changed. This type of response is illustrated in Figs. 5 
(2) and 6 (§). (Note that in some situations it would be 
expected that the soil would become weak on thawing due to 
accumulation of ice lenses and the associated increase in 
water content). such effects have been incorporated in the 
Asphalt Institute's design procedure as shown in Fig. 7 
(~). It should be noted that a similar pattern of soil 
modulus change can also occur in areas without freezing and 
thawing but with seasonal fluctuations in precipitation. 

Poisson's ratio for fine-grained soils generally varies 
in the range 0.3 to 0.5; the higher values are associated 
with degrees of saturation approaching 100 percent. For 
design purposes, a value of 0.35 to 0.4 appears reasonable. 

Untreated Granular Materials 

The stiffness characteristics of untreated granular ma
terials are dependent on the applied stresses. A number 
of different expressions have been proposed to represent 
this stress dependency: 
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Mix stiffness can be measured by one of the techniques 
illustrated in Fig. 11 or estimated using the Shell (i) or 
Asphalt Institute (2.) methodologies; alternatively standard 
values representative of specific mixes can be incorporated 
directly into design methodologies (e.g. , Shell design pro
cedure (i)) . 

When using repeated load equipment to determine moduli 
some consideration must be given to the loading conditions 
(time of loading and time interval between load applica
tions). Resilient moduli (Fig. lle) were determined on 4 
in. diameter by 8 in. high specimens using the equipment 
shown in Fig. 12. The results were compared with dynamic 
moduli (Fig. lld) determined on hollow cylindrical speci
mens 18 in. high, 9 in. outside diameter and 1 in. wall 
thickness (17). In both instances the computer is used to 
control the load; Fig. 12 illustrates this schematically 
for the repeated load testing. In this instance the com
puter is used to control the duration and frequency of the 
load, record the magnitude of the load and the recoverable 
deformation, and determine the resilient modulus, MA de-
fined by the expression: · 

where: 

ad= axial stress repeatedly applied, 

€, = recoverable axial strain. 

(6) 

Resilient modulus data obtained with this equipment are 
shown in Fig. 13 for tests at ll°C and 25~. Modulus data 
obtained from tests on two specimens are shown to 
illustrate the repeatability of the test results. In this 
figure it will be noted that the stiffness modulus is 
dependent on time of loading for a fixed ratio of time that 
the load is applied to the time that the load is removed. 
For example, for a time of loading of 0.1 sec and the ratio 
of time off to time on of 10, a load would be applied every 
1.1 sec (approximately 55 repetitions per minute). 

When comparing the moduli determined by pulse loading 
(repeated loading) with moduli determined by sinusoidal 
loading, consideration must be given to both the time of 
loading and to the ratio of time off to time on in the re
peated loading test. The latter ratio defines the amount 
of recoverable strain used to determine the modulus. The 
smaller the ratio, the less the recoverable strain and, 
therefore, the larger the values of MR. This is illus
trated in Fig. 14 for tests conducted at 25°C. It should 
be noted that the dependence of MR on the recovery period 
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Table 1 contains a summary of the results of repeated 
load triaxial compression tests wherein the results were 
interpreted according to equation (3). More detailed in
formation is available in Reference (10). 

Reference (16) contains a summary of modulus values 
used in a number of design procedures around the world. 
These are summarized in Table 2. The data generally re
flect the stress sensitivity characteristics of granular 
materials. For example, the modulus of untreated granular 
layers over "cemented" layers are larger than over un
treated layers due to the higher stress state in the ma
terials when stiffer layers are placed below them. Also, 
the values of the NITRR indicate that a higher modulus will 
be obtained in a granular layer directly below a surface 
treatment (chip seal) than in the same material beneath a 
layer of asphalt concrete since the stress state (from the 
wheel load) is larger in the former case. 

Asphalt-Bound Materials 

Whereas the stiffness characteristics of fine-grained 
soils are dependent on stress state (for a given condition 
of water content and dry density) the stiffness (modulus) 
characteristics of asphalt-bound materials (containing as
phalt cements are dependent on time of loading and tempera
ture and for a range of conditions can be considered sensi
bly independent of stress state1

• This stiffness can be 
represented by an equation of the form: 

where: 

Smlx(I, T) 

a smlx (t, T) = -
E 

mixture stiffness for a particular time 
of loading, t, and temperature, T 

(5) 

a, e = applied stress and resultant strain. 

Fig. 9 illustrates the dependence of Smix on both time of 
loading and temperature; Fig. 10 indicates ranges in stiff
ness which might be expected in different environments in 
the United States under moving wheel loads. 

For mixes with dense-graded aggregates, limiting values 
of stiffness at short loading times and cold temperatures 
are about 4 to 5 x 1~ psi. 

1At higher temperatures ( e.g., above 25°C) it is likely that the stress state will have an 
influence on the stiffness characteristics of these materials, this influence becoming more 
pronounced as the binder is less stiff. 
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Er., = stiffness modulus at temperature T, 
and curing time, t. 

Er,, stiffness modulus in fully cured state 
at Temperature ~o 

Er,1 = stiffness modulus in uncured (initial) 
state at temperature T. 

R~ = reduction factor representing the amount 
of cure at time t and defined as shown 
in Fig. 17 for a six-month cure period. 

The stiffness modulus for the various stages of cure can 
be plotted as intermeaiate parallel lines between the ini
tial and fully cured states. 

Poisson's ratio for dense-graded asphalt concrete 
mixtures will vary from about 0.25 at cold temperatures and 
short loading times to 0.5 at high temperatures and/or long 
loading times. 

Portland Cement and Lime-Stabilized Materials 

Moduli of portland cement and lime-stabilized materials 
can be determined in direct compression, bending, or the 
diametral modes of loading. The values used for design 
purposes are those based on some degree of curing, e.g., 
28 days. 

There are a number of categories of portland cement 
stabilized materials. Each have distinct stiffness charac
teristics associated with them. The categories include: 
1) lean concrete; 2) cement-treated aggregate; and 3) soil
cement (both granular and fine-grained soils). Table 3 
lists representative values for both stiffness modulus and 
Poisson's ratio, as reported in the literature. 

The data reported by Williams (20) in this table were 
determined by electrodynamic measurements. It should be 
noted that these stiffness values are associated with small 
strains and are about 10 to 15 percent higher than would 
be obtained with conventional static testing. 

The data reported by the NITRR of South Africa (£1) re
flect two different phases of the performance of cement
bound materials, one where the material is intact (pre
cracked) and the other where the material has been cracked 
from repetitive loading (post-cracked). The second phase 
is further subdivided into the conditions where either a 
treated material or an untreated material exists above the 
cement-treated material, the latter condition being repre
sentative of a construction procedure used in South Africa 
in which the cement-bound layer is placed under a granular 
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is also temperature dependent with the dependence decreas
ing as the temperature is reduced. 

Comparisons of the moduli determined in dynamic loading 
and in repeated loading are given in Fig. 15. Essentially 
the same results are obtained at 11°C whereas at 25~ some 
differences exist in the moduli determined from the two 
modes of loading. For repeated loading data, reducing the 
ratio of time off to time on would increase the modulus 
values (as seen in Fig. 14) and bring these data closer to 
the values determined dynamically. Other investigators 
have addressed the problem as well, e.g., Brown and Cooper 
( 18) • These data emphasize the importance of selecting 
appropriate loading conditions to insure that reasonable 
stiffness values for analysis and design purposes will be 
obtained from laboratory tests. 

Stiffness moduli for asphalt emulsion treated mixtures 
utilized in pavement structures, particularly as treated 
base courses, can also be determined from repeated load 
tests as recommended by Chevron Research (12.). A special 
chart has been developed to provide a linear relationship 
between mix stiffness and temperature, Fig. 16. 

For design purposes Chevron Research has developed 
stiffness data for three groups of emulsion treated materi
als: the data have been incorporated into the design pro
cedure of the Asphalt Institute (2) for the following cate
gories of emulsion-treated base: 

• Type I. Emulsified asphalt mixes with processed 
dense-graded aggregates. 

• Type II. Emulsified asphalt mixes with semi
processed, crusher-run, pit-run, or 
bank-run aggregates. 

• Type III. Emulsified asphalt mixes with sands 
or silty sands. 

stiffness vs. temperature data are shown in Fig. 16 for Mix 
Type I. 

It is possible to consider the effects of the emulsion 
mix on pavement performance. In Fig. 16 is also plotted 
stiffness data for the mix in the uncured state. To obtain 
the stiffnesses at intermediate stages. the following ex
pression can be utilized: 

where 
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TESTING CONSIDERATIONS 

In general, it is important to obtain reoresentative 
samples of the specific pavement materials to: (1) prepare 
them to conditions which will be representative of those 
existing in the proposed pavement structure; (2) measure 
their response under representative loading conditions; and 
(3) obtain some measure of the variability which can be an
ticipated in these characteristics by conducting a suffi
cient number of tests at the estimated conditions. 

This section contains a brief discussion of some of 
these considerations for fine-grained soils, untreated 
granular materials, and asphalt-bound materials. 

Fine-Grained Soils 

Random sampling of subgrade materials for test purposes 
is recommended (£[). Classification tests are useful to 
identify sections for the detailed testing as well as to 
identify potential problems. For example, the Atterberg 
limits are useful to identify whether or not a fine-grained 
soil may be expansive. Research by Seed, et al (29) pro
vides a relatively simple guide to identification of soils 
with potential volume change problems by means of the Plas
ticity Index. Swelling potential under low surcharge (ap
proximately one psi) according to their study is as fol
lows: 

Degree Swelling Potential Plasticity Index 
of Expansion - percent PI 

Low Oto 1.5 less than 10 
Medium 1.5 to 5 10 - 25 
High 5 to 25 25 - 45 
Very High greater than 25 greater than 45 

Pressure applied by typical pavement structures will be in 
the range one to three psi. 

The Atterberg limits ( for soil classification) together 
with a measure of the grain size distribution (percent 
finer than 0.02 mm) also provide an indication of the po
tential for frost effects (e.g., Reference (1.Q). 

An understanding of soil compaction is extremely impor
tant for the designer to ensure that soils will be properly 
conditioned in the laboratory for pavement design testing. 
In general, soils are compacted to achieve improvement in 
one or a number of soil properties including: 1) compres-
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layer (which is very well compacted) and a comparatively 
thin layer of an asphalt-bound material is used as the sur
facing. 

It should be noted that a considerable range in stiff
nesses is possible for cement-treated materials. As pre
sented by Mitchell (25) the moduli may range from the order 
of 10,000 psi to several million psi, depending on soil 
type, treatment level, curing time, water content, and test 
conditions. 

Poisson's ratio is generally in the range 0.1 to 0.2 
for cement treated granular materials (although the NITRR 
recommends a value of 0.35 for design, Table 3) and in the 
range 0.15 to 0.35 for cement-treated fine-grained soils. 

Like portland cement stabilized materials, the stiff
ness characteristics of lime stabilized materials are de
pendent on soil type, treatment level, curing conditions, 
etc. There are two general categories of lime treated ma
terials used for pavements: 1) fine-grained soils treated 
with hydrated lime or quick lime, termed soil-lime; and 2) 
granular materials treated with a mixture of lime and 
flyash (approximately four parts of flyash to one part of 
lime) termed lime-flyash . 

Moduli can be determined by repeated load testing or 
estimated from other measurements for design purposes. For 
example, for cured soil-lime mixtures, the compressive 
stiffness modulus, E is related to unconfined compressive 
strength. Thompsonchas suggested the following general 
form (26): 

( . 3 k E psi x 10) = k + 
2 

(UC) 
C 1 

where: 

k
1 

and k
2 

= laboratory determined coefficients and 
equal to 9.98 and 0.124 respectively. 

(8) 

Poisson's ratio for soil lime is in the range 0.1 to 
0.25 and a value on the order of 0.15 to 0.20 is recom
mended for design. 

For lime-flyash mixtures, moduli are primarily 
dependent on aggregate gradation (fines, content), curing 
conditions, and mixture proportions. Available data 
indicate that6 for fully cured6mixtures, the moduli range 
from 0.5 x 10 psi to 2.5 x 10 psi with the lower values 
associated with higher fines contents (ll). Poisson's 
ratio is typically in the range 0.1 to 0.15 . 
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a soil stiffness modulus such as the resilient modulus, 
M . Dispersed structures will exhibit more plastic and 
rijsilient (recoverable) or "elastic") strain under 
repetitive loading than flocculated structures. Thus, 
laboratory compaction procedures used to prepare specimens 
for M testing should be selected in accordance with field 
compac~ion conditions. 

As stated above, knowledge of the field compaction con
ditions are required. Generally, any compaction process 
which causes shearing deformations in cohesive materials 
whose degrees of saturation are greater than about 80 per
cent (i.e., to the right of the line of optimums) will re
sult in materials with dispersed structures. As noted 
earlier, a material with a dispersed structure will exhibit 
greater elastic (recoverable) deformation than would the 
same material under identical conditions of water content 
and dry density with a flocculated structure when the ma
terials are tested under the same stress conditions. Fig. 
2 illustrates the general variation of resilient modulus 
with initial compaction conditions. Note in Fig. 2 that 
in order to obtain a given value for the resilient modulus 
(M) the dry density must increase as the molding water 
co~tent increases. 

Some general criteria which can be used to guide se
lection of the appropriate compaction conditions for clay 
soils are as follows: 

(1) If field compaction conditions will be at a 
water content less than 80 percent of the 
saturation water content and the in-service 
water content is expected to remain less than 
this value, then any of the standard compac
tion tests, including impact, kneading, 
static, or gyratory may be used to simulate 
the in-service condition. 

(2)If field compaction conditions will be at a 
water content corresponding to more than 80 
percent of the saturation water content and 
the in-service water content is expected to 
remain at least at this value, then the com
paction process must be one which induces 
shearing deformation during the compaction 
process-impact, kneading, or gyratory. 

(3) If field compaction conditions will be at a 
water content less than 80 percent of satu
ration water content and the in-service con
ditions are expected to exceed this value, 
then static compaction should be used to simu
late the soil structure (flocculated). 
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sibility; 2) strength; 3) volume change (swell and shrink
age) characteristics; 4) resilient response; and 5) frost 
heave potential. 

For granular materials, compaction requirements are 
relatively straightforward. To achieve the most desirable 
situation with respect to the properties listed above re
quires that as high a density as possible be obtained in 
the material in the field. For fine-grained soils, how
ever, such is not the case since proper compaction may in
volve more than a requirement for minimum acceptable den
sity. 

Fig. 18 illustrates a general relationship between dry 
density, compaction water content, and compactive effort 
for fine-grained soils. For a particular compaction method 
(e.g., laboratory impact compaction, AASHTO T180), the 
locus of points of maximum dry density and optimum water 
content is termed the line of optimums. This line usually 
lies between the 80 and 90 percent degree of saturation 
lines, as seen in Fig. 18. Location of the line of opti
mums is useful, as will be seen subsequently, in defining 
compaction conditions for pavement design purposes. It 
should be noted that compaction of the same soil in the 
field by pneumatic-tired rollers will produce a line of 
optimums slightly to the right (1.5 to 2 percent water con
tent increase) of the laboratory determined line of 
optimums using impact compaction. 

For fine-grained soils, the structure of the soil, as 
well as water content and dry density, affect its response. 
Fig. 19 provides an indication of the arrangement of the 
plate-like clay particles depending on compaction condi
tions (ll). At water contents dry of optimum for a par
ticular compactive effort (i.e., at A and E) the particles 
are arranged in a random array termed a "flocculated" 
structure. Wet of the line of optimums, provide shearing 
deformation are induced during compaction, parallel par
ticle arrangements which are termed "dispersed" structures 
(i.e. , at C and D) are developed. These dispersed and 
flocculated compacted soil structures lead to differences 
in mechanical properties for specimens assumed to be at 
the same water content and dry density. 

If a soil is determined to be expansive, e.g., as 
measured by the Plasticity Index, compaction of the soil 
to the right of the line of optimums will tend to reduce 
its propensity for expansion (ll) because the dispersed 
structure produced tends to result in less expansion than 
the flocculated structure (obtained to the left of the line 
of optimums) with increase in water content . 

These considerations are important in preparing samples 
of fine-grained soils for laboratory testing to measure 
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(10) 

which is one form of the general relationship introduced 
as equation (1). 

If the soil conditions can be reasonably defined (e.g., 
based on suction estimates) a relatively limited range in 
water contents and dry densities can be used for stiffness 
testing As shown schematically in Fig.22, if the range of 
compaction conditions and the range of in-service condi
tions are known, an appropriate laboratory compaction 
method can be selected and test specimens prepared within 
the in-service range shown in Fig. 22. 

On the other hand, if the conditions are not clearly de
fined, specimens should be prepared and tested over a sub
stantial range in dry densities and water contents. Re
sults can be presented as shown in Fig. 2, and the resili
ent modulus data can be used in conjunction with other 
characteristics, e.g., swell considerations, to select the 
range of field placement conditions (and, of course, the 
design modulus. 

Untreated Aggregates 

As with subgrade materials, it is important to obtain 
representative samples of the untreated aggregates to be 
used as base and subbase layers for laboratory determina
tions of stiffness. In addition, estimates must be ob
tained of the dry density and water content conditions an
ticipated in-situ since the stiffness moduli characteris
tics of granular materials are dependent on these parame
ters, Fig. 23. 

The stiffness modulus characteristics of untreated 
granular mixtures, as seen earlier, are dependent on 
applied stress; equation (3) represents a useful form in 
which the results of stiffness determination can be pre
sented. 

While method of compaction is important for fine-grained 
soils because of soil structure considerations, the primary 
factors affecting the stiffness characteristics of granular 
materials are water content (degree of saturation) and dry 
density. Accordingly, any method of compaction which pro
duces the desired dry density is suitable. Vibratory com
paction has, for example, been used successfully (e.g., 
Reference (11)). 

To develop the influence of stress state on stiffness 
modulus, specimens should be tested at confining pressures 
in the range 1 to 20 psi. For each confining pressure, a 

• 
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As an illustration, consider the situation for a sample 
prepared by kneading compaction and soaked to a condition 
representative of that expected at some subsequent time 
after placement. Resilient response is shown in Fig. 20. 
If the designer were to prepare the sample to the same ini
tial conditions by kneading compaction to save time in the 
laboratory (since it takes considerable time for a fine
grained material to become saturated), a different result 
would be obtained. On the other hand, if the soil was pre
pared by static compaction to the same conditions, essen
tially the same result would be obtained as for the situa
tion where the sample was prepared "dry" by kneading com
paction and soaked to the particular state. In this case, 
static compaction wet of the 1 ine of optimums creates 
essentially the same structure as kneading dry of the line 
of optimums. 

When testing fine-grained (cohesive) subgrade soils 
(e.g., AASHTO T274), the stress conditions in-situ must be 
taken into account. As seen earlier, the resilient moduli 
of such soils are dependent on applied stress, Fig. 1. 

Confining pressure has a relatively small influence on 
the resilient modulus and will normally be in the range 1 
to 5 psi. This pressure is due to the overburden (pavement 
thickness) and the applied loads . 

The overburden pressure, a can be estimated as fol-
lows: 3, 

where: 

= k 
0 

y 
ave 

. z 

k = earth pressure at rest, usually 0.5, 
0 

yave = average unit weight of material 

z = depth to point under consideration. 

( 9) 

The horizontal stress resulting from load is usually small 
(usually less than one psi). 

The applied or deviator stress varies depending on the 
load. It is recommended that testing be done in the range 
0. 5 to 15. O psi. Stress conditioning, as cal led for in 
AASHTO T274, is important prior to the repeated load test
ing for modulus determination. 

Test results can be plotted as shown schematically in 
Fig. 21. At times the logarithmic form of plotting may be 
more convenient to permit definition of the coefficients 
A and Bin the expression: 

IV-15 



Thus, in analyses where variability in material proper
ties are considered, Table 4 provides at least a general 
indication of what to expect, depending on the degree of 
control exerted during the construction process. 

Reliability 

Reliability may be defined as the probability that the 
pavement will perform satisfactorily for the expected traf
fic and environmental conditions for which it was designed. 

In the analytically-based approach to design, it is 
possible to consider reliability in the design process by 
recognizing variability in material properties such as 
those summarized in Table 4. In addition, it is possible 
to consider different acceptable values for various dis
tress criteria, depending upon the importance of the high
way facility (e.g., as indicated by traffic intensity). 
Essentially, by adopting more conservative values for a 
particular parameter, larger pavement thicknesses will be 
required -- with the result that a higher probability of 
carrying some specific amount of traffic will be achieved. 

For example, in The Asphalt Institute design procedure 
(I) the value of subgrade modulus is selected depending on 
traffic level. If P = percent of project overdesigned 
and P = percent of pt-oject underdesigned, then: 

u 
P = 100 - P. 

0 U 
( 11) 

Fig. 24 illustrates how P varies with traffic in6 
tensity. For example, at a t<r-affic level equal to 10 
repetitions of an 18,000 lb axle load, a value for P = 
87.5 percent is selected. Thus, it would be expected tHat 
only 13.5 percent of the project would be underdesigned, 
since the design value would be obtained from: 

where: 

Design value for 
subgrade modulus 

= Mean value - A[standard) 
of modulus deviation 

(from tests) 

A= adjustment factor based on normal probability 
theory and obtained from Fig. 25. 

(12) 

In general, for heavier traffic volumes where the con
sequences of early distress could be costly, the higher the 
value for p which is used for design purposes. 

0 
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range in deviator stresses should be used varying from l 
to 5 times the confining pressure. As with fine-grained 
soils, stress conditioning prior to determination of stiff
ness modulus values is important. Research by Hicks (11) 
has shown that one specimen can be used for the entire 
str~ss sequence so long as proper conditioning has been ac
complished. Results of a typical set of tests have already 
been presented in Fig. 8. 

Asphalt-Bound Materials 

To measure the stiffness characteristics of asphalt con
crete for design purposes, the method of specimen compac
tion for laboratory testing should produce deformations in 
the compaction process similar to those obtained by compac
tion in-situ. Accordingly, for laboratory specimen prepa
ration it is recommended that one of the following methods 
of compaction be utilized: 

For cylindrical specimens: Kneading 
gyratory compaction (e.g., ASTM D3496). 

For beam specimens: Kneading compaction 
or preparation of slabs using rollers 
sawing specimens from slabs (22.L.. 

or 

(.li) 
and 

References (35) and (]_§_) provide substantiating data for 
these recommendations. 

VARIABILITY AND RELIABILITY CONSIDERATIONS 

Variability 

Variability must be recognized in the design process, 
including variability in: 

(l)traffic estimates, 

(2) layer thicknesses due to construction limi
tation, and 

(3)material properties (due to inherent varia
bility and that resulting from the construc
tion process). 

Relative to material property and layer thickness 
variability, a number of researchers have examined availa
ble data to provide useful guidelines (e.g., (TI, 38). 
Witczak, et al (38) have evaluated considerable data for 
portland cement concrete, asphalt concrete, subgrade ma
terials, and cement-treated materials; Table 4 summarizes 
recommendations for coefficients of variation for material 
properties contained in Reference (38). 
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SUMMARY 

In this paper a summary of the stiffness characteris
tics of a number of materials comprising pavement sections 
has been presented. The importance of insuring that traf
fic loading conditions (e.g., time of loading and stress 
state) and environmental influences be considered when se
lecting the actual stiffness values for pavement design and 
analysis purposes has been stressed. Moreover, emphasis 
has been placed on insuring that the stress vs deformation 
characteristics of laboratory prepared specimens are repre
sentative of the materials in-situ. 

For fine-grained soils this requires that soil struc
ture as well as water content and dry density correspond 
to in-situ conditions when laboratory stiffness modulus de
terminations are made. Similarly, asphalt concrete mix
tures require that a compaction procedure (e.g., kneading) 
which will simulate the movement of particles, asphalt film 
thicknesses at points of aggregate contact, and grain ar
rangement, be utilized so that specimens with stress vs de
formation characteristics similar to the same materials in
situ will be produced. 

With these characteristics as well as appropriate dis
tress characteristics for specific components of the pave
ment sections, it is possible to estimate the propensity 
for pavement distress such as fatigue and rutting in the 
asphalt-bound layers using analytically based procedures. 
Moreover, this type of approach provides increased relia
bility in performance estimates. 

While simplifications may appear desirable at times, 
the engineer should be cautious in adopting single values 
for material parameters as a means to control specific 
forms of distress (39). For example, to control rutting 
in the asphalt concrete, some investigators have suggested 
a minimum stiffness value for asphalt concrete mixtures at 
a specific temperature, time of loading, and stress level. 
Without other controls on the mixtures, such limiting 
stiffness values may not guarantee satisfactory perfor
mance. 
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TABLE 1 - SUMMARY OF REPEATED LOAD TRIAXIAL COMPRESSION LABORATORY 
TEST DATA FOR UNTREATED GRANULAR MATERIALS. 

Investigator(s) Material(s) kl k2 

Hicks (.!...!_) Partially crushed gravel; 1,600 - 5,000 0.57 - 0.73 
crushed rock 

Hicks, Finn Untreated base - San 2,100 - 5,400 0.61 
(11) Diego Test Road 

Allen (Q) Gravel, crushed stone 1,800 - 8,000 0.32 - o. 70 

Kalcheff and Crushed stone 4,000 - 9,000 0. 46 - 0.64 
Hicks (l._::) 

Boyce, Brown, Well graded crushed 8,000 0.67 
Pell (_!1) Limestone 

u.c. Berkeley In service base and 2,900 - 7,750 0.46 - 0.65 
(2_) subbase materials 

~ and e are in psi units • 
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TABLE 2 - REPRESENTATIVE MODULI UNTREATED GRANULAR MATERIALS 

Organization Material Modulus, k:;i 

Belgium Stone base 72. 5 
Subbase 29.0 

Czechoslovakia Subbase 21. 8 

Italy Granular material 36.3 

U.S.A., FHWA AASHO Base: 
Spring 30.0 
Other seasons 40.0 

AASHO Subbase 
Spring 15.0 
other 20.0 

South Africa, Overlaying Cement Stabilized Laver 
--'--

NITRR High quality Range 36 - 130 

crushed stone Design value 65 

Crushed stone/ Range 29 - 116 

Natural gravel Design value 51 

Range 25 - 102 
Gravel base 

Design value 51 

Range 21 - 65 
Gravel subbase 

Design value 36 

Overlaying Untreated or Cracked 
Stabilized Layer 

High quality Range 25 - 87 

crushed stone Design value 29* 

Crushed stone/ Range 15 - 65 

Natural gravel Design value 29* 

Range 15 - 65 
Gravel base Design value 29* 

Range 11 - 58 
Gravel sub base Design value 29* 

Gravel subbase Range 7 - 44 

( 1 ower quality) Design value 21* 

* The values shown are for bases or subbases under asphalt concrete. For 
base courses directly under surface treatments higher values are used; 
e.g., in the case of the crushed stone base a design modulus of 36 ksi 
(vs. 29 ksi) is recommended (reference (~)). 
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TABLE 3 - STIFFNESS CHARCTERISTICS OF PORTLAND CEMENT STABILIZED MATERIALS 

Uncanf. lfodulu ■ at Stiffness modulus. p ■ i 

Material temp. ■ tr. r"l'tur■ at Re.coanended Pahaan' a at 7 day■ 28 days ll&nge design 
pai ratio 

psi value 

vu11-■ - Le.an concrete 250 4.0 to 5,5 X 10
6 

4.75" 10
6 

Creac Brit.do 225 J.75ta5.25" 106 4.50 X 106 

Cement-treated 175 2.0 to 3.75xl06 2.75 X 106 

@) granular Dl&Cl 

-Soil cement 17 5 0.5 ta 3.0 X 106 

llelgilllll Lean concrete 220 2.2 z 106 

R.o■d R.e■earch 

(21) 

Bolli: - Sand c ... cnt 2.2 X 106 
0.25 

Netherl■nda 
(22) 

Au tree, ec al, Cement-treated 2.9 X 106 
0.25 

• France 
granular matl 

(23) Sand cement 1.75 X 10
6 

0.25 

RIT1U!, Pre.cracked Phase 

South Africa 

(24) c ... ent-tre.a ted: 
106 

Crushed ■ tone 870-1740 2.0 X 0.35 
Stone/gravel 435-870 1.2 X 106 0.35 

Cr ■vel (base 
106 quality) 220-430 0.87 x 0.35 

Crevel (aub-
106 base quality) 110-213 0,50 X 0.35 

Post-c:rac:ked Ph.su 

■) under trested {bound} la:ier 

Crushed ■ tone o. 22 X 106 

Stoae/guvel 0.14 X 106 

Cr■vel (base 
106 quality) 0.11 X 

Cravel (sub-
10

6 
base quality) 0.073 X 

b) undee untreated la}'.~r 

0 .17 
6 

Cruohed ■ tons X 10
6 

Stone/guvel 0.11 X 10 

Cravel (base 
X 10

6 
quali.ty) 0.073 

Cravel (aub 
0.044 X 10

6 
base 11uality) 

• 



TABLE 4 - VARIABILITY RECOMMENDATIONS* 

1. SUBGRADE MATERIALS 

Modulus of Subgrade Reaction 

Resilient Modulus 

CBR 

2. CEMENT-TREATED MATERIALS 

Thickness 

Modulus of Elasticity 

3. ASPHALT CONCRETE MATERIALS 

Thickness 

Dynamic Modulus 

Temp: 40°F 

70°F 

l00°F 

Base Modulus of Elasticity 

Flexural Stiffness 

Temp: 40°F 

68°F 

Poisson's Ratio 

4. PCC MATERIALS 

Thickness 

Modulus of Elasticity 

Poisson's Ratio 

Modulus of Rupture 

* . After Witczak, et al (38). 

Coefficient of Variation (Percent) 

Low 

10 - 20 

10 - 20 

15 - 22 

6 - 10 

53 - 63 

1 - 5 

8 - 10 

10 - 12 

18 - 20 

25 - 35 

15 - 20 

20 - 23 

35 - 48 

l - 3 

20 - 30 

8 - 12 

10 - 13 

Average 

20 - 35 

20 - 35 

23 - 31 

11 - 15 

63 - 73 

5 - 10 

11 - 13 

13 - 15 

21 - 22 

35 - 45 

20 - 25 

24 - 26 

49 - 62 

4 - 6 

30 - 40 

13 - 16 

14 - 17 

High 

35 - 50+ 

35 - 50+ 

32 - 40+ 

16 - 19+ 

73 - 83 

10 - 15 

14 - 16+ 

16 - 19+ 

23 - 24+ 

45 - 55+ 

25 - 28+ 

27 - 30+ 

63 - 75 

7 - 9+ 

40 - 50+ 

17 - 20+ 

18 - 20+ 
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ROUND ROBIN TEST PROGRAM DISCUSSION AND QUESTION/ANSWER PERIOD 

by 

J. Sorenson, Regional Pavement Engineer 
Federal Highway Administration 

INTRODUCTION 

The purpose of this session is to allow time for the audience to discuss the results of the Round 
Robin Test Program as well as any other concerns members might have. As moderator, I have collected 
a number of questions from the audience and will have one of our distinguished panelists answer each 
of the questions posed. 

The participants include: 

1) Carl Monismith, University of California, Berkeley 
2) Jim Huddleston, Oregon Department of Transportation 
3) Newton Jackson, Washington Department of Transportation 
4) Marshall Thompson, University of Illinois 
5) Ron Terrel, Transportation Research Institute, Oregon State University 
6) Jim Wilson, AMI 

The following section presents the transcriptions of the questions and answers. Unfortunately, some of 
those who asked questions were not properly identified. I hope this will not offend any of the 
participants. 

J. Sorenson: 

M. Thompson: 

QUESTIONS/ANSWERS 

The pressing question that wasn't answered or wasn't even asked is: Why 

Resilient Modulus? Marshall, do you want to try to tackle that one? We'll have the 

panel follow. 

I think that early on, as soon as we got into a situation where we were able to 

measure moving wheel deflections and compare them with, say, static or slowly moving 

Benekleman beam deflections, it became very apparent that a moving wheel load 

response of the pavement section and the static deflection of that pavement section are 

different. 

With the advent of the resilient modulus work in the early '60s, it became 

obvious that resilient moduli values weren't the same as those we achieved from static-



J. Sorenson: 

J. Huddleston: 

type testing. It became obvious that if we wanted to predict the behavior of pavements 

under moving wheel loads, we needed to be testing In a different manner. From that 

day on, I think everyone concurred that the moduli values that we need for pavement 

analysis and design need to be determined based on "repeated loading." In that 

process, we learned to differentiate between a "stress-hardening" and "stress-softening" 

material. 

Technology has advanced considerably, and at this time we have correctly 

identified the major inputs. Some of the current structural models are able to handle 

resilient modulus inputs. I would concur with Carl (Monismith) that we have to 

recognize the GIGO principal, "garbage in, garbage out." If you have lousy input, you're 

going to get lousy output. We need to put a lot of effort into how to develop these 

inputs so that we can characterize those materials and take into account seasonal 

effects, etc. 

The flip side of the chart is transfer functions (fatigue criteria, how to avoid 

permanent rutting, permanent deformation, etc., in the section). Do we need modulus 

testing? A final parting shot -- I don't think resilient modulus is the way we ought to 

characterize granular materials for pavement design in terms of an AASHTO coefficient. 

Modulus is a property interest, but not the one I think relates to the performance of a 

material in a pavement section. 

Jim (Huddleston), why resHient modulus from the State perspective? 

Well, we're primarily interested in resilient modulus for two reasons: One is for 

implementation of the AASHTO Guide. We have adopted and use the AASHTO Guide in 

Oregon for pavement design. We use modulus testing primarily to characterize 

subgrade response and support. The second reason for modulus testing is that we 

foresee a move in the future to more rational design procedures that will incorporate 

modulus as the primary input. Our current experience with modulus testing provides an 

opportunity for our staff and laboratory people to gear up and prepare for making the 

move to rational design procedures. 
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• J. Sorenson: 

R. Terrel: 

J. Sorenson: 

N. Jackson: 

• 

J.Sorenson: 

• 

Ron wasn't sitting with us last night when we went through all the questions, so 

we'll just hit him "cold turkey" with some of them. Ron, what's your perspective on 

resilient modulus? 

I really think the resilient modulus is a compromise from the ideal. It's 

something that we can probably measure if we get a little bit better at it, perhaps after a 

few of these workshops, but I think it does represent the real world for transient loads. 

This is probably as close as we're going to get, somewhere in-between long-term 

loading, such as creep, and some of the more dynamic tests. I think it also represents 

what we see in the field in terms of materials, but what we cannot characterize as well as 

in the lab in terms of its performance. 

Newt has a few hundred tests that he's run in Washington. Let's see what his 

perspective is on MR. 

We have more questions than answers in some ways, but we have started to 

adopt a mechanistic design procedure in the State of Washington. We've done this 

because we have some data that most people don't have. We have a Pavement 

Management System (PMS) that allows us to look at the downstream end of the design 

process, that is the damage functions. We can look back and see when most of our 

pavements failed and how they failed. 

We did take a step a little bit ahead of everybody else in trying to step into 

mechanistic design and, at the same time, recognized that with that step we could also 

do the AASHTO design with modulus values. Dynamic testing is necessary for 

mechanistic design. Though Jim, I know the highway industry is starting to look at it as 

far as the AASHTO Guide, the AASHTO Guide in the near future will be mechanistic 

design. It is a very rational design procedure as opposed to empirical processes and 

allows you to extend your understanding in material properties beyond always looking 

back at what you've tested in the past in empirical processes. It's something that is 

here, and it's something we're trying to be able to get a handle on. 

Dr. Monismith, do you want to address the question: Why Resilient Modulus? 

3 

IV-45 



C. Monismith: I look at the pavement design process as an iterative activity. Years ago, the 

CBR and stabilometer procedures were used and pavement design was predicated on 

the premise of preventing excessive shear deformations. In 1956, Francis Hveem 

presented one of the classic papers in the pavement area entitled '"Pavement Deflections 

and Fatigue Failures." It demonstrated that while the then current design methodologies 

might provide pavements that were satisfactory against rutting, they did not preclude 

fatigue cracking. From Hveem's efforts, we recognized that we would have to do 

something better. Efforts like those presented here are a step forward. 

We have to realize that there are problems with the way we measure material 

properties, but this is the next iteration in the loop. Perhaps fifty years from now there'll 

be something better because pavements will be utilized for many years to come. In 

effect, we can look at resilient modulus testing as an iteration in the design process, and 

I think it's a very important step. 

J. Sorenson: Thank you. I think we've heard a couple of different perspectives. Marshall has 

a firm feeling on aggregate testing. I think we're hearing overall that resilient modulus is 

going to give us some better materials characteristics than those that we've seen from 

static laboratory testing. Does anyone else want to answer the question: Why Resilient 

Modulus? (No volunteers) The first question we'll direct to Marshall, and we'll see what 

the panel wants to add to it. Marshall, how many load repetitions are necessary to 

remove the softening effects of a freeze-thaw cyde? 

M. Thompson: Carl (Monismith) showed a slide from some work Robnett and I did several 

years ago. Repeated loading by itself applied shortly after the freeze-thaw cycle will not 

increase the modulus. It takes a while for the soil to condition in a closed system where 

we aren't experiencing a moisture content increase during the freezing. Basically, in a 

freeze-thaw cycle, the suction goes kaput and you come up with near zero suction. 

What happens is, as that specimen sets, it cures; and the moisture films are realigned. 

The suction comes back up in an unsaturated soil, and the modulus Increases. The 
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• J. Sorenson: 

N. Jackson: 

• 

philosophy, then, is that you are married to that softened material until the moisture 

suction condition is reestablished. 

Del Fredlund in Canada has done some interesting work in this area. I know the 

folks at CAREL also have considered the topic. Repeated loading won't restore that 

rascal; it is a time-dependent thing. Ultimately, the modulus will come back. I think the 

most discouraging thing about freeze-thaw effects on cohesive soils is that it only takes 

one freeze-thaw cycle to drop your modulus considerably. Whether there's one cycle, 

three cycles, or four cycles, you're going to take a "beating" with just one. That doesn't 

get you out of t he woods, so to speak, just because you live in an area that only 

infrequently experiences a freeze-thaw cycle. 

Luke over there (in Minnesota), freezes up and stays frozen, so he only gets one 

cycle. But in southern Illinois, you know, those folks don't like those freeze-thaw cycles, 

but they do catch them. We have problems with reduced modulus values in the South 

during the thaw period . 

Thank you. Another questions here is: What is the appropriate stress level that 

we should be defining as the reference resilient modulus? Newt, could you try to field 

this one? 

I think I got picked on because I offered that up yesterday as having some 

typical modulus value or a standard by which we reference moduli. We had made an 

attempt early on to model a couple of different roadway sections and to look at those 

roadway sections, which were primarily gravel-thickness materials picked at fairly high 

bulk stress in the middle of the layer. Looking back, I almost wished I hadn't tossed the 

numbers up for the last year. I thought I had set them too high. 

If we want to adopt a standard by which to give a single modulus value, that 

standard ought to be based on the typical 5,000 lb. wheel load, the normal PSI pressure 

of the tire of 100-11 o PSI, and then we should look exactly at what the bulk stress in a 

typical roadway section. Then, we should come to some consensus as to what that 

bulk stress is at which you adopt a standard based on the use . 

5 

IV-47 



J. Sorenson: 

R. Terrel: 

The next one I'll throw out here, we'll direct to Ron Terrel: In many states rutting 

of asphalt pavements is a primary concern. Have there been any successful attempts to 

correlate resilient modulus to the mile's rutting potential? 

There have been quite a few attempts, of course. As for successful, I don't 

know what you could call success. But I think that the shift factor that you would obtain 

from a modulus in the laboratory compared with what you might get in the field, or 

expect in the field, can be variable. I think we get comfortable if we do it ourselves. 

You get a good feeling when you get the field values to match up, and then you find 

someone else who has used your numbers and can't get them to match at all, so you 

begin to lose confidence. I think that probably the State of Kentucky has done some of 

the better work in trying to do this through the years, and Washington as well. Other 

states are trying it, but many of them have not applied the information in a design 

system yet. 

J. Sorenson: Perhaps, Carl (Monismith), you'd want to jump in on this one and maybe also 

C. Monismith: 

address: What future you see in creep testing, such as the Shell Method, as a means of 

characterizing the rutting potential? 

I think one has to be careful about assigning one value for a modulus as a 

criterion to mitigate rutting. For example, the Europeans are considering a creep 

modulus in which a creep modulus is specified at 40°C and at a time of loading of 60 or 

100 minutes. One has to be careful about this. Certain mixes may provide a satisfactory 

creep modulus at 40°C, but when the temperature is increased to 60°C, the specimen 

fails. 

In our experience, for example, some rounded gravels, when tested in creep at 

40°C, performed better than a crushed granite tested at the same temperature. 

However, when the temperature was increased to 60°C, the granite proved to be far 

superior. If you are measuring moduli for rutting predictions as embodied in the Shell 

procedure, you have to be careful and not just think in terms of one modulus as a 

criterion. You must define creep moduli at different temperatures to permit estimates of 
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• 
M. Thompson: 

J. Sorenson: 

• 
R. Terrel: 

J. Sorenson: 

• 

rutting to be made at the higher temperatures that may occur in the upper parts of the 

pavement sections on hot summer days. 

An interesting reference that you may want to look up when you get back home 

was published by Khedr in the January 1986 Transportation Engineering Journal of 

ASCE. He presents a rutting model that embodies both repeated deviator stress and 

resilient modulus that seemed to account fair1y well for some laboratory data. We've 

since played some games with that model on some test sections, and the general format 

of the model seems to hang together darn well. It does include a modulus concept, as 

well as a repeated stress state concept, and from those you predict a "rutting rate." It's 

an intriguing piece of work. I think it needs some fleshing out, but it's one of the more 

attractive schemes that have hit the streets in the last few years based on what we've 

been doing lately in our NCHRP 1-26 Project. 

The panel doesn't have all the answers. A lot of you in the audience are all part 

of this team that's pulling together this technical area, so please don't hesitate to jump 

in. I know that there are some differing perspectives on some of this, and we want to 

hear from all of you because we may not resolve these issues, but we're going to get 

them down in writing. 

One of Gar1's slides reminded me of the effect on modulus of curing an emulsion 

mix with time. Some of the ear1ier work in this area has shown, for example, that if 

you're concerned about rutting, you must be aware of the effect of time, particular1y with 

the emulsion-treated bases like we use in the Northwest. We've found that the curing 

period In the field can be up to two years from the time of construction until it actually 

cures out to a final ultimate modulus value. During that two-year period, you could have 

considerable rutting occurring because of that treated base and the effect of heavy 

traffic. 

Thank you. Marshall, should compaction pre-stresses be accounted for in 

selecting the appropriate stress level for resilient moduli of nonlinear material, and do 

you think that the compaction pre-stresses are removed by load repetitions (i.e., traffic)? 
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M. Thompson: I've heard many times that Burmister always talked about this effect, even back 

in the 1940's. Under compaction, you build in pre-stresses, etc., and residual confining 

pressure. There's been some activity. Ernie Selig at the Univerisity of Massachusetts at 

Amherst has done some things in the rail system area where he's trying to measure 

residual stress. Even under the most extreme circumstances, all Ernie ever measured 

was a couple of PSI, at most, in terms of a residual confining pressure. 

I would suggest that to base a pavement design on the assumption that those 

small stresses are going to be there and stay there would not be a prudent thing to do 

at this time. I'm not saying they are not there; I'm saying that it seems that at this time 

they're fairly small. Ray Seed has done some interesting things at Berkeley, in terms of 

compaction-induced residual stress. I think that's an emerging area that deserves our 

attention. I would say that's about where we were with resilient modulus testing in the 

middle 1960's. I think its time may come, but it hasn't arrived. 

J. Sorenson: Jim Wilson represents the manufacturer's perspective. He's been dealing with 

J. Wilson: 

J. Sorenson: 

the equipment and trying to make heads or tails of some of the mechanical/electrical 

side of this for many years. One of the questions we have here, Jim, is: From your 

perspective, is it necessary to lubricate the end platens in the triaxial repeated load tests, 

and do you think it's really being done? 

Well, to some degree. There are attempts to lubricate them, using sheets of 

teflon with the lubricant in-between a silicon grease. This attempts to reduce end 

effects. The attempt is to minimize them. I think probably the more significant problems 

with the end effects were actually in the preparation, that is, the platens are not 

completely flush with the end of the specimen and stress concentrations are developed. 

That probably attributes more to poor measurements in the measuring of axial 

deformation rather than induced sire ngth. 

This question is directed to someone who has worked with some non-cohesive 

soils. I think maybe this one Newt would want to field. In larger samples the effects of 

gravity would become a problem, especially in fine-grain, non-cohesive soils. How can 
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N. Jackson: 

J. Sorenson: 

• 
M. Thompson: 

• 

the test be perfonned without causing the water in the sample to flow to the bottom 

during the test itself? 

If you've got that much water, there are a multitude of things. I'm not too sure 

I'm very confident that we've put together silt-type materials in our modulus tests and 

get from them numbers that I believe too well. We've done quite a bit of work in some 

of the loess silts in remolding a sample, setting it aside for almost a month at a time, and 

then testing it again. We see it almost double in strength just from stabilizing after the 

mixing process. We do make sure that we temper the stuff overnight pretty well to 

disperse some of that fluid. You may have to let the sample set and drain for awhile to 

stabilize some of the pore pressures that Marshall was talking about. I think if you have 

those kind of problems, you have to work around them by compacting on the dry side 

and letting them soak for awhile so that you stabilize those films, the way they are out in 

the field. I don't know that I've solved the problem at all. 

Marshall, do you think that the same amount or number of conditioning 

repetitions are needed for the coheslonless soils, as might be required for cohesive 

soils? 

I think the conditioning process relates back, perhaps, to the idea of seating the 

caps properly on the specimen (as Jim Wilson referred to), and I think it's essential in a 

conditioning process to test at a stress state that's reasonable for field conditions. 

During conditioning, you experience a lot of early up-front permanent 

deformation. When you drop down to reduced stress states, you can do resilient testing 

with a reduced number load reps without the problem of picking up additional 

permanent strain. Permanent strain accumulation is very stress-history dependent. If 

you condition at some reasonable stress state, well below the ultimate strength of the 

material, you can then drop back and do some testing without having this "permanent 

strain accumulation" problem. As you move up to the higher stress states, ii you desire 

to do so, you might pick up some additional permanent deformation . 
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J. Sorenson: 

R. Terrel: 

I think the two criteria: (1) seating the specimen properly and (2) getting some 

of the permanent deformation are going to take 1,000 load reps or so. A semi-log plot is 

reasonable, so that what you get from 1 to 10 is what you get from about 10 to 100, is 

about what you get from 100 to 1,000, etc. At 1,000 reps, a big chunk of that permanent 

deformation is out of the way. 

Thank you Ron (Terrel), I know you weren't there to defend yourself last night, 

but you may want to try to elaborate on this question, and we might get some 

feedback on this one. Do you think that it's reasonable to combine the repeated load 

test for plastic deformations (we've talked about this a little bit this morning) with the 

resilient modulus testing? 

I think it's a practical way to go. If I'm understanding your question right, I think 

you should be measuring the resilient, as well as the permanent deformation in any 

testing you do. It should become part of your data base because I think this is our basis 

for our understanding of the behavior of the material. Somehow, the resilient portion 

may be more significant or less significant, depending on where it is in the structure, for 

example, or the conditions under which you test. I think that there is no problem at all 

with combining these, particularly in treated material. It's really kind of a help to know, 

and it can't hurt any. 

J. Sorenson: I guess if you were going to go to the expense of running the test, we might as 

well try to get all the data out of it we can. 

R. Terrel: Well, I think so. I think that with the capability that we've been shown by the 

equipment people this week, we now have the ability to accumulate this data and store it 

for future reference, building a data base that we could not do in the early days when I 

was a graduate student. We were looking at dial gauges and writing down numbers all 

day and all night and this was rather tedious, but we're getting away from that. Why not 

use this capability? 

J. Sorenson: Marshall, you may want to try to field this one, and maybe Jim Wilson could add 

to it. Do you think that you need the same number of conditioning reps when you use 
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M. Thompson: 

J. Sorenson: 

J. Wilson: 

• 

• 

the internal damp on LVDTs as are necessary when you use the external LVDTs to 

measure subgrade material deformations? 

I think the same philosophy applies there. The idea is to seat the end plates, 

and that sort of thing, and get some early permanent strain out of the way during the 

conditioning phase. Later on, you drop back to a lower stress state and start measuring 

resilient responses. The same criteria would apply. Some folks have difficultly keeping 

those clamps (L VDTs) hanging together for extended periods. That needs to be a 

concern. Start looking at how many conditioning reps you put on, but I would suggest 

we could use the same number and that would be appropriate. 

Jim, do you have a perspective on internal vs. external, and how effective are 

they? 

Well, the internal clamps are much more difficult to use, depending on the type 

of material. For instance, if it's a subgrade material, it's not subject to the irregularities 

on subbase material. Some of the difficulties experienced with third point measurements 

are the friction over the gauge, like the friction of the coil, and the core problem. I 

always like to have the ability to look at each LVDT independently while the specimen is 

being conditioned and to look at the response of each one. Sometimes one LVDT will 

not be working at all, and the other one may be going through some fairly large 

excursions. That leads you to believe that there's something wrong, and it gives you a 

chance to do something with it. 

As to the number of cycles, the platen to platen vs. the third point, I like to look 

at when the test specimen comes to some steady state, or nondeformation. In other 

words, you'll see that the third points will not exhibit the amount of deformation the total 

LVDT gives you for the platen to platen. In fact, I have some handouts here today to 

show the ratio of the resilient modulus of platen to platen vs. third point. This is on a 

range of specimens for resilient modulus. I threw one in that was not a resili.ent modulus 

test, but it was on a specimen of rock that was abutment wall material from a dam in 

Southern California that experienced some damage in the San Fernando earthquake . 
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We made some third-point measurements not using LVDT third-point clamps. This was 

with strain gauges, but it gives you a feel for the difference in measurements between 

platen to platen and third point. 

J. Sorenson: I think the overhead works there, since you';e on the subject, if you want to 

throw up a couple of viewgraphs. Marshall? 

M. Thompson: May I make a plea? If anyone in the audience has data where you have well-

R. Terrel: 

J. Wilson: 

defined samples and measurements based on both external and internal LVDT 

arrangement, that information is very helpful and vital to what's going to be happening in 

some programs. For example, how are we going to do SHRP modulus tests? Please 

forward that information to me. I'd be glad to accumulate and analyze the data. 

Jim (Wilson), before you start, you might remember the work that you did with 

us at the University of Washington. We had 4 x 8 in. samples where we attached a 

whole range of strain gauges. 

Okay, this first set of data is for a resilient modulus test. This was performed on 

some material from Alaska, and we have the density and moisture content for the two 

listed. If you look at the confining pressures, we started at 2, 4, 6, and 8 PSI. The 

number of cycles over here were measured at 10 and 100 cycles. The cyclic stress, 

third point strain, microstrain, total strain, and the modulus values were computed at 6% 

water content. The ratio of the third point to the platen to platen one, this was at 8 PSI, 

was in the order of 2.3 to 1, and as the confining pressure was dropped, the ratio 

dropped. You can see the corresponding values for the modulus. This same material 

was remolded and performed at 9% water content, and you can take a look at the ratios 

again. The modulus dropped, as you would expect, and the ratios between the two 

dropped. With confining pressure, they dropped down to about 1. 78 to 1. 

The next set of data was for a different project. These tests were oriented 

toward AASHTO T-274. We just had developed this procedure. This is at cycle 100, 

200, and 300, and this test was with some equipment from the days when we were using 

open loop machines so the cyclic stress, the amplitude, was a little more difficult to 
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J. Sorenson: 

M. Thompson: 

J. Sorenson: 

M. Thompson: 

control. This one started with the pressures at 2, 4, and 8. The effect of confining 

pressures, and again you can see the differences, were 1.35 to 1 to a little over 2 to 1. 

The last one was not a resilient modulus test, but I just threw this in to give you a feel for 

how the difference in third point vs. platen to platen can vary depending on the modulus 

of the material. The stiffer the material, the greater the divergence in the two 

measurements (re: Exhibit 1, page IV-73). 

Thank you, Jim. Are there any questions from the audience? 

Jim, ask Al Bush to comment on that. Is Al back there? 

You want to summarize that, Marshall? 

I think what Al was suggesting is that the effect is more accentuated for the 

higher modulus material. Several years ago, we did a study where we had an optical 

scanner and traced targets on the membrane and compared that back to total axial. In 

that scheme (those were open graded materials with few dense graded), we found a fair 

comparison. At times they were almost equivalent. That's a critical issue; it really is. 

It is difficult to place clamps on a broad range of materials. Imagine trying to clamp on 

something like an AREA #4 ballast with a top size of two inches and nothing passing the 

#4 sieve! That's tough! How about impossible? If we want a range of data, it may be 

in the intermediate period. The concept of doing it both ways is something we're going 

to have to live with. When a clamp arrangement dies in the middle of a test, there are 

a lot of very unhappy, distraught lab techs. Golf comes later in the day then! 

J. Sorenson: Marshall hasn't had to work out here in the Northwest with me too long. I really 

do believe in this teamwork concept, so it doesn't bother me to put the Professionals 

and the States that I work with on the spot and try to get as much out of them. Newt 

says I always try for two bucks out of two nickels. Being a Fed, we are out here to help, 

and we try our darndest. 

I want to put a pitch in for our manufacturers who are here. There's a lot of 

technical expertise here. I noticed yesterday morning that there was good discussion in 

the groups. There was a lot of conversation. Last night those labs were open, and 
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again tonight many of the manufacturers and vendors are still going to be available. 

We're only covering a few isolated questions in the technical area. Most of us are Civil 

Engineers; we're delving into some of the electronics and the computerized systems 

where we don't necessarily have the technical expertise. 

I encourage all of you to go over there and bend those folks' ears, corner them, 

tie them down somewhere if you have to, and try to get some of the answers to the 

questions that are plaguing you within the highway departments. We do have a unique 

opportunity here this week, and I'd like to see our highway departments and our users 

out here get the most out of this workshop, either personally or professionally. 

Since you did so well on that, Marshall, maybe you'd like to touch on this one. 

What is the MSHTO test at bulk stress levels which far exceed those that typically found 

in our highway situations? 

M. Thompson: I think the stress states that are in AASHTO T-274 at this time probably were 

established and included in that standard well before we had good fixes on what those 

bulk stresses might well be. I think, in retrospect, we would now probably change 

those. I wasn't involved in preparing that spec, by the way. I want to make sure we 

understand that. 

I think that the theta values need to be representative. My philosophy on bulk 

stresses for resilient modulus testing, in granular materials in particular, is that we need 

to have stress states that bump us up into the working region and a bit beyond. We 

need enough data so that we can properly define the K-theta to the n relationship, but 

on the other hand, the values should be realistic. 

It is possible to fail a lot of granular materials at deviator, overconfining 

pressures of 45 over 15. You bang on that 1,000 - 5,000 times during conditioning and 

you may "kill" your specimen. We've had several materials where we had to drop back 

to 30 over 15 to get them to live through 1,000 to 5,000 load reps. I think those stress 

states need careful reconsideration. I would suggest that's something to definitely be 
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considered by some group, such as AASHTO. It is true, and Jim points this out, and 

Newt too. 

If you're using thin surface pavements or bituminous surface treatments over 

granular base, you have some bulk stresses hanging around up in the high numbers. 

You're up there frequently. You figure you get 100 PSI radial tire on the topside, throw 

in a few psi confining pressure on top, and you're easily banging around well over 100. 

You have to be. We know we are. We need some numbers up there in some cases. 

On the other hand, bury that granular material under asphalt concrete with stiffness 

values of 1,000 ksl, and the bulk stresses are quite low. We have to bracket the whole 

range in many cases to do a good job with those materials and conduct proper analysis 

and design. 

C. Monismith: I just wanted to emphasize that you must consider the pavement structure that 

you're dealing with. If the pavement contains a thick asphalt concrete layer, to define 

the stiffness of granular layers. you must utilize one set of stress conditions. If you're 

evaluating a thin pavement surfacing, you use another. Again, I call your attention to 

Table 2 in my paper; reference is made to the work of the South Africans. In their 

design methodology, they recognize these considerations, and they select the modular 

values depending on the thickness of the asphalt bound layer, which is what Marshall is 

saying as well. 

This brings up an important point that I hope someday personnel in our highway 

departments can reconcile. That is, the people who are doing the materials testing 

should not be in one location and the people who do the pavement design in another, 

for example, at separate ends of a building. Rather, the people should be together so 

that the pavement designer and the materials evaluator can actually work together to 

design the pavement system because you can't divorce the materials design from the 

pavement design. 

J. Sorenson: I'd like to have Jim Huddleston try to answer this one. I know it's something 

that's come up from ODOT before, so he's probably the best one to field it. Jim, when 
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J. Huddleston: 

J. Sorenson: 

J. Sorenson: 

N. Jackson: 

testing nonplastic, sanely silts and low Pl day silty soils, we've experienced lab 

compacted moduli values that are significantly lower than the backcalculated values. Do 

you want to try to explain why? 

We typically sample existing subgrades by taking thin-walled (Shelby) samples. 

These are usually taken in the top two to three feet of subgrade. We then try to 

represent or correlate the results of tests of those samples to backcalculation results 

from NOT data, which take into account a much larger depth. One explanation would 

be that some stratification is present in the subgrade. We are testing the worst case in 

the lab. However, the NOT results take into account increased confinement and density 

with depth. Also, from what I've heard at this conference and considering some of the 

results Newt has had, the fine, silty soils tend to be very sensitive to small changes in 

moisture content. A lot of the scatter and low lab values might be caused by minor 

changes in moisture content. 

However, from my point of view as a Pavement Design Engineer, the best way 

to validate your results is to look at the road that you are doing your backcalculations 

from. If you are backcalculating 10-15,000 and measuring 2-5,000 in the lab, you 

certainly should see some reflection of that in the condition of the pavement that you are 

testing. If the road has performed well, and you cannot explain that good performance 

with the lower lab values, then you should place more reliance on the backcalculation 

results. 

Would anybody like to echo any more on that? 

Newt was nodding. 

Sounds good. Just one of many reasons, I think, they're difficult to handle. 

have a lot more confidence in what we find with in situ testing than anything we could 

do with the lab with some of those materials. Jim (Huddleston) makes a good point. In 

most of our work, we're dealing in overlays and existing roadways, and you should look 

at those existing roadways and see what they're telling you. If the performance of that 
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J. Sorenson: 

M. Thompson 

roadway does not match the numbers you've been getting out of the lab, you should 

suspect what you get out of lab. 

Marshall? 

We have a lot of high Pl granular materials that sometimes slip into our 

roadways in Illinois. We have worked with several of those to see what could be done 

with them. Frequently, we lime-treat them to shape them up and put them back down. 

Many of those materials, though, are so moisture-sensitive that a ½-1% increase in 

moisture over optimum would drop your shear strength by a factor of a half. Here you 

are pounding around on that specimen at some high stress state, and the thing just 

dies. We actually start pumping fines out the exhaust vent on the triaxial cell! We have 

to put a bucket under the exhaust port; obviously, things aren't in good shape. I think 

Dave Allen's analogy of liquifaction may be appropriate. Those high Pl and fines 

material just flat go unstable! They generally show large permanent strain accumulation 

with a few number load reps. Dry them up, and they look a lot better. 

M. Thompson: I was responding to Dave Allen. We've had tube samples of cohesive soils from 

N. Jackson: 

M. Thompson 

the field representing, say, early spring conditions, where ERi values (modulus at a state 

of 6 psi) are a thousand psi or less. 

I think we were talking about subgrade materials, and I think the question fit 

more like we see it, and that is, in backcalculations for subgrades, we see them stronger 

than what we can do at the lab. But in base, yes, backcalculation. Our procedures 

don't look too representative of what we would expect that material to be. 

When you start looking at a 10 or 12-inch granular base under a few inches of 

asphalt concrete, the actual amount of deformation accumulated in that base is very 

small. Here we are thumping on that rascal with an NDT device, trying to sort out small 

changes in asphalt concrete modulus. I don't think, in many instances, we do that very 

well, and we get some funny numbers kicking around. I'd say in modeling the granular 

materials, we really aren't doing a very good job structurally. I'd be the first to 

acknowledge it. We're making some progress. The next generation of models to handle 
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R. Terrel: 

J. Sorenson: 

that sort of thing has to be developed. It is going to be awhile before those even get 

close to an application stage. I concur with your thought, Gary. 

I would be interested in getting some feedback from some of you out there with 

regard to what I call an equilibrium water content in the upper layers. No matter where 

I've seen pavement sampled, it seems like there's always water at the base of the 

asphalt surface course. This obviously has an influence on the modulus. Even in desert 

areas where we haven't had rain for many months, you'll find water there, and this 

obviously has an influence. I'm wondering if maybe the backcalculation moduli values 

are related to this phenomenon. Perhaps we should first of all identify the presence of 

moisture so that we can do a little better job of determining the appropriate values in the 

lab. 

I think Ron brings up a good point, and even if you don't want to jump in here 

and put your two cents worth in, we need to find answers to some of these qquestions. 

We need to find some experience in these areas. If you don't ask him now, the 

question's going to be put down. 

M. Thompson: Jim, why don't you have Bob Lytton comment about the FHWA study you folks 

are funding on climatic effects? 

J. Sorenson: Last time I asked that question, I almost was thrown out of a classroom. Bob, is 

that going to take away part of your presentation or do you want to touch on that? 

J. Sorenson: I guess the bottom line is, how long is it going to take to get it out of your shop 

and through Federal Highways and out to the real people? I want to touch on an 

equipment question that cropped up two or three times in here. I don't have any 

hesitation in putting Jim Wilson on the spot on this. I know he's worked with many 

manufacturers over the years, and he's always been up front with his responses and 

professional in dealing with us. 

One of the basic questions that we keep getting asked is: What's the difference 

between electrohydraulic and electropneumatic? Many of you may have asked some of 

those questions yesterday. Why do we need such expensive equipment to run the 
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J. Wilson: 
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tests? What are the differences in the wave fonn considerations? How much do you 

have to pay for this test versatility? Without really getting into the numbers, I'd like to 

ask Jim to touch base on this subject for a few minutes and really end it with his 

perspective on whether or not you can get gocx:I results with some of the less costly 

equipment? 

Well, first, electrohydraulic and electropneumatic. I've worked with both, and 

there are advantages and disadvantages to each. I guess we could talk about the 

electrohydraulic first. Electrohydraulic systems are responsive at higher frequencies. 

You don't have the problem of the compression of air in the cylinder. That's one 

advantage, although the tests that we're doing with the resilient modulus are not severe 

tests. It has a period of a tenth of a second, which is equivalent to a frequency of 1 o 

hertz, but there are almost two seconds between the events, so it's not a severe 

problem for that type of machine. The electrohydraulic is a little more expensive: the 

hydraulic power supply costs a little more, and there's more of a heating problem. You 

have to have a heat exchanger and cool the oil. As for the wave form and the 

performance from either system, there's really not any difference at the frequency and 

the amplitudes that we're testing these specimens under. Again, it's not a severe 

condition. 

The electropneumatic has some forgiveness in the system. You want to think 

about the two systems. You have to realize that since this is a forced control 

application, that means the test specimen is directly in the control loop. With the 

specimen in the control loop, you have to take into consideration the spring constant of 

the test specimen, the electronic gain of the control system, and the gain of all of the 

components. That is, the compliance of the whole system. And another factor that 

comes into it, in the electrohydraulic system, is the bulk modulus of the oil. It provides 

some damping, but not as much damping in the system or in the system actuator as a 

pneumatic system. In some cases, you can do some playing with the system, and you 

can tune the pneumatic system to respond by just changing the length of the lines 
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J. Sorenson: 

J. Wilson: 

between the actuator and the servo valve itself. You can get more damping in the 

system, which aids in increasing the electronic gain. 

But there are trade-offs in all of these things, and probably by the time you get 

to the cost of electrohydraulic vs. electropneumatic, you put a dryer in the system to 

condition the air because the valve has to be kept very clean. It has to be free from 

moisture. It has to be lubricated or you have to put an oiler in the system. The cost of 

the hydraulic power supply may be a little bit higher, but not much. It's probably just 

about a wash. It depends on the kind of testing you're going to do in your laboratory. If 

you're going to do something other than resilient modulus, then you may want to look at 

an electrohydraulic system. It may be more versatile for you in the long run, but that's 

another application. Strictly speaking, for the type of testing we're doing, the 

electrohydraulic and pneumatic are comparable. 

How about some of the different wave forms that we see being used? 

Either the electrohydraulic or electropneumatic are proportional closed-loop 

control. You can virtually program any wave form you like. You can program a square 

wave, a sine wave, etc. The problem with most systems is that the sine wave or a 

triangular is bipolar. It's not unical or it can be made that way with a function generator 

or from a computer where you can offset the wave form, but most of these start at the 

zero plane and cycle plus and minus. That's difficult to do with the test specimen unless 

it's confined, and you increase the minor principal stress high enough so that you can 

cycle bipolar. 

My experience with wave form has been that this square wave that you program 

into the system with a fairly high rise time on viscoelastic materials can cause some 

strain rate sensitivity problems. The difference between the sine and the square wave 

produces a difference in the strain that you measure at the same stress. You will 

generally measure a higher modulus with the square wave than with a sine wave. That's 

dependent on the water content of the material and the kind of material. As to the 

effectiveness of less expensive systems, I've done that too. We started with a basic 
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open-loop system with servo valves and a timer and performed resilient modulus tests 

with that system back in 1965. We used that system for about 1 ½ years, and with that 

particular system, you could get good results. There wasn't any problem with getting 

good results. The problem was that it was operator-oriented. The problem never was 

getting good results: it was just how much trouble it was to get them, and who was 

going to operate the machine. 

I solved that problem in 1966 or early 1967, I think. We bought an MTS 

machine, and I worked with MTS on developing a modification to their function 

generator so that we could develop the gated sine. That system and one at the 

University of California provided two systems operating for many years. What they really 

bought was getting rid of the operator technique in the program. You've eliminated at 

least one of the variables. Probably, in the long run, it's worth it. I was just thinking 

about the economics of it. 

For awhile, 1967 was the benchmark for the inflation factor. A few years ago, 

they were talking about the inflation from 1967 to 1980, whatever it was, '84 or '85, being 

about 3.2. I recall building that system, that open-loop system, when the electronics 

cost about $1,000-$2,000 a channel and an oscillograph cost about $7,000. The 

designing and the manufacturing of prototype equipment was probably another $15,000, 

so we were probably into the system for about $25,000-$30,000 back then. That was an 

open-loop system. It was not terribly sophisticated. You could not do anything but 

program square waves, and we did some things to modify the wave form a little bit, but 

given that inflation factor, you're probably looking at about a $90,000 system or the 

equivalent. Today's systems, even the closed-loop system, is probably not too bad a 

buy. You're looking at systems, closed-loop systems, in the range of $50,000, 

computer-coupled, so that you don't have to set and scale all of the data from the 

oscillograph traces and have somebody to verify all of the measurements and verify all 

of the calculations. It's a labor-intensive thing. Given what we did then, and given what 

there is now, I don't think it's really all that expensive . 
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J. Sorenson: From a public agency perspective, I'd like to look at pavement design and 

testing like on a 10-mile paving job. How much of an inch of pavement do we have to 

shave off to save $50,000-$100,000? It doesn't take long to pay for a little bit of 

preliminary engineering; whether it's in equipment or hardware or just further testing. 

think that we don't want to lose our perspective on what good engineering skills and 

equipment needs are when we look at our total program needs. That, again, is what I 

think resilient modulus is tending to push us toward. But $50,000-$100,000 isn't much, 

even on one major job, much less what it is toward the cost of 250 jobs a year. 

J. Sorenson: Marshall ended up with a couple of overheads. We'd like him to touch base on 

a question. How do you explain or interpret resilient modulus results based on these 

view graphs? 

M. Thompson: I showed these the other day. These data are the result of the analysis that 

Witczak did several years ago. He pulled data together from the literature. As you can 

see, there is a relationship between K and n. If you have high K's, you have low n's; if 

you have low K's, you have high n's. My thought is that if we can do a reasonable job 

on establishing n, we can estimate K. 

J. Sorenson: Thanks, Marshall. Jim Wilson, we've touched on this external vs. internal already 

J. Wilson: 

today, but from your perspective again: What's the significance of the external vs. 

internal LVDTs and the load cells on the AASHTO T-274? 

As I showed in this data, which I want to hand out, the ratio between the total 

displacement and the axial is -- I've never measured it ever to be at unity. It's always 

been, even on bay muds, which are marine clays, very soft. You expect to have the 

measurements close to exactly the same number. 

If you stop and think about it, there are problems with the platen to platen 

versus third point measurements. The platen to platen has two problems; one of them 

you can solve by conditioning. That eventually makes the specimen conform to the 

platens to some degree. The other problem is, to have a specimen to put in your cell, 

you have to trim the specimen, so you induce disturbance at the ends, and that's 
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J. Sorenson: 

N. Jackson: 

• 

another kind of end effect. By trimming the ends of the specimen, you've changed the 

soil fabric and changed the density at the ends. The total LVDT displacement essentially 

just integrates all of the deformation from the ends and through the whole specimen. 

That's why you get a larger deformation number. There's really no way to get around 

trimming the specimen and putting It into the test frame. You can get rid of the 

mismatch between the sample and the end platens by conditioning, but you really see 

these problems when you're testing rock cores. 

We went to a lot of trouble to prepare rock cores. We made a special fixture, 

put this test specimen in the fixture, put the fixture in a lathe with a four-jaw chuck, and 

used a dial indicator to dial indicate It in. It was now perfectly true. Then we machined 

the ends of the specimen with a diamond tip cutter, each end, and turned it around and 

indicated it In again so that we had both ends parallel to each other and perfectly flat. 

That helped a lot, but it still didn't totally solve the problem. We also used LVDTs to 

measure the platen to platen, not connected to the piston, but connected directly from 

the upper platen to the lower platen, so that essentially the only compression was 

between the specimen and the platen, the measurable compliance. I used two LVDTs 

180° apart, plus third points, and we still had the differences there. 

Maybe Newt will rebound on this a little differently, but I know he rose to this 

one last night. Would you like to address the adjustment of the compactive effort on the 

bottom layer to come up with a more unifonn sample specimen? 

That's only because I got up and said: What do you do, just lean on it a little bit 

less? I think the question centers on the fact that if you want a uniformly dense 

specimen, you start preparing your specimen on the bottom lifts; you have more 

resistance at the bottom so that you get higher densities. Normally, you apply the same 

amount of effort all the way through the lifts. Obviously the way to solve that, or make 

those a little more uniform, is to back off just a little bit on the efforts you put on that 

bottom lift because you have more resistance at that point. We ease off a touch, but 

that's about it, with nothing too well defined. Anybody else want to comment on that? 
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J. Sorenson: 

C. Monismith: 

J. Wilson: 

I think some of the panel discussed trying to find the working range in advance 

of running the test and the frustrations that there are when you get halfway through the 

test and have it bomb out on you because you've misjudged that working range. Carl, 

did you want to respond? 

George Dehlen, a number of years ago, made an extensive study of granular 

materials in repetitive loading and developed a constitutive relationship assuming these 

materials to be non-linear elastic in response. He measured deformations with the LVDT 

holders attached to the specimens and made an extensive study of the confinement 

resulting from using a finite element idealization. His conclusion was that there was no 

significant influence in terms of the confining effect as far as the deformation 

measurements are concerned. 

I personally would urge that when testing granular materials, deformations be 

measured by attachments to specimens because of the problem that Jim (Wilson) and 

other people have discussed. I think there are ways of getting around the adjustment 

problem. Systems can be developed to permit adjustments to be made outside of the 

cell rather than having to take apart the cell and adjust the LVDTs. These, to my way of 

thinking, are minor instrumentation problems that can be handled. I would encourage 

people to make their measurement on the specimens. 

I have one comment about that, Carl. We had a prototype system that was 

designed for NCH RP 1-1 O. I think you were on that committee, and we did just that. 

designed a system so that you could, under pressure, release the lock nut and go inside 

and turn an alien wrench and readjust the LVDTs continuously under confining pressure. 

That can be done. It's a little bit of a nuisance, but it can be done. 

(Comment from audience) 

No, what I'm talking about is mechanically repositioning the core with 

respect to the coil back to mechanical zero. It's not a zero suppression electronically. 

You're right, that can't be done. 
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J. Sorenson: 

N. Jackson: 

You may want to pursue this a little further later on. Newt, you liked that 

compactive effort question, we'll just give you another one. This all relates back to 

sample preparation. I think Newt's run quite a few samples, as a few of the other states 

have. Do you want to touch on the use of various types of automatic compactors such 

as the Reinhardt automatic compactor with the rotating base, and the use of sheeps foot 

(tamping foot) for AASHTO T-274? And you may even want to expand on sample 

preparation a bit there. 

I don't know why I got hung with this one simply because we tried a multitude of 

ways. I think if you build a sample that has a moisture content and the densities that you 

need, you can do it a variety of ways. The Reinhardt should work fairly well, it would 

seem. We do not have one like that, but we have tried a kneading compactor. Actually, 

I was trying to get this deferred to Marshall because he's done a lot more work than we 

have and done it more rigorously and academically than we have. Marshall, do you 

have some comments on that area, too? I think you did last night. 

M. Thompson: I said almost everything I wanted to say yesterday. I think, on granular materials 

in particular, you can use several procedures as long as you get the same moisture and 

density with the exception of materials with "flaky particles." You're going to gel a little 

different orientation of that stuff depending on full-faced vibratory compaction as 

opposed to any sort of an impact or kneading compaction. Once again, Carl 

emphasized it this morning, and I mentioned it to you yesterday afternoon. With 

cohesive materials, we really don't know what the heck we've normally got in the field. If 

you want to be conservative, either a "kneading" or an "impact-type compaction" will give 

you low-ball numbers that probably are going to keep you in reasonable shape in terms 

of assigning a modulus. 

J. Sorenson: Well, that leads right into another question on treated samples. Marshall 

(Thompson), cement, lime or fly ash; do you think that AASHTO T-274 is applicable in its 

present form? 
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M. Thompson: I think T-274 is strictly for granular materials and cohesive soils. I would not 

recommend using that for high strength materials such as cement-treated aggregates, 

soil cement, stabilized base, etc. The critical thing in the design of those sections, in a 

real-world sense, is the strength of that material. You can ball-park the modulus and do 

a heck of a job on design. We currently are using a mechanistic-based concept for 

looking at high-strength stabilized base and design, which is material with a compressive 

strength over 500 psi. We estimate the modulus (in ksi) as 500 plus the compressive 

strength (in psi). Now the critical thing is strength as a function of time. That's where 

you really need to be concerned. I'd suggest measuring compressive strength and 

estimating modulus, which is the less critical part of the system. The strength is the 

critical thing in terms of fatigue behavior. 

Those would be my thoughts, but there are schemes for measuring the modulus 

of cured high-strength materials. All of those work well. If you try to do it with diametral 

modulus testing, you get down to total displacements of a few micro-inches, and I get 

uptight about trying to measure something that small. We've used that scheme, but we 

strain-gauged the specimen diameter and assumed that the average strain times the 

gauge length is a good indication of displacement. We are very happy, pleased, and 

comfortable with that procedure. 

J. Sorenson: Well, Marshall (Thompson), you're kind of on a roll, so we'll just keep throwing 

them at you. Maybe Cart (Monismith) or even Gary (Hicks) would like to add to this 

one. I personally would like to see this one put to rest. What's the extent of establishing 

correlation values between Mr CBR, and R values? 

M. THompson: I guess it's a matter of if you were to wander around on a modulus vs. deviator 

stress relation, and appropriately pick all of the numbers (not at the same deviator 

stress), you might get a solid correlation. That procedure, I think, is a reasonable "ball

park" estimate, but don't expect to get precise numbers. The TRRL group, in their Lab 

Report 1132 on flexible pavement design, has a relationship, but it's not 1500 times the 

CBR; it's something times CBR to a power. They recognize that it's not a linear 
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J. Sorenson: 

C. Monismith: 

• 
J. Sorenson: 

• 

relationship. I think those are ball-park estimates, and I would suggest you need to 

confirm those as opposed to picking one up out of the literature. We never had a lot of 

luck in doing that correlation. 

It may stimulate some more response from these other two. It's in the AASHTO 

Guide. The conversion's there. 

One must be careful with using such correlations. If you study the original Shell 

data, you will note that 1500 times the CSR relationship is the mean relationship, and the 

values can vary from 750 to 3000 times the CBR: that is, plus or minus a factor of two. 

Similarly, with the R value, there are correlations. I view those as sort of last resorts. 

would rather see you measure the moduli than estimate them. However, if you have 

nothing better, and you wish to use a mechanistic analysis, then the modulus vs CSR 

relation provides a start. But recognize, however, that there can be considerable 

variation. 

For example, a number of years ago, we only had some CSR values for the 

subgrade soil at the airport in Salt Lake City. Some deflection measurements also were 

available with the result that a factor of 2200 or 2300 times the CSR was required to 

predict the modulus of the subgrade. You have to realize that the 1500 value is not a 

magic number and therefore should be treated with care. 

I think we talked this morning about the difference between a static test and the 

condition we're measuring at one point, meaning R values to CRBs vs. something that's 

a moving test. I think that has a lot of bearing on why we can't get that correlation. We 

can't just draw off a straight graph like that. Maybe someone in the audience wants to 

kick in on this one, and we'll perhaps try to get Carl (Monismith) or Marshall (Thompson) 

to start this. I'd like to see some discussion on the issue of Poisson's ratio. Should it 

be measured or should it be assumed, do we have the right test procedure equations to 

evaluate it accurately, and we'd like to hear some comment on the negative values that 

are also frequently obtained. Gilbert (Baladi), we can hear you better if you're down 

front, if you get a chance to kick in on it. Do you want to try to touch that, Carl? 
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C. Monismith: One can measure a Poisson's ratio in a triaxial compression test by measuring 

J. Sorenson: 

both the axial and radial strains. I don't believe that Poisson's ratio can be determined 

from measurements in a diametral test. if you're measuring vertical and horizontal and 

other deformations, since the stress state is much more complex. If you're using a 

resilient modulus test, I think it's more realistic to assume a value for Poisson's ratio. 

A number of years ago, as part of the project that Jim Wilson referred to, Dr. K. 

Nair performed fundamental measurements of Poisson's ratio; these have been 

published in an NCHRP report. From these measurements, Poisson's ratio varies from 

about 0.3 at 0°c to 0.5 at 60°C. At 20-25° a value in the range of 0.3 to 0.4 would 

appear reasonable. You also have to be careful when measuring Poisson's ratio to 

ensure that the deformation level is not too high. At large deformations at high 

temperatures, values greater than 0.5 will be obtained. Heukelom presented such data 

a number of years ago, and Jorge Sousa confirmed this from measurements on hollow 

cylindrical specimens at high temperatures and large deformations. If you obtain 

negative values, there's something wrong with your measurement system. 

As noted earlier, in one resilient modulus diametral a complicated stress state 

exists. At higher temperatures asphalt concrete is not an elastic material. Under these 

· conditions, the stress state will influence the deformations that you measure. Under 

these circumstances, the best thing to do is to compute a modulus by measuring the 

radial strains and assuming a value of Poisson's ratio. 

Well, Ron (Terrel), down that same line on Poisson's ratio. Poisson's ratio has 

been and still is being backcalculated from the results obtained in the indirect tension 

test, horizontal and vertical deformations. The values for AC in Tl° are reported at this 

workshop based on the results of indirect tensile test, and those are as follows: The 

Resilient Modulus is about 15 hundreds by two values and the total modulus is around 

73 hundreds. I think we gave you a viewgraph on this, if you'd like to use that. 

Could you or other members of the panel comment on the use of the indirect 

tensile test results to backcalculate modulus in the discrepancies noted above? 
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R. Terrel: Jim, since you did ask me to begin, I'd like to comment on this too. I think that 

Carl Monismith is right in that we are probably doing ourselves a disservice by thinking 

we have to do exhaustive testing on all these properties. With the given materials, they 

have base courses we are familiar with or a conventional class "B" Asphalt Concrete like 

we use on the West Coast. You can do this once, or even rely on other people's data 

as we just saw and probably make a better estimate than you can by testing it yourself 

because of the complications involved. 

J. Sorenson: I think the point here is that there is still a lot to learn about resilient modulus 

and even about some of the basic inputs to our testing and test procedures. Dr. Baladi 

brought that up the other day. There were several questions in here about it and even 

with the experts. We need to come to some point of standardization, and we need to 

come to some point of conclusion. That's what AASHTO and ASTM do. 

We have about 20-25 more questions here. What I'd like to do now is to 

document all of the questions we received. We're not guaranteeing answers to those we 

haven't addressed, but we'll assure you that AAS.HTO and ASTM will see the questions 

that were raised. We'll let those astute panels try to come up with some positions on 

some of them in their evaluation of the test procedures and on the direction that we're 

going in the resilient modulus area. 

Unless there's a burning question that's been generated here, I'd like to give the 

panel one heck of a hand because I think they have taken quite a bit for us to throw a 

lot of these questions at them. Let's also give the audience a hand for its participation, 

and I thank you all . 
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10 
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No. 
of 
Cyc 

10 
100 

10 
100 

10 
100 

10 
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Note: 
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Jim Wilson 
AMI Consultants 

Typical Resilient Modulus Test Data 

Cyc 1/3 Pt. Total Modulus Modulus Rat10 
Stress Micro Micro 1/3 Pt. Total 1/3 Pt. 

PSI Strain Strain PSI PSI Total 

7.76 217 500 35760 15520 2.30 
7.92 233 500 33990 15840 2 .15 

7.76 258 556 30080 13960 2.15 
7.84 258 578 30390 13560 2.24 

7.84 292 644 26850 12170 2.21 
7.84 292 656 26850 11950 2.25 

7.76 392 833 19800 9320 2. 12 
7.76 400 822 19400 9440 2.06 

Dry Density=125 PCF Mo1sture=6.0% Clayey silty 

Cyc 1/3 Pt. Total Modulus Modulus Ratio 
Stress Micro Micro 1/3 Pt. Total 1/3 Pt. 

PSI Strain Strain PSI PSI Total 

7.92 267 578 29660 13700 2.16 
7.84 267 578 29360 13560 2. 17 

7.84 308 622 25450 12600 2.02 
7.92 325 611 24370 12960 1. 88 

7.84 383 689 20470 11380 1. 80 
7.84 375 689 20900 11380 1. 84 

7.84 483 822 16230 9540 1. 70 
7.84 475 844 16510 9290 1. 78 

Dry Density=125 PCF Moisture~9.0% Clayey silty 
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Effect 
Sigma 3 

PSI 

8.0 
8.0 

6.0 
6.0 

4.0 
4.0 

2.0 
2.0 

sand SC 

Effect 
Sigma 3 

PSI 

8.0 
8.0 

6.0 
6.0 

4.0 
4.0 

2.0 
2.0 

sand SC 



No. Cyc 1/3 Pt. Total Modulus Modulus Ratio Effect 
of Stress Micro Micro 1/3 Pt. Total 1/3 Pt. Sigma 3 
Cyc PSI Strain Strain PSI PSI Total PSI 

100 4.39 425 578 10330 7600 1.36 2.0 

200 4.55 238 433 19120 10510 1. 82 4.0 

300 5.09 157 339 32420 15010 2. 16 8.0 

Note: Dry Density=l02.5 PCF Mo1sture=6.6% Fine silty sand SM 

This test is not a typical resilient modulus test 

Cyc 1/3 Pt. 
Stress Micro 

PSI Strain 

488.5 

740.9 

971. 5 

1267.8 

1525.8 

2074.6 

2590.5 

3150.0 

179 

258 

320 

400 

462 

562 

660 

785 

Total 
Micro 
Strain 

1136 

1500 

2050 

2560 

2900 

3690 

4450 

5200 

Modulus 
1/3 Pt. 
Million 

PSI 

2.729 

2.872 

3.036 

3 .169 

3.249 

3.688 

3.925 

4.013 

Modulus 
Total 

Million 
PSI 

.430 

.494 

.474 

.495 

.519 

.562 

.582 

.606 

Ratio 
1/3 Pt. 
Total 

6.3 

5.8 

6.4 

6.4 

6.4 

6.6 

6.7 

6.6 

Effect 
Sigma 3 

PSI 

142 

142 

142 

142 

142 

142 

142 

142 

Note: This test was performed on rock using a steady state 
unpolar sinewave at .5 Hz. The 1/3 point measurements were 
made with resistive bridge strain gauges and the specimen 
density was 162.2 PCF. 
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AM I CONSULTANTS, INC . 
APPLIED MATERIALS INSTRUMENTATION CONSULTANTS 

xxoox )(~~5: :l\X'il)t\JfX ~x ~l~J!j~~): X J(X g:7.(Ji~mX3 
P. 0. BOX 21507 --- RENO, NEVADA 89515 --- (702) 826-3757 

Mr. Jim Sorenson 
Federal Highway Administration 
Room 312 Mohawk Building 
708 SW Third Avenue 
Portland, OR 97204 

Dear Mr. Sorenson: 

May 1, 1989 

Enclosed with this letter are some observation concerning round 
robin testing that I had planed to present at the conference and 
never got around to. I thought it may be of some interest to you, 
since you will most likely be involved in some of these types of 
test programs with state and federal agencies. 

If you have any questions or need any additional information please 
contact Don Curphey or me. 

Sincerely, 
AMI Consultants, Inc. 

;J_,,,-k"l-1- ~-V• /7, ,/ • • /- • 
/ ' t_c,-;_,,·--t4-<I( 

James H. Wilson 

enclosures 
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AMI CONSULTANTS, INC. 

ROUND R03!N TEST MEASUREMENT CONSIDERATIONS 

The following are some of the important factors that must be 
given consideration if the test results between laboratories 
are going to be compared: 

A. Sample preparation and the type of compaction used 
static, impact, or kneading. It is important for 
all the laboratories to use the same methods of 
compaction due to the soil fabric differences 
exhibited by clayey soils. Static compaction 
produces a random soil structure while kneading 
compaction produces a dispersed structure and impact 
will produce a soil fabric between static and 
kneading compaction. The closest method to actual 
field conditions would be the kneading. It models 
the sheep foot better than the other methods. 

B. Density gradients between layers in the sample. 
This potential problem can cause large one-third 
point measurement errors. For example, consider a 
case where the upper and lower LVDT clamps with a 
gauge length of 2 inches are placed one inch above 
and below a compaction joint. The surface of the 
lower portion of the joint may have a higher density 
than the portion above the joint if the sample 
preparation is not carefully performed. This will 
cause large displacements to be measured resulting 
in a low modulus value calculation for the sample. 

C. The selected waveform should be the same for all 
laboratories. Many of the test results reported in 
the literature state load duration and the 
relaxation time or the period of the cycle without 
reporting the waveform. Is it a haversine, triangle 
or square wave? It is important to know when 
dealing with visco-elastic soils which are strain 
rate sensitive. The modulus measured using a square 
wave may very from a haversine or other waveforms. 

D. Platen to platen (total displacement) and one-third 
point measurements. The ratios of the platen to 
platen to one-third point strains measured at the 
midpoint of the test specimen have a range and 
depend on the following factors. First, how well is 
the test specimen coupled to the platens? 
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If the ends of specimen are not perfectly flat, 
there will be stress concentrations that will cause 
larger strains between the ends of the specimen and 
the platens. 

Second, sample disturbance of the exists at the ends 
due to trimming. To what distance from the ends of 
the sample is the disturbance, what are the effects 
of the new density gradient and how do the effects 
of trimming alter the natural soil fabric? In 
general, the higher the modulus of the test specimen 
the more pronounced these errors become. The 
summation of these factors help to explain why the 
resilient modulus as measured at the sample one
third points is always higher than the resilient 
modulus as determined from platen to platen 
measurements. For low modulus specimens, 2 to 15 
KSI, the ratio may be on the order of 1.25 to 1.75 
1. Specimens with a modulus of 15 to 35 KSI may 
have a ratio of 1.75 to 2.3 : 1, and specimens with 
a modulus on the order one-million PSI will have 
resilient modulus ratios as determined by the two 
methods of measurement of 5 to 10 1 . 

E. Calibration of the test equipment. One of the basic 
problems with test equipment is the frequency of 
calibration. The calibration of the equipment 
should be done as a complete measurement SYSTEH, not 
as components. There should also be, as a minimum, 
annual calibration of all control and measurement 
sub-systems. This calibration should be traceable 
to at least a secondary transfer standard certified 
by the National Bureau of Standards (NBS). Host 
calibrations are performed under static conditions. 
It would be advisable to check the test system under 
actual dynamic loading conditions with an 
oscilloscope or oscillograph to be sure of its 
dynamic performance. 

F. Last remember, you will always get a signal from the 
system which can be translated into a modulus 
number! The question is, how valid is the number 
given the quality of the measurement. The signal 
from which the modulus number is derived is an 
integration of the test data, mechanical response of 
the transducers, electrical cables, signal 
conditioning, filters, or the measurement portion of 
a computer analog to digital interface . 
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The engineer in charge of the system, should have a 
good understanding of how to make measurements with 
electronic devices, both analog and digital. This 
person should also have a very good understanding of 
the properties of materials, such as linearity, 
elasticity, isotropy, and visco-elastic material 
behavior. This will be of great help in the 
understanding of the test data and their validity. 
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Nordestructive Test.irg F.quipnent an:1 Back-calculation 
Applications 

Robert L. Lytton 

OOI'LINE OF PRESENrATION 

Intrcx:ruction 

A. Paveient layer properties that are nee:le::i for evaluation, design, 
an:1 manageirent of pavements 

1. layer thickness, birrler content, elastic stiffness, density 

2. Fatigue an:1 pennanent deforrration properties 

B. Measurement methods 

1. Near field measurements 

a. static or sla-rly m::iv.irg loads 
b. Vibratory loads 
c. Ilrpulse loads 

2. Far field rreasurements 

a. Vibratory loads 
b. Ilrpulse loads 

Analysis Methods 

A. Historical methods 

1. Scrivner, swift, Yih Hou 

2. F.quivalent layer methods 

B. Microc::anp.rter methods 

1. Measured deflection 

2. layer thickness an:1 load 

3. Seed ncduli 

4. Deflection calculation 

5. Error check 

6. Constitutive relations 



7. stress and strain level corrections 

8. Search for new m::duli 

9. Controls of the range of m::duli 

c. Systems identification methods 

D. Inpulse methods for near-field measurements 

Corrections 

A. Non-linear stress strain curves 

1. Load level 

2. strain level 

8. Teirperature 

C. Frequency 

Errors and 'lheir Reduction 

A. Raman errors (reduce by repeating measurements) 

1. Instrument error 

2. Spatial variation of naterial properties 

B. Systerratic error (reduce by realistic selections) 

1. Deflection calculation method 

2. Constitutive relations 

3. stress and strain level corrections 

4. Seed m:xhlli selection 

5. Closure toleranoes 

6. InteJ:1:)reting anomalous results 

Conclusions 

A. laboratory tests are models of the real thil'l3', the in-situ 
m::duli, and are as 11U.lch in need of critical assessment and 
reduction of systerratic and rand.an errors as ND!' measurements 
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B, Non:lestructive testin; of pavements in the field 

1, Requires an expert or an expert system to control the size of 
rarrl.arn arrl systematic errors 

2. Offers promise of provic:lin3 reliable arrl repeatable 
measurements of pavement layer properties 

3. Back-calculation method chosen should natch the analysis 
method used in design 
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Abstract 

Two granular subgrades and one base material were tested for 

resilient modulus values using three methods. They are 

AASHTO T-274-82, ASTM(draft) method and a so-called Modified 

method in which the conditioning stresses are applied 

statically. All samples were 4-inch diameter by 8-inch high 

and were prepared by tamping compaction equivalent to 

modified proctor energy. Internal and external LVDTs were 

used to measure resilient deformation of the samples. 

Behavior of samples during conditioning stages were observed 

and the resilient modulus values computed from the three 

methods using internal and external LVDTs were compared. The 

repetitive plate load test facility at the Central 

Laboratory of the Florida Department of Transportation was 

introduced and future plate load tests may be correlated 

with triaxial tests using relationships established by 

Burmister and Lee (Seed et al 1967) . 
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SI Units Conversion Table 

42. 
1 inch = 2.540 X 10 meter ( m) 

.... 1 

1 foot = 3.048 X 10 meter (ml 

l pound = 4.448 newton (N) 

1 psi = 6.895 
J 

x 10 pascal (Pa) 
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Introduction 

REPEATED LOA.D TESTS ON UNTREATED SOILS 
A FLORIDA EXPERIENCE 

* Robert K.H. Ho 

The new AASHTO guide for Design of Pavement Structures 

requires the use of resilient modulus values (~) in place 

of soil support values. In response to this need, the 

Florida Department of Transportation Materials Office had 

been addressing the problem of resilient modulus testing of 

untreated soil materials. 

In 1976, the Florida Department of Transportation(FDOT) 

Materials Office acquired an MTS electrohydraulic closed 

loop test system which consisted of separate Soils, 

Bituminous and Structural loading frames with independent 

control consoles. Florida was involved in the VESYS Program 

with Federal Highway Administration, Washington, D.C. in the 

late seventies characterizing soils and asphaltic concrete 

properties. In the soils area, base and subgrade materials 

were tested. 

*Soils Materials Engineer, State Materials Office, Florida 

Department of Transportation, P.O. Box 1029, Gainesville, FL 

32602 
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Test Equipment and Sample Preparation 

The MTS soils testing system is being used to conduct 

resilient modulus tests on untreated soils. Cyclic loading 

functions of sine, haversine, triangle, square and ramp 

waves can be programmed with frequencies between .00001 

hertz and 990 hertz. It can be preprogrammed for a given 

number of cycles by a counter panel. The system has the 

capability of being operated in load, stroke or strain 

control selectable by simple push buttons. A 4-channel 

strip chart recorder registers load, stroke, and two strain 

signals from transducer conditioners. Each strain signal 

represents the average of two LVDT readings. 

The sample size is 4-inch in diameter and 8-inch high. 

Samples were prepared by compacting soil material in a 

4-inch by 8-inch mold with a collar using equivalent 

modified proctor compaction energy (AASHTO T-180). This 

requires 8 layers with 27 blows per layer. The material is 

compacted at or about 1% dry of optimum. After compaction, 

the sample is extruded from the mold and placed on the 

pedestal of the triaxial cell. Two internal LVDTs are 

mounted on clamps on the middle half of the sample. Two 

external LVDTs are also mounted on the piston to record 

resilient deformation of the entire 8-inch long sample. The 

drainage valve to the specimen is left open during testing. 

2 
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Triaxial Test Procedures 

Since Florida started resilient modulus testing over 10 

years ago, several different test procedures have been 

encountered. Their differences generally lie in the 

magnitude and sequence of conditioning stresses as well as 

testing stresses and number of cyclic loads. Three test 

methods were used in this study - AASHTO T-274-82, 

ASTM(draft) and a so called Modified method. AASHTO 

T-274-82 requires different stress conditioning levels for 

cohesive and cohesionless soils with 200 repetitions for 

each stress condition. The draft ASTM method requires only 

one conditioning stress with 1000 repetitions for both 

cohesionless and cohesive soils. AASHTO T-274 subjects the 

sample to considerably higher conditioning stresses than the 

proposed ASTM method. The Modified method subjects the 

sample to static conditioning stresses equal to the testing 

stresses for three 10-minute cycles before repetitive loads 

up to 10,000 cycles are applied. The conditioning and 

testing stress sequences are tabulated below for the three 

test procedures . 

3 



• Table 1 

AASHTO T-274-82 Method 

Conditioning and Testing Stress Sequences 

Cohesionless Cohesive 

Conditioning: Conditioning: 

uj ~ Reps 

5 5, 10 200 ea. 6 1,2,4, 200 ea. 

10 10, 15 8, 10 

15 15, 20 

Testing Testing: • eii o.i" Reps ~ <i"'"'4 Reps 

20 1, 2, 5, 200 ea. 6, 3, 0 1 200 ea. 
10, 15, 20 

15 1, 2, 5, 6, 3, 0 2 
10, 15, 20 

6, 3, 0 4 
10 1, 2, 5, 

10, 15 6, 3, 0 8 

5 1, 2, 5, 6, 3, 0 10 
10, 15, 

1 l, 2, 5, 
7. 5, 10 

All stresses are in psi. 

• 
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Table 2 

ASTM METHOD (DRAFT) 

Conditioning Stresses 

6 1 

Testing Stresses 

6 

3 

1 

1,2,5,10 

1,2,5,10 

1,2,5,10 

1000 

200 each 

Same for both cohesionless and cohesive soils. All stresses 
are in psi . 
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Table 3 

Modified Method 

Conditioning and Testing Stresses 

<Jj 07 

1 2 

2 2 

2 4 

5 2 

5 5 

Reps 

10,000 max. 

10,000 max. 

10,000 max. 

10,000 max. 

10,000 max. 

One sample is used for each stress combination. 

All stresses in psi. 
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Axial Deformation Measurements 

AASHTO T-274-82 recommends that materials with 

resilient modulus greater than 15,000 psi be measured by 

LVDTs attached to the sample inside the triaxial chamber. 

Materials with resilient modulus less than 15,000 psi may be 

tested with LVDTs clamped to the piston rod outside the test 

chamber. This brought up the question of deciding which 

system to use if the estimated modulus of a soil material is 

around 15,000 psi. For comparison purposes, it was decided 

to test preliminary samples using both internal and external 

LVDTs . 

To calibrate the internal and external LVDTs, a solid 

4-inch diameter, 8-inch high dummy polyethylene cylinder was 

used. Two external LVDTs were mounted on the piston and two 

internal LVDTs were mounted on the top and bottom platen of 

the triaxial cell. A load of about 13 psi 150lbs) was 

applied and both LVDTs readings were taken. The top clamp 

of the internal LVDT was moved to mid height of the dummy 

and readings were taken under the same load. Results were 

tabulated below: 

External LVDT 

.0033" 

.0025 (8") 

Internal LVDT 

.0030" 

.0012 (4") 

Gage Length 

8" 

The readings seemed to indicate that compression 

between the piston and top platen is negligible. For this 

7 
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solid dwnmy sample, the LVDT readings confirmed that the 

resilient deformation is proportional to the gage length of 

the sample. 

The next step involved the testing of two soil material 

types, limerock and subgrade with both internal and external 

LVDTs to compare the test results under static and dynamic 

conditioning and varying stress levels. The two soil types 

were chosen in an attempt to differentiate between the 

stronger limerock and the weaker subgrade material. 

Repetitive Plate Load Tests 

To digress a moment from the triaxial test, the FDOT 

had been using the repetitive rigid plate load test to 

evaluate new sources of base materials for over 20 years. 

This testing facility consists of a test pit with testing 

surface area of 8 feet wide by 12 feet by 8 feet deep 

(fig. 1). Another newer test pit measures 8 feet by 24 

feet. A sump with interconnecting reservoirs surrounds the 

test pit and the water table can be raised or lowered to 

saturate or drain the soil material from below. The bottom 

of the pit is filled with about 12 inches of gravel with 

filter fabric separating it from the one foot of builders 

sand and 2 feet of fine subgrade sand. On top of the 

subgrade is the base material under evaluation. The base 

8 
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SOURCE 

• 
RIVER GRAVEL 

• 
FIGURE 1. A SECTIONAL \'EW OF THE TEST-PIT 
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ROLLER 

SUB GRADE 

MOVABLE MOUNTING FOR 
HYDRAULIC LOADING DEVICE 

24" W F BEAM 

t---HYDRAUL IC LOADING DEVICE 

I 
: 
I 24,, 
I 

FIGURE 2. A SCHEMATIC DIAGRAM OF THE LOADING SYSTEM 
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material is generally 10 1/2 inches thick and placed in two 

lifts with each layer compacted to a minimum 98% of maximum 

modified proctor density. Load is applied through a 12-inch 

diameter rigid plate with 2 LVDTs to monitor total and 

resilient deflections (fig.2). 

The loading system was made by MTS with similar controls as 

the triaxial MTS system. The base material is evaluated 

under three moisture conditions: as compacted (optimum), 

saturated and drained. Total and resilient deformations are 

recorded in terms of number of cyclic loads. 10,000 cycles 

can be applied in a normal 8-hour working day. 

The Boussinesq's equation for a rigid circular plate 

with a uniform pressure gives 

A = 1.1a r; for u=.5 ( 1 ) 

where t::. = deflection 

p = applied pressure 

r = radius of plate 

E = modulus of elasticity 

u = Poisson's ratio 

Since the base and subgrade soils are not homogenous, 

the concept of equivalent resilient modulus E0 a and 

11 
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resilient deformation ~e~, was introduced and the above 

equation is re-written as (Cox, 1971) 

Aefl, = 1.1a r; 
~t~ 

( 2) 

Hence the equivalent resilient modulus computed from 

these tests is a composite of the base and subgrade moduli 

of the pavement system. 

Theories relating results of laboratory triaxial 

compression tests to field plate load tests have been 

presented by Skempton and Burmister and extended by Lee to 

include resilient deformation (Seed et al, 1967). For the 

same moduli, the applied stresses of the triaxial and plate 

load tests are related by 

= 0.29 '"P ( 3 ) 

where CS-;i = deviator stress in triaxial 
test 

<Sp= uniform load on plate 

Future repetitive plate load tests using minimum two 

feet thick subgrade or limerock base. material may be 

performed to correlate with triaxial tests using the above 

stress relationship {equation 3). 

12 
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Soil Materials and Properties 

Two soil material types were tested in this program -

stabilized subgrade soil and limerock. 

V-21 

Stabilized subgrade consists of A-2-4 or A-3 silty sand 

or fine sand stabilized with shell or limerock. The 

specification requirement for stabilized subgrade is to have 

a minimum LBR value of 40. 

Limerock (not a rock) is actually weathered limestone 

and is commonly used in Florida as a base material under 

flexible pavements. It is a granular, non-plastic, well 

graded material. Its carbonate content is greater than the 

required 70% and generally goes over 90%. Approved limerock 

base material has to have Limerock Bearing Ratio values 

(LBR) greater than 100. (Note: Numerically LBR = 1.25 CBR 

and the LBR test is a modification of the CBR test to suit 

Florida soil conditions.) 

Typical subgrade and limerock base material tested include: 

1) 20849-S Dark grey sand with limerock 

LBR = 40 

Max. Density= 112.5 pcf 

Optimum Moisture= 10.5% 

Minus 200 = 9% 

13 



2) 20891-S 

3) 21077-S 

Grey sand with shell 

LBR = 45 

Max. Density= 116.0 pcf 

Optimwn Moisture= 10.5% 

Minus 200 = 14% 

Limerock 

LBR = 148 

Max. Density - 116.8 pcf 

Optimwn Moisture= 12.3% 

All tests results were compacted as close to maximwn density 

and optimum moisture as practicable. 

Triaxial Test Results 

Typical log-log plots of resilient modulus vs swn of 

principal stresses are shown for each material. (Swn of 

principal stresses equals 

A separate plot is included for each test method for 

subgrade material 20849-S. (Figures 3, 4 & 5) The subgrade 

(20849-S) failed under ~ =- S psi ., ~ = S fSi 

during Modified method. The test data for this subgrade are 

swnmarized in tables 4 and 5 for both AASHTO and ASTM 

(draft) methods respectively. 

14 
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• TABLE 4 

TEST TYPE1 OASHTO SOIL OESCRIPTION1 G,-.a.y 5su•,d w/rock 

SOIL TYPE1 St~b. Subgr.ade 

DATE1 2-l4-8'3 CONDITIONING INFORMATJON1 
LOAD TYPE -=DYNAMIC 

SAMPLC;: • ;;; • OF REPEllTIONS - 2c,o 

LAB • 20843-S STRESS LEVELS 
CONF]NING(pa:I) DEVJATORlpai> 

5 5 
5 10 

10 10 
IC> 15 
15 15 
15 20 

INTERNAL LVDT' S (at 4" apB.rt) 

C:HAM, DEV. CHART REC. RES, 
PRESSURE STRESS READ. SCALE DEFORM. • STRAIN MODULUS 

(p5i) (psi) <div> ( :I. r,/div) < i nl RE,;'•S Cin/in:) <psi) 

------------------------------------------------------------------------
20 2 o. 10 (I, 0(1(15 C'.000050 200 o. (1(1(1(113 160000 
20 5 0.25 (1,(1005 0.000125 200 0.000031 .160000 
20 1(, 1. (1(1 o. c1c1os 0.000500 200 o. c1c1012:s eoc,oo 
20 15 1. 5(1 0.0005 0.000750 :::oo 0.000188 80000 
20 2C• 2.00 c,. OC10S 0.001000 200 c,. (1(10250 eoc,oo 
IS 2 o. 10 O. OOt."'15 o.ooooso 200 0.000013 160000 
15 5 0.40 o. (1(,(1~ 0.000200 2(10 0.000050 100000 
IS 10 1. 2:5 o.ooos 0.000625 200 o.0001se. 64000 
15 15 2.00 (1. (>005 o. 001(1(10 200 (I. 0(10250 S.0000 
15 20 2. 10 . (1. 0005 0.001050 200 O.OOO.Z63 761'30 • 10 2 o. 10 o. c1oc,s 0.000050 20(1 0.000013 )60000 
10 5 Q.75 0.0005 0.000375 200 O. C•OOC•'3~ 53333 
10 10 I.BO (I. 0005 o. 000'3(10 2(10 o. oc,022s 44444 
IC> 15 2.&0 o. oc,os o. 00130(1 200 0.000325 4&1S4 

5 o. 10 c,. (10(15 0. oc,oc,so 2(10 0.000013 eoooo 
5 2 0.20 o. (1005 (I. 000100 2(10 0.0()(1025 eoooo 
5 5 1. 00 O. C1C1Cl5 (1, OOCIS0(1 2<.10 o. 00(1125 -40000 
5 10 2. 10 o. (1005 (1.001050 200 0.00(1263 311095 
5 15 3.00 o. oc,os 0.001500 20(1 0.000375 4(1000 

0.20 0.0005 0.000100 200 0.000025 lii0000 
2 0.40 0.0005 0.000200 2'(10 0.000050 lii0000 
5 2. c,o o. cioos 0.001000 200 (I. 000250 2c1000 

7. 5 FAILED o. (1(1()5 ERR 2(10 EAR ERA 

"' FAJLED 0.000:S ERR 200 ERR ERR 
----•·-

EXTERNAL LVDT' S <•t 8" ap;u"'t) 

CHAM. DEV. CHART REC. RES. 
PRESSURE STRESS READ. SCALE DEFORM. • STRAIN MODULUS 

(ps.1.> (psi) (di vl ~in/div) ( in) REPS C iri/ir1) <psi> 

------------------------------------------------------------------------
20 2 5.50 o. 0(110 O. OOS50L"' 200 (,. (1()(16,SS 290~ 
20 5 6 .. 75 c,. (1(11(, (1., 00675(, 2<•<• c,. (10094.lt 5926 
20 10 6.75 o. oc,10 0.006750 2(•0 c,. 000944 118~2 
20 15 7.00 0.0010 0.007000 200 (I. (1(10875 l 71-43 
20 20 7 .. 25 0.0010 0.007250 200 0.000906 22069 
15 2 4. (\(1 (1. 0{110 0.004000 2(1(1 ('l. (1(1(150(1 -'IOC•O 
15 5 4. 6(1 o.c,010 o. 0(14600 200 Ci. (1()(1575 8636 
15 IC> '5. -'I Cl o. 0010 o. 00'540(1 ::'0(1 o. (10067'5 14815 
15 15 6.00 0.00]0 0.006000 2(•0 0.0007'50 20000 
15 2() 6.00 (1,()010 (I., 006(1(10 2(.1(1 ,,. (1(1(1750 26667 ,c, 2 1. ()li ci.0010 0 .. 001(i0Li ,21_"l(I 0.000125 16(1(1(1 
IC• 5 2.00 o. oc,10 o. 00200(1 200 0.000250 2(•(t()0 

IC, 10 3.2'5 0.0010 0.003250 2,.-.c1 o. oc,oi.oo 24&15 
10 15 ,4.00 (1. 0010 o. 0040(1(! 200 o. c,oo~oo 3(1(1(10 

5 O.!iO o. c,010 o. 0005(10 20(1 o. 00(1063 16(1(1(1 

5 2 0.75 0.0010 0.0007~0 2c,o o. (1(100'34 21333 
s s 1. 75 O. OCtlO 0.0017~0 200 0.00021'3 22857 
5 I(> .J. 50 0. (l(lj(I (I. 0035(!(! 200 0.000438 22857 
5 15 a. 10 o. 002c1 o. Ql_),4200 200 (I, 000525 28571 

• I o. ;;cj o. (1(12(j O.OQCl400 2(10 0.000050 20000 
2 0.30 0.002('1 o. 0~1(!600 200 0.000075 2'&667 
5 1.~0 o. c,02c1 o. C,0300(1 20(;1 (1. (1(1(;1375 13333 

7-5 FAILED o. oc,::o ERR 200 ERR ERR 
IC> FAILED o. (1020 ERR 2(!(1 ERR ERR 
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CHAM. 
PRESSURE 

(psi) 

6 
6 
6 
6 
6 
3 
3 
3 
3 
1 
1 
1 

CHAM. 
PRESSURE 

(psi) 

V-27 

TABLE 5 

TEST TYPE: ASTM SOIL DESCRIPTION: Dark Grey Sand 
With Li rnerc,c-k 

SOIL TYPE Stab. Subgrade 

DATE: 2-14-8'3 CONDITIONING INFORMATION: 
LOAD TYPE ==DYNAMIC 

SAMPLE# 2 DEV. STRESS 1 psi 
CHAM. PRESSURE == 6 psi 
# OF REPETITIONS 1000 LAB# 

DEV. 
STRESS 
, (psi) 

1 
1 
•:, ... 
5 

10 
1 
-:, ... 
c· 
..J 

10 
1 
2 
5 

DEV. 
STRESS 
(psi) 

2084'3-S 

INTERNAL LVDT'S Cat 4" apart) 

CHART REC. 
READ. SCALE DEFORM. 

(div) ( ir1/div) ( ir1l 

o. 15 0.0001 0.000015 
0.25 0.0001 0.000025 
0.40 0.0001 0.000040 
4.00 0.0001 0.000400 
'3.00 0.0001 0. 000'3(H) 
1. 00 0.0001 0.000100 
2.50 0.0001 0.000250 
6.75 o. ()001 0.000675 
~ .-.i:::::-
...... C...J 0.0002 0.001050 
0.60 0.0002 0.000120 
1. 50 0.0002 0.000300 
3.60 0.0002 0.000720 

EXTERNAL LVDT'S (at B" apart) 

CHART REC. 
READ. SCALE DEFORM. 

(div) (ir,/div) ( i r,) 

# 
REPS 

1000 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 

# 
REPS 

RES. 
STRAIN MODULUS 
( i r, / i r1) (psi ) 

0. (100004 266667 
0.000006 160000 
0.000010 200000 
0.000100 50000 
0.000225 44444 
0.000025 40000 
o. ()00063 3200() 
0.00016'3 2'3630 
0.000263 380'35 
0.000030 33333 
0.000075 26667 
0.000180 27778 

RES. 
STRAIN MODULUS 
( i r,/ i r,> (psi) 

------------------------------------------------------------------------
6 1 8.00 (l.0005 0.004000 1000 0.000500 2000 
6 1 8.00 0.0005 0.004000 200 0.000500 2000 
6 2 12.50 0.0005 0.006250 200 0.000781 2560 
6 5 7.75 0.0010 0.007750 200 0.000'36'3 5161 
E, 10 ,: •=..r.:· 

,_J. L.. ..J 0.0010 0.005250 200 0. (>00656 15238 
3 1 1. 00 0.0010 o.c,01000 200 0.000125 B000 
3 2 1. 20 0.0010 0.001200 200 0.000150 13333 
3 ~-

..J 2.60 0.0010 0.002600 200 0.000325 15385 
3 10 4. 0(> o. 0010 0.004000 200 0.000500 20000 
1 1 0.80 0.0010 0.000800 200 0.000100 10000 
1 2 1. 5(1 0.0010 0.001500 200 o. (>00188 1(>657 
1 5 3.20 0.0010 0.003200 200 0.000400 12500 
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The second subgrade (20891-S) could not be conditioned under 

AASHTO method. The sample failed under initial dynamic 

conditioning level of er; : 5 psi and ~ ~ 5 psi. An attempt 

was made to statically condition the material under the 

AASHTO conditioning levels. This was to be followed by the 

dynamic AASHTO test procedure. Again, the sample failed 

the initial conditioning level of <:S"'3 :: 5 psi and <5& = 5 

Using the proposed ASTM procedure, the material did 

until the final stress level, ~ = 5 psi and <r; = 1 

Modified method was performed at CSi = 1 psi, ,;;;-;;.= 2 

= 5 psi, a--;,_= 2 psi. Results of the draft ASTM and 

Modified methods are presented on the same graph for 

subgrade 20891-S (fig. 6). 

not 

psi. 

psi 

at 

psi. 

fail 

The 

and 

Limerock was tested using the AASHTO and Modified methods. 

The draft ASTM method was not performed because it was felt 

that the low confining pressures of this method are 

inappropriate for base material. Modified method was run 

only at stresses comparable to higher levels of ~.ASHTO 

procedure. Results of the two methods are shown on the same 

plot ( fig. 7) . 
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Discussion of Test Results 

The results obtained for subgrade materials seem to indicate 

that portions of the AASHTO procedure are inappropriate for 

the types of granular material typically found as subgrade 

in Florida. The conditioning procedure is too severe. 

Additionally, the higher confining pressures of 15 and 20 

psi seem unrealistic for subgrade materials. 

From the Modified method, the modulus of subgrade materials 

generally appears to be independent of the number of 

repetitions (fig 8). For limerock, however, results 

indicate a tendency for the resilient modulus to increase as 

the number of repetitions increases (fig. 9). The results 

of the Modified method which are plotted on log-log plots 

represent 200 repetitions. This was done to facilitate 

comparison with results from other test methods. 

V-31 

In all cases, internal measurements result in higher modulus 

values (lower resilient deformation) than external 

measurements. This is to be expected since external 

measurements include end effects. However, it is unclear how 

much of the difference is due to end effects and how much is 

due to method of compaction, stress ratio, sample size, or 

other factors. In an initial attempt to better define the 

difference between internal and external measurements, a 

23 
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limerock sample was tested with internal LVDT's placed to 

measure strain over the bottom 4 inches of the sample (fig. 

11). The results were then compared with those from a test 

on equivalent material in which strains were measured 

internally over the middle 4 inches (fig. 10). AASHTO 

method was used for both tests. While external measurements 

were within the same range, the difference between external 

and internal measurements was significantly reduced when 

considering resilient deformation for the lower half of the 

sample. 

V-33 

AASHTO T-274-82 specifies that ring clamp LVDT holders can 

only be used on minimum 4-inch diameter samples. Therefore, 

for the same subgrade material, modulus values computed from 

external LVDT readings on 2.8-inch diameter samples could be 

much less than those obtained with internal LVDT's on 4-inch 

diameter samples because of possible end effects. 

In all three methods and for both subgrade and limerock base 

materials, low deviator stresses (1 & 2 psi) applied to 

samples under high confining pressures (low cr-1/<rj ratio) do 

not appear to stress the specimens sufficiently to yield 

realistic modulus values. For the limerock samples, 

deviator stresses of 1 and 2 psi often did not produce any 

measurable strain. Generally, test results have been 

disregarded if the principal stress ratios were less than 

about 1.5 . 
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Summary 

Salient points of the FDOT study to date can be 

summarized as follows: 

1) At, or close to, optimum moisture of the soils tested, 

the MR values of the subgrade material seem to be 

independent of the number of repetitions (up to 

10,000). While the limerock base data indicated an 

increase in MR values with the number of repetitions, 

the internal LVDT readings yielding much higher rate of 

MR increase than those from external LVDT readings. 

2) ~ values computed from external and internal LVDT 

readings can be significantly different. 

3) Conditioning stresses based on AASHTO T-274-82 can be 

too severe for Florida subgrade soils. 

4) Low deviator stresses of 1 and 2 psi or ~/irs ratios 

less than 1.5 yields unrealistic high MR values which 

should be neglected from consideration. 

Currently proposed future work includes: 

1) Additional testing on various materials. 

2) Definition of a test method and measurement device 

suitable for Florida soils. 

3) Comparison with test pit results . 
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RESILIENT MODULUS TESTING IN KENTUCKY 
(PRESENT AND FUTURE) 

David L. Allen* 

INTRODUCTION 

The behavior of asphalt bound layers, unbound aggregate 
bases, and foundation soils (subgrade) can be affected by 
such variables as gradation, asphalt and/or moisture 
content, type of aggregate, density, method of compaction, 
temperature, magnitude of loading, duration of each load 
cycle, and other less significant factors. The complex 
interaction of all these variables will yield a composite 
behavior for a particular pavement structure that can 
manifest itself in some form of distress or possibly even 
failure. 

Flexible pavements are known to be susceptible to rutting. 
Rutting is the result of a large percentage of wheel passes 
that occur within a relatively narrow path on the pavement 
surface. 

In the early 1970's, the Kentucky Department of 
Transportation initiated a research study with the general 
objective of determining the rutting characteristics of the 
more common paving materials used in Kentucky. This study 
was the impetus for purchasing the equipment and developing 
the techniques for the dynamic testing of paving materials. 

DESCRIPTION OF EQUIPMENT 

To determine the permanent deformation (plastic) 
characteristics of paving materials, as well as the 
resilient modulus, a dynamic testing machine was purchased 
from Structural Behavior Engineering Laboratories in 
Phoenix, Arizona. It is identified as a Model STD-1000. 
The unit is capable of loading to 1,250 pounds (5.560 kN). 
Stress intensity, duration of stress, and frequency can be 
varied. Load and unload times (for this particular machine) 
can be varied in a continuous spectrum from 0.1 second to 10 
seconds. A photograph of the equipment is shown in Figure 1. 

Strains were measured by two DC-DC LVDT's. These were 
mounted on opposite sides of the specimen. The LVDT's were 
held in place by two aluminum rings that were mounted on the 
specimen. This method of mounting the LVDT's did not work 

Chief Research Engineer, Kentucky Transportation 
Center, University of Kentucky, Lexington, Kentucky, 
40506-0043 . 
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Figure 1. Repeated-Load Equipment. 

well for very soft soils, because the soil tended to deform 
under the weight of the mounting rings and the LVDT's. The 
strains were recorded on a dual-pen, Hewlett-Packard strip 
chart recorder. A Hewlett-Packard DC voltage power supply 
was used to excite the LVDT's. 

Load was monitored by a bonded strain gage load transducer, 
with a 3,000-pound capacity. The particular transducer used 
was manufactured by Transducers, Incorporated. Signal 
conditioning and recording of the load was accomplished by a 
Sanborn oscillographic recorder. 

The specimens were tested in a modified triaxial chamber, 
manufactured by Karol-Warner, Inc. The chamber permitted 
the unbound aggregate bases and the soils to be tested with 
confining pressure. Also, when testing asphaltic concrete 
specimens, a heating or cooling coil was placed in the 
chamber to provide temperature control. A circulating 
temperature bath was used to circulate water at the 
appropriate temperature through the coil in the chamber. 
Temperature was monitored by a thermistor in the chamber. 
In the last 5 years, data acquisition from this equipment 
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has been accomplished with an IBM PC-XT, with a Techmar data 
acquisition board. Control of the loading sequence on the 
specimen is still from the internal trigger of the STD-1000. 

TESTING PROCEDURES 

Largely for convenience and the time constraints on running 
a large number of tests to many cycles of loading, the 
loading program that has normally been used in testing is 
1.0 second of load dwell time with 1.0 second of unloading 
time. It is recognized this may not be sufficient recovery 
time for highly viscoelastic materials such as asphaltic 
concrete at higher temperatures. 

Figure 2 illustrates an "idealized" strain-time curve 
obtained from this equpment, using the load-unload time 
sequence just described. The resilient strain is defined as 
the strain that is recovered in the "rest" period between 
load cycles. Therefore, the resilient modulus is calculated 
as the dynamic stress divided by the resilient strain. 
Usually an average of several values, calculated at 
different locations during the test, is reported. The first 
100 to 200 cycles are never used in the calculation. This 
is usually considered a conditioning period . 

The plastic or nonrecoverable portion of strain, illustrated 
in Figure 2, is used to develop rutting models for the 
paving materials. 

l 
RESILIEIT STRAIN 

PLASTIC STRAII 

TIME 

Figure 2. Strain-Time curve From Repeated-Load Test. 
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Asphaltic concrete Testing The asphaltic concrete 
specimens were cylindrical in shape. They were 8.0 inches 
(203 mm) in height and 4.0 inches (101 mm) in diameter. 
They were placed on the base plate of the triaxial chamber. 
The LVDT's were mounted on the specimen, and the top platen 
was placed on the specimen. The copper heating/cooling coil 
was then placed over the specimen and LVDT's and connected 
to the base of the triaxial chamber. It was then connected 
by a flexible tube to the outlet fitting in the top cap of 
the triaxial chamber. The top cap of ~he chamber was 
bolted in place, and the load ram was inserted into the 
chamber. The chamber was placed in the loading frame, and 
the circulating water bath was connected to the 
heating/cooling coil fittings. The load cell was placed 
between the end of the load ram and the cross head of the 
loading frame. All electrical connections were then made to 
their respective excitation and recording devices. The 

,temperature control fluid was allowed to circulate for at 
least 24 hours, to ensure the specimen had reached the 
testing temperature. Most specimens received 10,000 cycles 
of loading; however, for some fatigue specimens, they were 
tested to complete failure. 

Aggregate and Soil Testing Procedures for testing 
aggregates and soils were similar to those for asphaltic 
concrete. The major difference is no temperature control 
was used for aggregates and soils, but confining pressure 
was used. Aggregates and soils were tested at various 
levels of confining pressure and various degrees of 
saturation. When the specimens were tested at anything less 
than 100 percent saturation, then a total stress analysis 
was used. If an effective stress analysis was desired, then 
the specimens were saturated, and a pore pressure transducer 
was used to measure pore pressure. 

The load transducer was placed inside the triaxial chamber 
for the aggregate and soil tests. This was done because the 
chamber's o-ring seal around the load ram caused about four 
pounds of additional load to be read by the load transducer, 
to overcome the friction of the seal. This load was 
considered significant for aggregates and soils. The load 
sequence was the same as that used for the asphaltic 
concrete specimens. 

The aggregate specimens were 4.0 inches (101 mm) in diameter 
and 8.0 inches (203 mm) in height. The soil specimens were 
6.0 inches (152 mm) in hei~ht and 2.8 inches (71 mm) in 
diameter. 
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RUTTING MODELS 

To develop rutting models, large numbers of laboratory 
specimens of asphaltic concrete, dense-graded aggregate, and 
a number of Kentucky soils were compacted and repeated-load 
tests were performed. The asphaltic concrete was identified 
as a "typical" Kentucky class I base course. Tests on the 
base material were performed at three test temperatures and 
three stress levels, using procedures previously discussed. 
Typical results from those tests are shown in Figure 3. An 
empirical model of the following form was developed to 
describe rutting in the asphaltic concrete. 

log ep =Co+ C1(log N) - C2(log N) 2 + C3(log N)
3 

where ep = permanent strain (change in length/initial 
length), 

N = number of stress repetitions, 

C3 = 0.00938, 

C2 = 0.10392, 

C1 = 0.63974, 

Co= a function of temperature and stress, 

ASPHALTIC CONCRETE BASE 

TEMPERATURE= 77°F 

NUIIER OF LOU REPETITIONS 

Figure 3. Permanent Strain as a Function of Load Repetitions . 
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Details 
models 
(1980) 
Paving 

of testing procedures and development of these 
have been previously reported by Allen and Deen 
in the proceedings of the Association of Asphalt 

Technologists (1). 

Models describing the rutting behavior of the dense-graded 
aggregate and the soils were also developed from the 
laboratory repeated-load tests. These tests were performed 
at three longitudinal stress levels, three confining 
pressures, and three degrees of saturation. Typical data 
are shown in Figure 4. The empirical models that were 
developed for the dense-graded aggregate and the soils are 
as follows: 

log ep =Co+ C1(log N) + C2(log N) 2 + C3(log N) 3 

where ep = permanent strain, 

N = number of load repetitions, 

C1, C2, C3 = constants that are functions of 
moisture content, 

Co = a constant that is a function of moisture 
content, confining pressure, and longitudinal 
stress. 

10·
2 
-------------------------. DENSE-GRADED AGGREGATE 

MOISTURE • 5.3 % 
CONF. Pf!ES., 10psl 

10•SL..----...L----~L-----~----__...,_ ____ • 
100 101 102 103 10

4 
10

5 

NUMBER Of LOAD REPETITIONS 

Figure 4. Permanent Strain as a Function of Load Repetitions . 
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These models, along with environmental and traffic models, 
were compiled into a computer program entitled PAVRUT and 
published by Allen and Deen (1986) in the Transportation 
Research Record of the Transportation Research Board (2). 

RESILIENT MODULUS TESTING 

Resilient modulus has been obtained as previously described, 
and as illustrated in Figure 2. Figure 5 shows the 
relationship obtained between resilient modulus, confining 
pressure, and moisture content. The data shown in Figure 5 
was developed from tests where the dynamic longitudinal 
stress was 30 psi (207 kPa}. An empirical model was 
developed from Figure 5 and is of the following form. 

log Mr = (5.46 - 2.73log W) + (0.18 + 1.19log W} (log S3} 

where Mr= resilient modulus (psi} , 

w = moisture content (percent), and 

S3 = confining pressure (psi) . 

COIFIIINB PRESSURE- IPA 
4 8 10 15 
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40 
■OISTURE 
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Figure 5. Resilient Modulus as a Function of confining Pressure. 
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A similar model was developed for the soils tested in the 
study, and both resilient modulus models are used in the 
computer program PAVRUT to calculate layer moduli for the 
dense-graded aggregate base and the soil subgrade. 

In recent years, Kentucky has increasingly used the 
resilient modulus test as a referee test to compare 
different mix designs. This has been used, in addition to 
the Marshall stability value, on special design projects. 
However, at present, all of this testing has been performed 
by the Kentucky Transportation Center at the University of 
Kentucky, as the Kentucky Department of Highways presently 
does not have this capability. 

The resilient modulus test has also been used recently in 
Kentucky as a tool in overlay design. In cases where 
Road Rater data were not available, resilient modulus tests 
were performed on cores obtained from the in-service 
pavement, and these modulus values were used in the overlay 
design procedure. Also, in some cases, the resilient 
modulus test has been used to help verify back calculated 
moduli values obtained from the Road Rater data. 

FUTURE OF THE RESILIENT MODULUS TEST IN KENTUCKY 

This author anticipates an expanded role for and use of the 
resilient modulus test in Kentucky. It is a very real 
possibility that the test may become a part of the normal 
series of specifications for state acceptance of a 
particular mix design, assuming a standard procedure for 
performing the test can be developed. Furthermore, it is 
probable that the test will be used routinely in future 
overlay designs and new pavement designs. Recommendations 
have recently been made to Kentucky pavement designers that 
all overlay projects on major highways be cored and tested 
as a part of the design process. 

For further research and development of more standardized 
testing procedures, the Kentucky Transportation center at 
the University of Kentucky recently purchased a dynamic 
loading frame manufactured by MTS Corporation of 
Minneapolis, Minnesota (see Figure 6). This equipment will 
be used to help implement the resilient modulus test in the 
Kentucky testing and design procedures. 
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ILLINOIS' EXPERIENCE WITH 
RESILIENT MODULUS 

by 

Jagat S. Dhamrait, P.E.* 

Abstract: Information presented in this paper has been 
adopted from many research studies conducted by the 
University of Illinois in cooperation with Illinois DOT and 
FHWA. Illinois DOT fabricated eauipment similar to the 
University of Illinois and has been evaluating resilient 
properties of fine-grain soil since 1984. 

Soil properties that control the resilient behavior of many 
Illinois typical fine-grain soils were identified and 
auantified. Regression eauation for estimating resilient 
modulus at optimum water content and 95 percent maximum 
density was developed based on soil characteristics(% clay 
& PI). 

The mechanistic pavement design procedure utilizing the 
stress-dependent resilient properties of subgrade soils was 
developed and implemented effective July 1988 for 
hinge-jointed plain PCC and full-depth asphalt concrete 
pavements. 

Benefits of the working platform for the construction of 
pavements were established. A relationship between the 
in-situ subgrade strength and remedial thickness of 
backfill/lime modification was also presented. 

Testing under various moisture-density conditions will 
continue to establish resilient modulus input for 
conventional flexible pavement. 

INTRODUCTION 

The Illinois Department of Transport~tion has decided to implement Mechanistic 
Pavement Design for the state system effective July l, 1988. At present, this 
procedure has been developed for hinge-jointed plain Portland Cement Concrete 
and full-depth asphalt concrete pavements. The future plans call for this new 
pavement design procedure to be extended to conventional PCC and flexible 
pavements. 

*Geotechnical Engineer, Bureau of Materials and Physical Research, Illinois 
Department of Transportation, 126 East Ash Street, Springfield, Illinois 
62704-4766 
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These procedures use the actual stress, strains, and deflections experienced 
by the pavement to determine its fatigue life. They were developed using 
structural mechanical analysis, and computer modeling as well as actual 
performance and response of in-service pavement sections. A major portion of 
the information presented herein has been adopted from many Illinois highway 
research studies. Many of these studies were conducted by the University of 
Illinois in cooperation with Illinois DOT and FHWA. This collaboration has 
worked well for us and has been beneficial in developing the needed eauipment, 
background information, and implementation of mechanistically based pavement 
design procedure. 

For given traffic, materials and environmental conditions, the most 
significant factor influencing the design thickness of a flexible pavement is 
subgrade soil support. For a typical flexible pavement structure, the 
subgrade significantly contributes to the total deflection of the pavement 
system. Many Illinois DOT engineers have come to auestion the use of our 
Illinois Bearing Ratio (!BR) test for evaluating subgrade soil support 
capacity in flexible pavement design. The basis of this concern is repeated 
instances where the IBR values indicated an adeauate subgrade but under the 
repeated loading that occurs on in-service pavements, the pavement failed 
prematurely. 

RESILIENT MODULUS 

During the last 5-10 years, significant advancement has been made in the 
method of subgrade soil testing. These methods include a procedure for 
evaluating soils in the laboratory for their resilient properties. In this 
procedure a reasonable simulation of wheel loading is produced. This is 
accomplished by laboratory modeling of the physical conditions and stress 
states of subgrade material beneath the flexible pavement. Under IHR-603 
study, Thompson and Robnett (1) developed eauipment and laboratory testing 
procedures for evaluating the resilient properties of fine-grained soil. 
Fifty typical Illinois soils, representing 24 pedologic soil series, were 
evaluated. It was found that moisture-density conditions and degree of 
saturation has significant influence on the resilient properties of these 
soils. Under IHR-508 field studies of pavement response were conducted to 
validate the procedures used to incorporate resilient properties into the 
flexible pavement design process. From these research studies, regression 
eauations, based on the soil characteristics and pavement deflection, were 
developed and presented herewith. 

Determination from Testing 

We have fabricated eauipment similar to the University of Illinois and have 
been evaluating resilient properties since 1984. As with any new eauipment 
and testing procedure, we have gone through a "debugging'' process. 
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Specimens for resiliency testing can be obtained from Shelby tube sampling or 
from laboratory remolded samples. Shelby tube and remolded specimens are 
trimmed to a nominal 2-inch diameter by 4-inch height. 

A summary of the Illinois resilient modulus testing procedure is as follows: 

1. Verify that the electronics are functioning properly. Check also that the 
load duration is set at 0.60 - 0.100 seconds and the cycle duration is set 
at 3 seconds. 

2. Specimens are conditioned and tested without lateral confining pressure 
(03::0). 

3. Place the specimen in the resilience device (Figure 1) and condition it 
with 200 axial stress applications (deviator stress a) of 6 psi. Some 
material may be too fragile or too soft for this deviator stress so a 
reduction to 4 psi may be necessary. Record the ending height. 

4. Apply ten axial stress applications of 2 psi. Repeat using 4, 6, 8, 10, 
14, and 18 psi. Some testing may have to be terminated at 10 psi or lower 
due to excessive height deformation. Record the ending height to the 
nearest 0.01 inch for each deviator stress. 

5. Measure the resilient deformations by the use of an axially-mounted LVDT 
connected to a high-speed recorder . 

6. For each deviator stress (a), determine the amount of recovered strain (in 
inches) from the chart recorder traces. A typical chart trace developed 
by the resilience testing eauipment is shown in Figure 2. 

7. Divide the recovered strain by the ending sample height for each load 
increment. This will become the resilient strain (Er). 

8. Divide the deviator stress (a) by the resilient strain (Erl to determine 
the resilient modulus (Mr) for any load increment. Mr== a/Er-

9. Choose the modulus at 6 psi for the resilient modulus of the sample. 
Typically, the graph of a sample should have a break point at 6 psi. This 
point is referred to as the modulus at intersection (Mri). Some graphs 
follow this trend, but many will have a break point at stresses other than 
6 psi. Some have little or no break at all with virtually no downward 
slope. Others may even have an upward slope. Nevertheless, the resilient 
modulus in Illinois is still determined at 6 psi. A typical plot is shown 
in Figure 3. 

To date, our testing has indicated that the following should be closely 
monitored: 

l. Calibration of the air piston with a load cell is essential, especially at 
lower deviator stresses. It is important also to have the air piston 
compressed to the point at which there is only 0.01 - 0.02 inches of play . 

3 

V-51 



3 - Way 

Soleno;d Val,e \ 

Pressure 
gauge 

Surge Tank 

Reaction Frame Pressure 
/ 

Loading 
Caps 

Regulator 

Bellofram 
Air 

Cylinder 

Rubber 
._ Triaxial 

Membrane Cycle Duration 
& 

Load Duration 
Control 

Loading Table 

Transducer 
Amplifier 

Strip 
Recorder 

Figure 1. Schematic Diagram of Resilience Testing Equipment 
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2. If the LVDT transducer amplifier has noise filters, be sure they do not 
hinder the rise time of the strip recorder. Check for poor electrical 
connections between components which will cause malfunctions. Check 
especially all ground connections. Poor grounding will cause excessive 
and uncontrollable recorder pen movements. 

3. If spacer blocks are used to raise the sample to a desired height, be sure 
that these spacers are flat and smooth. A wobbly base will cause 
incorrect readings. 

Estimation from Soil Index Tests 

From many Illinois research studies it has been indicated that even though 
laboratory testing of subgrade soil can be performed, it may not be an 
effective means (in terms of cost, time, and accuracy) for determining the 
yearly variability of a given soil series. Extensive testing is probably only 
justified for large/research projects where samples can be obtained of the 
major series and tested under various moisture/density conditions. With this 
in mind, Thompson and LaGrow (2) developed the following regression eauation 
for predicting resilient modulus at optimum water content and 95 percent 
maximum density (AASHTO T-99). 

Mr (Opt) = 4.46 + 0.098 (%clay)+ 0.119 (PI) 
Mr (Opt) - Resilient modulus at optimum water content and has ksi units 
Clay= Particle finer than 2 micron 
PI= Plasticity Index (AASHTO T-90) 

Back-Calculation from Pavement Deflection 

Another method of determining/estimating the subgrade Mr is from the Falling 
Weight Deflectometer (FWD). The Department uses a Dynatest 8002 FWD. In our 
test we use a 9000 lb. drop force and measure the deflection 36 inches away 
from the center of the 12-inch diameter loading plate. This deflection is 
designated (D-3). Back-calculation of Mr values are achieved by several 
ILLIPAVE algorithms which vary depending upon the pavement type and 
thickness. The algorithms are as follows (3): 

l. Surface treatment plus granular base 

Mr (ksi) = 24.2-5. 71 (D3) + 0.35 (D3)2 

2. Asphalt Concrete (3+ inches) plus Granular Base 

Mr (ksi) = 25.0-5.25 (03) + 0.29 (03)2 

3. Asphalt Concrete (any thickness) plus Granular Base (any thickness) 

Mr (ksi) = 24. 1-5.08 (03) + 0.28 (03)2 

4. Full Depth Asphalt 

Mr (ksi) = 24.7-5.41 (D3) + 031 (03)2 
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5. Stiff Pavement 

Mr (ksi) = 25.7-7.28 (03) + 0.53 (D3)2 

Selecting for Design 

To determine the effect of Mr variance on estimated pavement life, various Mr 
seasonal progression was used in the ILLIPAVE algorithms developed by Thompson 
and LaGrow (2). It was concluded that the reauired full depth asphalt 
pavement thickness is not sensitive to the majority of the soils in Illinois 
(Er 2 to 5 ksi). These two values resulted in only a 0.2- and 0.5- inch 
difference in reauired pavement thickness. Spring rainfall and freeze-thaw in 
Illinois contribute to a high water table. Conseauently, the subgrade soil 
has a high degree of saturation. In this condition the subgrade has low 
modulus and strength. These factors were considered in selecting design Mr 
inputs in the pavement design procedures. 

Illinois mechanistic design procedures for rigid pavements use a subgrade 
strength parameter known as the modulus of subgrade reaction "k" (psi/in.). 
For full depth asphalt pavements the subgrade strength input is the resilient 
modulus Mr (psi). The mechanistic pavement design procedure was developed for 
three types of subgrade support ratings (SSR) normally found in Illinois. 
These included the SSR designations of "poor", "fair", and "granular". 
Comparable CBR, Mr, and "k" values for each of SSR are as follows: 

Subgrade Support Rating (SSR) Poor Fair Granular 

Resilient Moduli 
Mr (psi) 2 5 * 

Modulus of Subgrade 
Reaction "k", (psi/in.) 50 100 200 

Estimated CBR 2 3-5 6-10 

*Mr for granular material is "stress dependent" so a "single value" cannot be 
assigned. 

In Illinois subsurface exploration is an essential part of the engineering 
survey for location and design of a transportation system. It includes 
investigation, sampling, testing, identification of material type, and 
distribution with respect to the vertical and horizontal alignment of the 
highway. The soil report becomes a design document and is furnished to the 
project design engineers. It is the responsibility of the geotechnical 
engineer to provide the SSR in the soil report based on grain-size and 
application of Figure 4. The SSR should represent the average/majority rating 
classification within the design section. Figure 4 assumes a high water table 
and appropriate frost penetration in the subgrade soil. 
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Figure 4. 

Particle-Size Limits 

Sand 2.000 - 0.075 mm 

Silt 0.075 - 0.002 mm 

Clay finer than 0.002 mm 

PERCENT SAND 

Subgrade Support Rating 

9 

Example 

For soil having 25% sand, 
32% silt, and 43% clay the 
SSR is FAIR. 
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IMPROVED SUBGRADE LAYER 

It was established by policy that the subgrade must provide a stable working 
platform for construction of all pavements. Benefits of the working platform 
include resistance to moisture-related problems and rutting which produces 
smooth pavements, and more efficient and effective construction. 

The stable working platform (12-inch thick) may reauire soil modification or 
removal and replacement with granular material. Modifying agents include 
lime, by-product lime, cement, or other approved materials. It was decided 
that the proposed subgrade treatments should be presented in the Project Soil 
Report so that a complete economic evaluation can be made by the designer. 

In some situations, such as rock cuts and fills, the working platform 
thickness may be reduced. However, in other situations, a 12-inch improved 
subgrade layer will not provide an adeauate working platform (if in-situ !BR's 
of 4 or less are encountered during construction). The !DOT Subgrade 
Stability Manual (3) is followed during construction to establish a remedial 
treatment thickness greater than the reauired 12-inch improved subgrade layer. 

In this Manual a scheme, based on the Corps of Engineers' unsoaked CBR design 
approach, was adopted to develop the remedial thickness of granular 
backfill/improved subgrade layer (see Figure 5). The reauired thickness above 
the subgrade from Figure 5 reduces the maximum subqrade stresses to about 75 
percent of the soil's shear strength (4). Most soil can withstand 500-1000 
repeated stresses of this magnitude without experiencing permanent deformation 
strain in excess of 1-1.5 percent. 

In Illinois, when subgrades are improved to provide a stable working platform, 
change in the pavement design SSR is not allowed. For mechanistic pavement 
design the SSR of the soil prior to its improvement is used. 

SUMMARY 

From many research studies, we in Illinois, have established that laboratory 
testing is not cost effective or justified for determining the yearly 
variability of a given soil series. In most cases we are/will be using 
regression eauations or the results developed from Figure 4 for the 
hinge-jointed plain concrete and full-depth asphalt concrete pavements. 
Illinois DOT will continue testing for large/research projects where samples 
can be obtained and tested under various moisture/density conditions. 
Information from these projects will be used to establish resilient modulus 
input for conventional flexible and PCC pavements. 
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Remedial 
Procedures 

Not 
Needed 

9 

40 80 120 160 200 

Cone Index 

240 280 320 9360 

Figure 5. Unsoaked CBR - based thickness design procedure 
for granular backfill/admixture modified soil 
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Since the early 1970's, the California Department of 
Transportation (Caltrans) has incorporated resilient modulus 
testing in several research studies to observe the test values. 
This paper covers a brief review of Caltrans' experience with the 
resilient modulus test. Concerns regarding the application of 
the resilient modulus criteria to flexible pavement design and/or 
asphalt mix design procedures are discussed. Sarne reasons for 
Caltrans' interest in the resilient modulus testing are presented 
along with possible future uses. 

The use of resilient modulus testing by Caltrans may not 
expand beyond research purposes in the immediate future. If, 
however, improved test equipment provides acceptable 
repeatability, accuracy, and correlation with other design 
parameters, the resilient modulus of paving materials may be 
adopted as an additional mix design property. The resilient 
modulus test may be used when unique materials will be 
incorporated into pavement structural sections. Currently, the 
only proposed application of the resilient modulus is for special 
analytical problems (i.e., overload/permits) in conjunction with 
a multilayer elastic system computer program. It is expected 
that the use of resilient modulus for structural evaluation and 
analysis will increase in the future at Caltrans. 

INTRODUCTION 

Several agencies have used various testing methods to measure 
the modulus of pavement structural section materials such as 
asphalt mixtures (non-aged/aged, as-compacted/conditioned, virgin 
/recycled, and cores), non-treated aggregates and soils, and 
treated aggregates and soils (with lime or portland cement, etc). 
Three test procedures to measure the modulus of flexible pavement 
structural section materials have been standardized by AASHTO or 
ASTM: Resilient Modulus of Subgrade Soils (AASHTO T 274, 
hereafter called repeated load triaxial test), Dynamic Modulus of 
Asphalt Mixtures (ASTM D 3497), and Indirect Tension Test for 
Resilient Modulus of Bituminous Mixtures (ASTM D 4123, hereafter 
called repeated load diarnetral test). 

The resilient moduli of the pavement structural section 
materials are some of the essential input data for the 
mechanistic-based pavement design procedure such as the method 
described in the AASHTO Pavement Design Guide [1]. According to 
this Design Guide, the soil support number is replaced by the 
resilient modulus in the flexible pavement design procedures. In 
addition, the layer coefficients for the various materials are 

* Assistant Engineering Specialist (Civil), Transportation 
Laboratory, 5900 Folsom Blvd. Sacramento, CA 95819. 



defined in terms of resilient modulus as well as standard 
strength criteria such as CBR or R-value. 

Since the early 1970's, the California Department of 
Transportation (Caltrans) has incorporated resilient modulus 
testing in several research studies to observe the test values, 
studies performed mainly by the California Transportation 
Laboratory (Translab) are reviewed briefly in the following 
section. The Retsina Mark II repeated load diametral test 
equipment has been used to measure the resilient modulus of 
asphalt concrete mixes, But some doubts regarding the accuracy 
of data obtained by the Mark II model occurred in 1988 (Note: 
This Mark II model is almost 15 years old). Repeated load 
triaxial resilient modulus test equipment has been used for 
measuring the resilient modulus of soils, aggregates, asphalt 
treated permeable base materials, and open graded asphalt 
concrete mixes. However, these resilient modulus tests have been 
used for research purposes and information only. 

This paper presents a brief review of Caltrans' experience 
with the resilient modulus tests (both repeated load triaxial and 
diametral test). Concerns regarding the application of the 
resilient modulus criteria to asphalt mix design and/or flexible 
pavement design are discussed. Finally, some reasons for 
Caltrans' interest in resilient modulus testing are presented 
along with possible future uses by Caltrans. 

RESILIENT MODULUS TESTING BY CALTRANS 

As mentioned in the previous section, Caltrans has used the 
Retsina Mark II repeated load diametral test equipment to measure 
the resilient modulus of dense graded asphalt concrete (DGAC) 
mixes and repeated load triaxial resilient modulus test equipment 
for soils, aggregates, and asphalt treated permeable base (ATPB) 
materials, and open graded asphalt concrete (OGAC) mixes. 
However, these tests have been performed for research purposes 
and information only. 

A. Repeated Load Diametral Test 
In 1978, Doty and Scrimsher [2] performed a small research 

study in order to determine relationships between conventional 
properties of DGAC mixes (e.g., Hveem stability, cohesion, and 
specific gravity) and resilient modulus. Another purpose of this 
study was to determine the feasibility of incorporating the 
repeated load diametral test into the Caltrans design procedure 
for asphalt concrete pavements. 

Asphalt grades AR-2000 and AR-4000 from three different 
sources were combined with three different aggregate gradations. 
Test specimens 2.5" high by 4 11 diameter were used. The kneading 
compactor was used to obtain uniformity and conformance to the 
standard method of laboratory compaction used in California. 

During the test, a pulsing load (60 lbs) of 0,1 second 
duration repeated 20 times a minute was applied. The test 
temperature ranged from 72 to 76 F. After the diametral test, 
and within 48 hours, the specimens were heated to 140 F and 
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tested for Hveem stability, cohesion, and specific gravity. 
Doty and Scrimsher discussed the effect of mix components, 

compaction method (static, Marshall and Kneading), compaction 
temperature, temperature susceptibility of asphalt cement, and 
test temperature on the resilient modulus of test specimens. In 
addition, the authors discussed briefly the relationship between 
resilient modulus of mixture and fatigue resistance. The results 
of this study showed that resilient modulus of mixes increased 
with Hveem stability and/or specific gravity. However, they did 
not find any direct relationship between cohesion and resilient 
modulus. 

The authors concluded that the resilient modulus value cannot 
be used to reliably determine optimum asphalt content from the 
standpoint of voids, Hveem stability or cohesion. Also, the 
authors concluded that the resilient moduli values measured at 
72-76 F does not provide an accurate measure of asphalt concrete 
pavement fatigue resistance. 

In the early 80's, Kemp and Predoehl [~] completed a study on 
the durability of asphalt concrete mixes. They tried to use a 
resilient modulus test to evaluate, in part, the properties of 
non-aged and aged specimens. However, there was no definite 
conclusion about the relationship between resilient moduli of 
test specimens and degree of aging. 

One study supported by the FHWA, which is titled "Mix Design 
Modification for Dense Graded Mixes (DGAC) to Improve Asphalt 
Concrete Durability," is presently being performed. This study 
will seek to develop a correlation between pavement performance 
and the Hveem stability, Marshall stability and resilient modulus 
of asphalt concrete mixtures in part. Figure 1 illustrates the 
diametral test equipment used by Caltrans. 

:···:···,: -.:·. ··,-·-_-_--J--' _,--, : .• . 
. • I . --- . . . 

. . ' . 
Q "'." .. 

··, -. -§I . ., :-":--1· 
._ C: ,.;. .. 

~-_ .. :-_'j 

Figure 1. The Repeated Load Diametral Testing Machine (Retsina 
Mark II Model). 
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B. Repeated Load Triaxial Test 
In 1974, a study on the reproducibility of the triaxial 

resilient modulus test was performed by svetich et al. [!]. One 
of the major objectives of this study was to compare test results 
of a basement soil (from a Caltrans' full depth asphalt concrete 
project on Route 101) when determined by different agencies using 
their resilient modulus testing machines. Two agencies - the 
Oregon State Highway Division (OSHD) and the University of 
California, Berkeley (UCB)- completed the testing along with 
Translab. This study also included using the resilient moduli 
values determined by three agencies in an actual design of a full 
depth asphalt concrete pavement. 

In Translab, the specimen was placed in a chamber where a 
confining pressure was applied to the specimen. As an axial 
haversine load was applied, the radial and axial deformation of 
the specimen were measured by means of linear variable 
differential transformers (LVDTs) which were attached to the 
specimen by means of clamps (for radial readings) and LVDTs 
placed between these clamps for axial readings. A load duration 
of 0.1 second at 3 second intervals was used with the testing 
machine shown in Figure 2. 

It was originally intended to run an analysis of variance on 
the test results that would include both the repeatability for 
each agency and the reproducibility among the agencies. However, 
since only three agencies completed the testing and a different 
test procedure was used by each agency, a statistical analysis of 
the data was not made. Each agency performed the tests using 
different stress ratios for the various confining pressures. Two 
agencies placed the LVDTs used to measure the axial deformation 
between clamps attached directly to the specimen, while the other 

..I 

~ ~/ ,<"' ' 

;:~i:-.(;:!1; 
:·· ,_ --~r:1~ ~ 
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Figure 2. The Repeated Load Triaxial Testing Machine. 
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agency placed the deformation measuring equipment outside the 
triaxial cell cover plate and measured the movement of the 
loading piston. 

In the final report for this study, the authors recommended 
that a more definitive method of testing and measuring the 
resilient modulus be established. The authors concluded that the 
repeated load triaxial resilient modulus test should not be 
adopted as a standard method for use in asphalt concrete pavement 
design at that time. 

Translab recently introduced a new design concept called 
''incremental design" for flexible pavement [~]. Forsyth et al. 
compared the results from the incremental design method to those 
from the 1986 AASHTO Design Guide procedure, the current Caltrans 
standard (R-value) procedure, and mechanistic methods. For this 
study, the resilient modulus of the subgrade soil, aggregate base 
material, and ATPB material was measured in the laboratory. 
Diarnetral testing was used for the modulus of the DGAC surface 
mixes. One of their conclusions is that the structural section 
thickness determined by the recently modified AASHTO procedure 
(l] for a 10 year design was similar to that resulting from the 
incremental procedure. This was probably due to drainage 
coefficients of structural layers. R-value and mechanistic 
designs had similar overall thickness that were larger than the 
incremental design. More detailed information on incremental 
design is available in Reference 5. 

Caltrans uses asphalt treated or cement treated 
permeable base (ATPB and CTPB)to provide drainage within the 
structural section of the roadbed. Thus, the repeated load 
triaxial test has been used to evaluate the characteristics of 
the ATPB materials with 4" diameter by B" high specimens. The 
current standard specifications for ATPB are presented in Table 
1. 

Table 1. Standard Specifications for ATPB (After Ref.6). 

Sieve Size 
l" 

Percentage Passing 
100 

3/4" 
1/2" 
3/8" • e e e e • e e • • • I I I I I I I I I I I I I I I I I I I I I I I 

90 - 100 
35 - 65 
20 - 45 

No. 4 
No. 8 
No. 200 

Tests 
Percentage of Crushed 

Particles (Min.) 
Los Angeles Rattler Loss 

at 500 Rev. (Max.) 
Cleanness Value (Min.) 
Film stripping (Max.) 
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California 

0 - 10 
0 - 5 
0 - 2 

Test Requirements 

205 

211 
227 
302 

90% 

45% 
57 
25% 
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Moore et al. [2] attempted to determine the gravel factor 
(Gf) of ATPB and OGAC using the R-value test and the repeated 
load triaxial resilient modulus test. The ATPB was also 
evaluated using Dynaflect deflection measurements. The results 
of the R-value test showed the ATPB to have less strength than 
aggregate base, whereas, the resilient modulus tests showed the 
ATPB, as well as OGAC, to have greater strength. Deflection 
measurements showed the ATPB to have similar strength to DGAC. 
The resilient modulus of ATPB ranged from 100 to 200 ksi with an 
average of 140 ksi. A load duration of 0.1 second and frequency 
of one cycle per second was used for this study. Additional data 
and the actual levels of applied confining pressure and deviator 
stresses used for this study are presented in Reference 7. 

The researchers concluded that more credence should be given 
to the results of the resilient modulus test rather than the 
R-value test. However, since no direct correlation between 
resilient modulus and Gf exists, the Gf of ATPB was determined by 
deflection values measured in the field before and after 
construction rather than by the resilient modulus. 

CONCERNS REGARDING APPLICATION OF THE RESILIENT MODULUS TEST 

Even though further research effort and experience in 
resilient modulus testing are necessary and currently occurring, 
Caltrans has several concerns regarding application of resilient 
modulus testing based upon previous experience. Those concerns 
are discussed in this section. 

A. Repeatability/Reproducibility 
Sometimes the repeatability of the resilient modulus test was 

found to be one of major problems in the past Caltrans' 
experience. In addition, the precision of the diametral 
resilient modulus test is not established in ASTM D 4123. Because 
pavement structural section materials are non-homogeneous and 
anisotropic, relatively wide variance in test results can be 
expected. However, the level of variance due to different test 
equipment should be minimized. A study of test repeatability/ 
reproducibility must be conducted and the magnitude of test 
repeatability/reproducibility must be acceptable. 

B. Poisson's Ratio 
For the diametral test, the resilient modulus is a function 

of the dimension of the specimen, horizontal deformation, applied 
loading, and Poisson's ratio as shown in the following equation; 

E = P(V+ 0.27)/t HT 
where: 

E = resilient modulus of elasticity, psi (or MPa), 
HT= recoverable horizontal deformation, in.(or mm), 

P = repeated load, lbf (or N), 
t = thickness of specimen, in. (or mm), and 
,>=Poisson's ratio. 

-6- Kim 

• 

• 

• 



• 

• 

• 

V-69 

In general, it is recommended to use 0,35 as a Poisson's ratio of 
asphalt mixes. Also, it is indicated in ASTM D 4123 that a value 
of 0.35 for Poisson's ratio has been found to be reasonable for 
asphalt mixtures at 77 F (25 C). However, the Poisson's ratio of 
asphalt mixes may vary with temperature, specimen condition, and 
component materials such as rubber material. Thus, it seems to 
be desirable that the diametral test equipment have the capacity 
to measure the Poisson's ratio of the test specimen accurately. 

c. Association with Pavement Distress 
Flexible pavement structural section materials including 

roadbed soils show various distress type and complex failure 
behavior. The resistance to failure depends on the properties of 
the paving materials, the stress field, the environmental 
conditions and time. Further, it is often difficult to detect a 
point of failure of pavement. 

Although numerous researchers have developed models to 
predict fatigue and permanent deformation of flexible pavement 
during the last three decades, the degree to which resilient 
modulus is associated with pavement distress (e.g., fatigue 
cracking, rutting, thermal cracking, etc.) is not yet clearly 
determined. As stated in the AASHTO Design Guide, stabilized 
base materials and asphalt concrete surface materials may be 
subject to cracking under certain conditions. Thus, because of 
the complexity of flexible pavement failure, the resilient 
modulus may not be the sole indicator of pavement distress 
likelihood even though it can provide valuable information. 

Although previous Caltrans' experience has revealed some 
shortcomings of the resilient modulus test, Caltrans still has 
some interest in this test procedure for the following reasons. 

REASONS FOR INTEREST IN THE RESILIENT MODULUS TEST 

Since the values of resilient moduli can be used to evaluate 
the relative quality of materials, the resilient modulus test, 
along with conventional laboratory tests, may help to 
differentiate between materials performing well and those 
performing poorly. Also, the resilient modulus test provides a 
means of evaluating paving materials under a variety of 
environmental conditions and stress state that realistically 
simulate the conditions that exist in pavements subjected to 
moving wheel loads. 

A. Dynamic Test 
As contrasted with many conventional laboratory tests, the 

resilient modulus test utilizes the dynamic (cyclic) load 
application, therby permitting varying the load duration and load 
frequencies depending on the traffic conditions (volumes, speed, 
loading, etc). The test also can be used to study the effects of 
loading rate and rest periods under different sample conditions 
(degree of saturation and temperature, etc.) . 
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B. Nondestructive Test 
Since the resilient modulus test is nondestructive, this test 

can be incorporated with any destructive laboratory tests. The 
properties of a test specimen (e.g., split tensile strength, 
Hveem or Marshall stability, specific gravity, cohesion, creep 
stiffness, etc,) can be obtained after a resilient modulus 
measurement. In addition, tests can be repeated on a specimen to 
evaluate the curing effect on emulsion mixes or recycled mixes 
and conditioning as with temperature or moisture. Thus, 
considerable time and materials can be saved. 

C. Use in Mechanistic Design 
The resilient modulus test provides the basic constitutive 

relationship between load and deformation of flexible pavement 
construction materials for use in structural analysis of layered 
pavement systems. Since moduli values and Poisson's ratios of 
pavement structural materials are required in mechanistic 
procedures, the values of resilient modulus can be used to 
generate input for pavement design or pavement evaluation and 
analysis. 

D. Supplement to Conventional Test 
The conventional laboratory test procedures may not be 

applicable to some new pavement materials. The resilient modulus 
test may be useful when considering new materials and/or unusual 
situations for which no experience is available (i.e., empirical 
approach cannot be used) such as ATPB, CTPB, fiber-modified or 
rubber modified asphalt concrete, and high tire pressures and/or 
high axle loads. 

FUTURE USE OF THE RESILIENT MODULUS TEST BY CALTRANS 

Some questions often arise as to the values of using the 
resilient modulus test for asphalt mix design and/or flexible 
pavement design. This tendency is particularly strong when the 
presently used mix design or pavement structure design procedure 
appear to be very sound. 

However, several changes have occurred during the last 10 
years in asphalt pavement materials, asphalt paving technology, 
and traffic characteristics including truck volume, tire 
pressure, speed, and permissible gross vehicle and axle loads. 
These changes may require modifications and/or additions to 
existing mix design criteria and test procedures to properly 
evaluate mix properties. In addition, new methods may be needed 
to replace or supplement existing procedures to simulate 
in-service conditions. 

Along with these changes, nationwide emphasis has been placed 
on the development of more mechanistic design procedures in both 
mix design and pavement design. The use of the resilient modulus 
test to characterize structural section component materials seems 
to be gaining acceptance. 
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A. Mix Design 
Resilient modulus testing has not been used in the asphalt 

mix design process by Caltrans. The optimum binder content is 
determined based upon the Hveern stability, visual observation and 
air voids of mixes. At Caltrans, the resilient modulus test has 
been performed for research purposes and information only, not 
for routine design and evaluation. Although the accuracy of data 
obtained with existing diarnetral test equipment has been 
unsatisfactory, it is expected to purchase of an improved test 
equipment. 

There are some possibilities for applying the resilient 
modulus test to the evaluation of paving materials in the future. 
One area where some potential exists is to evaluate the 
possibility of moisture-induced damage to asphalt concrete mixes. 
The resilient modulus test incorporated with a conditioning 
method such as AASHTO T 283 (Resistance of Compacted Bituminous 
Mixture to Moisture Induced Damage) may provide valuable 
information. 

Also, the resilient modulus test can be helpful in the 
evaluation of the effects of additives on properties of asphalt 
concrete and emulsion mixes. With new paving materials and 
technology ,such as pavement recycling, the application of the 
resilient modulus test can be expanded for evaluation and 
possibly mix design procedures. 

Even though routine use of the resilient modulus test by 
Caltrans is not foreseen in the immediate future, the opportunity 
to incorporate resilient modulus into the Caltrans' mix design 
may become a distinct possibility if improved test equipment 
provides acceptable repeatability, accuracy and correlation with 
other design parameters. Only then will it be possible to adopt 
the resilient modulus criteria as an additional mix design 
property. 

B. Pavement Structure Design, Evaluation, and Analysis 
The resilient modulus is not used yet for pavement structural 

section design purposes. For pavement design, Caltrans 
exclusively follows the California design method based upon the 
R-value of the basement soil, gravel factors (Gf) and the Traffic 
Index (TI), which is calculated from the projected number of 18 
kip equivalent single axle load applications in one direction of 
travel. 

current asphalt concrete construction and rehabilitation 
projects have often used various pavement materials such as 
rubber powder, crumb rubber, or other binder modifiers. In order 
to take full advantage of these materials for better pavement 
performance and to reflect the advantages in the design of 
pavements, studies on the characteristics of these materials are 
essential. As mentioned in the previous section, the Caltrans' 
procedure for the design of flexible pavement structural sections 
involves the use of an empirical formula that includes gravel 
factors (Gf)• However, the Gf of new pavement materials cannot 
be determined according to the existing procedures. The 
resilient modulus test, performed in conjunction with field 
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performance studies, might be helpful in determining the gravel 
factor (or layer coefficient) of new pavement materials. Thus, 
the resilient modulus test may be useful when unique materials 
will be incorporated into structural sections. 

currently, the only Caltrans application of the resilient 
modulus test is for special analytical problems employing a 
multilayer elastic system computer program[~]. When the 
evaluation of a pavement structure is required for special load 
conditions (i.e., overloads or high tire pressures), deflection 
measurements will be used with a layered elastic analysis with 
assumed or measured resilient modulus of pavement materials. 
Resilient modulus will be used for routine evaluation of the 
effect of overload if an interim procedure proves satisfactory. 
Thus, it is expected that the use of resilient modulus for 
structural evaluation and analysis will increase in the future at 
Cal trans. 

SUMMARY 

Caltrans' experience with the resilient modulus test (both 
repeated load triaxial and diametral test) has been reviewed 
briefly. While the use of resilient modulus for structural 
evaluation and analysis is growing, the application of the 
resilient modulus test for mix design is not likely. 

• 

Although widespread routine use of the resilient modulus test 
by Caltrans is not foreseen in the immediate future, the 
resilient modulus test may be used when unique materials will be • 
incorporated into pavement structural sections. This will 
require modification of Caltrans pavement and/or overlay design 
methods. It is expected that the use of resilient modulus for 
structural evaluation and analysis for special situations will 
increase in the future at Caltrans. 

DISCLAIMER 

The contents of this paper reflect the views of the author 
who is reponsible for the facts and the accuracy of the data 
presented herein. The contents do not necessarily reflect the 
official views or policies of the State of California. This 
paper does not constitute a standard, specification, or 
regulation. 
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PROFESSIONAL SOCIETIES/AGENCIES 

PANEL DISCUSSION 

Summarized by 
J. Sorenson, Regional Pavement Engineer 

Federal Highway Administration 

INTRODUCTION 

The purpose of this session is to allow representatives from ASTM, AASHTO, NCHRP and SHRP 
to present their views on the status and future of modulus testing from the perspective of their respective 
organizations. To accomplish this, we have assembled representatives (or surrogate) of each 
organization to address these issues. The panel includes: 

G. Baladi: 

1) Gilbert Baladi - ASTM 
2) Robert Ho - AASHTO 
3) Daniel (Bill) Dearasaugh - NCHRP 
4) Marshall Thompson - SHRP 

ASTM Viewpoint 

Two ASTM subcommittees are working on topics related to resilient modulus. 

am Chairman of D 18.1 O, working in cooperation with D-189, Soil Dynamics, and 

members of D4.39, Nondestructive Testing. We are trying to come up with a definition 

of resilient modulus. That activity is now in its fourth year; we still do not have a 

standard definition of resilient modulus. Right now, Mr. Richard May is in charge of 

predrafting the standard, rewriting the standard for another fellow. We still are getting 

some negative votes. Just to give you a little background, ASTM policy is that the 

standard will not go on the book if there is a single negative against the standard. All 

negatives should be satisfied or withdrawn. 

The other committees and D4 are in charge of D41.23, the standard for the 

indirect and soil test. This standard is in the process of being rewritten or modified to 

include what we learned over the last few years from laboratory and in situ soil tests. 

The main objection of the subcommittee is the assumption of .35 Poisson's ratio. That's 

the standard specified to assume .35, regardless of what test temperature you're at. 

You're testing at 40'F, 77'F, or 104'F, the standard specifies low load on the sample . 



That standard is being examined. Unfortunately, I didn't have the time to redo anything 

since last June, so I'm planning to write a draft revision for that standard by the next 

ASTM meeting, which is June 1989. 

J. Sorenson: If there is a question for any of the speakers, we encourage you to ask it. Thank 

J. Brown: 

you, Gilbert. Jim (Brown), you've just gone through what MSHTO is doing, maybe you 

could give us a little perspective on T-274. 

I have submitted a written contribution to the workshop (re: Exhibit 1, 

page V-85). 

AASHTO Viewpoint 

J. Sorenson: Wes Moody is on the committee on T-274 and Dave Seim works for Wes, but 

he's not really involved in it. Dr. Ho, do you have any comments on that committee? 

R. Ho: At the last annual meeting of AASHTO in August, 1988, in Orlando, Florida, there 

J. Sorenson: 

was discussion about this resilient modulus test. Questions came from the various 

states about how the test was run and what equipment to buy. At that time, many 

people hadn't run the test. Some states had run the test and expressed their concern 

about the T-274 method and its complexity. Florida was one of them; we presented 

some of the data at that time. Then there was a recommendation from Mr. Smith, 

Chairman of Technical Section 1b, to form a task force to look into this matter. That's 

how it was formed. I think there are about seven or eight states represented in the task 

force. Mr. Moody, who wasn't present at the meeting, was elected Chairman of the Task 

Force. That is the situation right now. Recently, Mr. Moody has written a letter to all the 

members of the task force to request experiences from all of the states so that he could 

get all of the information together to see what they can do with T-274. The last time I 

spoke to him, he said nobody had replied to his letter yet. 

NCHRP Viewpoint 

I talked to Wes Moody when we were putting this program together. John 

Strada, WSDOT, is out here and he's also working with Wes. All of the input from this 3-

day workshop is going to that task force. As I understand it, it will be a stepping-off 
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• point so that we can make some forward progress with that task force initiative. I think 

we've all contributed toward that; we're going to give them something to start with. How 

about the NCHRP activities, Bill (Dearasaugh)? 

• 

• 

B. Dearasaugh: Thank you for the invitation to be a part of this panel. I've been with the 

Transportation Research Board for a year; I'm still the new kid on the block there. It 

takes about a year to get through the entire process of the NCHRP activities. We're a 

part of the National Research Council, which is part of the National Academy of 

Sciences. I'm in Division D of the Transportation Research Board, which is the National 

Cooperative Highway Research Program Division. Division A is the division that visits 

the states and puts on the annual meeting, whereas the NCHRP is the research arm of 

AASHTO. Our funds come directly from the states. One and one-half percent of federal 

funds to the states are for HP&R, and 5.5 percent of that 1.5 percent is contributed 

voluntarily by the states to the NCHRP program. Those contributions result in an 

approximate funding level of $8 mrllion a year. 

One of our fiscal year '90 projects is a brand-new research effort toward resilient 

modulus testing. It is NCHRP Project 1-28: Laboratory Determination of Resilient 

Modulus for Flexible Pavement Design. At their September meeting, the AASHTO 

Standing Committee on Research (SCOR) decided that this would be one of the new 

projects for this year and allocated the funds. Actually, the project was submitted by 

Michigan and Florida. SCOR thought the two submittals were so close that they wanted 

us to combine them into one project. 

The next step in the process was forming a panel to prepare the project 

statement. That panel will eventually make an agency selection based on the proposals 

that are submitted. The people on the panel do most of the work. They are Gale Page 

(Florida), the Chair of the Committee; Don Anderson (South Dakota); Ron Terrel 

(Washington); and Kevin Stewart (FHWA). All of these panel members are attending this 

workshop. Also on the panel are: Roger Green (Ohio); Freddy Roberts (Auburn NCAT); 

Joe Hannon (California); Bill Hadley (Louisiana Tech); Adrien Peltzner (SHRP); and Jay 
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Jayaprakash (rRB). The panel recognized one big concern right off the bat, and that 

was the fact that we didn't tackle this thing about two years ago. It is time to do 

something about resilient modulus testing. The panel prepared the project statement, 

based on the two problem submittals from Michigan and Florida. This first panel 

meeting took place March 16 & 17, just two weeks ago, so this is hot off the press. 

Here is the project statement that I brought along with me (re: Exhibit 2, page V-91 ). 

The objective, really, of my presence here is to present this to you and to solicit your 

interest in this project. I hope to receive some proposals from some of the people who 

are here and who are interested in doing research for the NCHRP and for AASHTO. 

The submittal from Florida focused on structural coefficients for the AASHTO 

guide. There was concern about that. however, questioning why we should spend a lot 

of research money developing structural coefficients for the AASHTO equation when 

we're moving in the direction of mechanistic design concepts in the future. There is a 

portion of this project that addresses Florida's concerns. In accordance with some 

interpretations of the AASHTO guide, someone could take his product, like an additive, 

run a resilient modulus, come up with a huge structural coefficient, and then say: you 

have to use this. Structural coefficients are not completely based on resilient modulus 

alone. I know that the guide doesn't really say that, but it could be misinterpreted to say 

that; some people have been doing just that. At least this project will look at that aspect 

and possibly come up with some rewording of particular paragraphs in the guide to 

alleviate that situation, to make it clear that structural coefficients do not directly 

correlate only with resilient modulus. 

The primary objective of the research in Project 1-28, however, is to develop and 

recommend laboratory test procedures for determining resilient moduli of component 

materials in a flexible pavement structure. Procedures must account for varying field 

conditions such as temperature of the asphalt surface layer and moisture content of the 

subbase -- all of those factors that we've been talking about for the last three days. The 

procedures must take these factors into consideration and be able to account for them . 
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• J. Sorenson: 

M. Thompson: 

• 

The total funding allocated for Project 1-28 is $425,000, and the time allotted is 33 

months. Proposals are due on June 2, 1989. The next meeting of the panel to select an 

agency is in July, and research is anticipated to begin in early 1990. I really do 

encourage your interest in this project. I think the project will go a long way toward 

improving the testing for resilient modulus. I'm very proud to be a part of the NCHRP 

program, and I do what I can to try to have successful projects that will benefit all of the 

states, who are the sponsors of the program. Other NCHRP Projects that are ongoing 

that affect this project are: 1-26, a Mechanistic Design project by the University of 

Illinois; 9-6(1), the AAMAS project by Brent Rauhut Engineering in Austin; 1-27, Non

Destructive Testing by Bob Lytton at Texas A & M; and 10-26A, which is being done by 

Dave Anderson at Penn State, and has to do with Performance Related Specifications. 

All of these projects tie together. I believe there's really a bright future for pavements. 

The work being done by SHRP, by AASHTO, and by ASTM all fit together, and the 

NCHRP efforts are just one part of it. I think this project's going to be a good one . 

SHRP Viewpoint 

Thank you, Bill. I'd take that TEAMWORK concept back to headquarters with 

you and just keep the thing alive; we will get there one of these days. If there are no 

questions, we have Marshall Thompson to give us some background on SHRP. I know 

Jim Brown mentioned his involvement in some of the concepts with Long-Term 

Pavement Performance (LTPP}. SHRP, $150 million, .25 percent for the next 5 years. 

There will be a lot of money going into that. There are questions being kicked around; 

even the questions from the audience here had points to consider. They couldn't 

understand why we don't have standardization even among the resilient modulus 

devices that the four SHRP regions will be purchasing and using. I don't know how 

we're going to get that coordination. Marshall, you might want to tackle this. 

Thank you, Jim. First of all, I want to preface all of my remarks with a caveat: "I 

am not any sort of an official, unofficial, or even peripherally related representative of the 
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SHRP program." I'm basically serving as the volunteer leader of a group to establish a 

protocol testing scheme for conducting AASHTO T-274-type testing. 

Basically, the documents that went out in the RFPs for the regional contractors 

to do the lab testing of soils and bituminous materials Indicated that AASHTO T-274 is to 

be used "for the testing of unbound granular base/subbase materials and subgrade soil 

samples." The unbound base materials obviously will be recompacted samples from 

bulk materials obtained from test pits. They will be, according to the guides, prepared at 

approximate field moisture and density conditions. For subgrade cohesive soils, 

supposedly there will be tube samples. If tube samples cannot be obtained, those also 

will be "recompacted samples" to approximate field moisture and density conditions. 

A group was asked to review T-274 with the idea of developing a protocol that 

could be used by the regional testing contractors. John Lynch from Law Engineering in 

Atlanta, Jim Shook from ARE (the Washington office), and Harold von Quintus from 

Brent Rauhut Engineering were members of that group. To my recollection, Lynch was 

the only one who attended the meeting where this group was put together. We all were 

''volunteered" and then Amir Hannah said: "Would you folks mind doing this?" 

Obviously one can't turn down a request like that for such an important issue as resilient 

modulus testing. So we did it. We examined the T-274 procedure and provided 

recommendations to SHRP. At this time, there has not been any follow-up on that, but 

my latest input from the SHRP people (Adrian Pelzner) indicates things are happening. 

There will be an up-front version of that testing protocol. I am certain that it will not be 

T-274 "as is." To what extent it will be modified is not established at this time. I think if 

you've looked at T-274, you would agree that it's not a production test. Adrian Pelzner 

indicated that there will be something like 6,000 resilient modulus tests in one form or 

another conducted in the SHRP program to the tune of several million dollars worth of 

activity. Four regional contractors will be doing that testing. 

It is absolutely essential that we compare data and numbers; that's the thrust of 

L TPP. Jim mentioned that we're going to have a nice data base and a lot of good 
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performance data. I would suggest that we make sure that our resilient modulus values 

are reasonably comparable. I didn't say identical -- reasonably comparable. I don't 

have any great hopes for getting identical data on a set of samples shipped around to 

these labs on any sort of a resilient modulus test. I was pleased to see the data that Jim 

Huddleston pulled together and discussed yesterday afternoon. I think that's what we're 

going to experience in SHRP. We are encouraging SHRP to include a round-robin 

testing procedure with the protocol ultimately adopted. We will have samples of 

granular materials and subgrade materials going out to these labs, and they will be 

running the test by the protocol -- multiple samples of the same material. Then we'll pull 

those numbers back together to see whether or not we can get reproducibility and 

agreement. If not, we are just blowing smoke at one another, and there's too much of 

that going on already. 

If we can't get similar modulus values on the same materials that go out in the 

round-robin program, we must seriously consider just what it is that we can come up 

with to get reproducibility. My personal opinion is that we're a lot better off with a 

simple-minded, reproducible test that incorporates some aspects of resilient modulus 

than with a sophisticated test that will not provide us any degree of duplication and 

agreement between labs. Now that's just my own prejudiced opinion. Jim Brown says 

he doesn't make hard-core statements. As a prof, I always use the phrase: "It seems to 

me ... " That means this is a personal opinion. I think if we want to use these data in 

terms of LTPP, (correlating mechanistic analysis with performance and other similar 

types of activities), we have to have some numbers that match up on the same material, 

or else we just don't have a chance of doing that. 

The SHRP protocol is still evolving. I talked to Adrian Pelzner right after he 

came back from Bill Dearasaugh's panel meeting. Adrian said: "My gosh, Marshall, 

they're going to spend $425,000 so that we might be able to decide what to do within 

the next few weeks on the SHRP testing." I think that's a good statement. We've got a 

minimum of S425,000 worth of unanswered questions out there concerning resilient 
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testing. It's not all that bad, really, but we do need to pay careful attention to what we 

ultimately decide to do in the SHRP program. Once again, nothing definitive has been 

established yet; information will be corning out shortly. Some of the regional contractors 

are here. Many of the Braun Engineering people are here. I know for sure there's a 

minimum of two or three different types of equipment in their labs. The Law people have 

an lnstron, and I think Luke's getting an lnterlocken system for the Braun testing lab. 

I'm not sure what ARE is coming up with. 

J. Sorenson: I don't think our vendors and manufacturers would be against having equipment 

conform to a standard if we could make up our minds. 

M. Thompson: Well, that may well be. The only requirement of the regional testing contractors, 

J. Sorenson: 

was that they would have an electrohydraulic-type machine. That was the only 

limitation, I think, of any consequence that showed up there. 

We have, through SHRP and LTPP, asked our 50 states to go out there and 

think about whapping the pavement any time they take an FWD around so that you 

could backcalculate and correlate. I don't know how many times you're going to get 

any correlation with all the different types of FWDs running around out there. It seems 

to me we're going to have a lot of confusion if we don't get on top of it in a hurry. 

M. Thompson: A point I'd like to make, once again strictly as a disinterested, uninformed 

observer: It seems to me that if we are going to place a great deal of effort on refining 

falling-weight deflectometer testing and schemes of that sort for thumping these 

pavements, we are obligated to direct some attention to resilient testing. Otherwise, 

we're back to this position of not paying equal attention to these things. I mean, it's one 

of those things where we had to fight to get FWD testing halfway tied in with the field 

sampling and testing. Al Bush was chairman of the Expert Task Group on FWD testing. 

That wasn't even in the original FWD plan. We finally got that resolved to some extent, 

and there will be significant linkage in that respect. Consequently, we need to also get 

some tender love and care directed to the modulus testing program, or else that thump 

data is of limited value. Once again, I am not an official SHRP representative. 
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G. Baladi: 

General Discussion 

Excuse me, Jim. Al Bush also is the chairman of D-439, which is to establish 

several standards on destructive testing. I don't know if he's willing to address the 

activities of ASTM. 

J. Sorenson: Al, do you want to volunteer to talk about what the ASTM Non-Destructive 

A. Bush: 

G. Baladi: 

A. Bush: 

Testing Standards Committee has been doing? 

As Gil said earlier, he is chairman of a committee on D-18, Soil and Rock, on 

D18.10. I'm chairman of 04.39, Non-Destructive Testing of Pavement Structures. Gil's 

committee worked primarily on static- and cyclic-load testing. We concentrated on 

impulse devices and a general test procedure. Right now, in the 1989 manual, we have 

two standards, one on the impulse test device (D4694), and a guide for general 

pavement testing (D4695). The latter covers the type of data that should be collected, 

as well as how many tests should be run. It applies to all devices, such as Road Raters, 

dynaflects or falling-weight deflectometers. 

Our goal right now is to alleviate some of those problems Jon Epps was talking 

about earlier in the week and to come up with a precision and bias statement for the 

impulse-load device. We have some data that will be presented at our meeting in June 

on the SHRP testing at Purdue, where they tested the four SHRP devices and the 

Purdue device. I'm presently doing a study for all the people that control the airports, 

the Army, Navy, and the FAA, to look at all of the different types of NDT devices. I think 

we have a data base now that will enable us to come up with a pretty good precision 

and bias statement to strengthen that particular standard. Gilbert has a standard on the 

books on cycling load devices. 

Standard guide. 

Standard guide, right. Our impulse-load device is a standard test method: we're 

trying to get some meat into it. The standard guide is for deflection measurements, and 

it gives you a guide. We're trying to get some teeth into our standard on falling weights . 
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J. Sorenson: Thank you. Are there any other questions pertinent to this testing that anyone 

would like to ask? Is there anything you're aware of that's going on that you think we 

ought to discuss? We'd like to thank the panel and the audience for their presentation 

and participation. It's obvious from the discussion that there is a lot of work underway 

in each of the professional /technical organizations. At some point in the future, there 

will appear a need to compare notes for the benefit of all. 

Summary Evaluation 

I think we have heard from the professional societies/agencies represented that our pavement 

community is aware of the concern for MR testing, standardization, and the need for some conclusion in 

this area of pavement design in the relatively near future. 

The SHA's are making a considerable investment through SHRP and the L TPP studies. SHRP is 

aware of our testing concerns and is moving ahead toward standardized test procedures for both 

laboratory (MR) and field (FWD) testing. 

The comments and concerns of this workshop should prove as useful to the rest of the highway 

community as they were to those of us attending. On behalf of the FHWA, I wish to thank OSU and 

ODOT for all of their hard work in organizing and hosting this technical workshop and for all of the 

excellent Northwestern hospitality. I believe we also should express appreciation to all of the 

manufacturers and vendors who provided the equipment, the demonstrations, and the frank discussions. 

Thank you all for participating. 
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RESILIENT MODULUS AND PAVEMENT DESIGN PRACTICE 

James L. Brown, P.E.* 

These few brief remarks are being made solely for the 
purpose of clarifying the AASHTO Joint Task Force on 
Pavement Design's position relative to resilient modulus 
testing. More specifically, this paper attempts to clarify 
the use of resilient modulus in pavement design by reviewing 
its introduction into the 1986 AASHTO Pavement Design Guide 
and by predicting future usage by AASHTO members. (Ref 1) 

The AASHTO Interim Guide for the Design of Pavement 
Structures was developed soon after the AASHO Road Test, a 
large "field" experiment primarily designed to determine the 
relative effects of a variety of different sized trucks on a 
few different pavement structures. (Ref 2) A secondary 
objective was to evaluate a few design variables, i.e., 
thickness of paving layers. Critically important design 
variables; subgrade, environment, and time were not included 
in the experiment. However, politically it appeared 
desirable to produce a "Design Guide", albeit, quite 
incomplete, (The Blatnik Committee of the Federal Congress 
was leaning heavily upon FHWA officials to check the 
pavement designs of the various states.) Arbitrary "soil 
support", '"regional factors··, and perfor.mance coefficient 
scales were established in the "Interim Guides·. (Ref 3) 

The states were encouraged to establish so-called satellite 
studies to better quantify the missing elements in the 
Guide. (Ref 4, 5) Additionally research was undertaken 
using the National Cooperative Highway Research Program to 
better characterize paving materials and to further evaluate 
the Interim Guides. (Ref 6, 7) Implied, if not specific, 
recommendations from these projects were that some form of 
mechanistic-empirical design analysis (which used a 
resilient modulus materials characterization) should be 
adopted for any revised Guide. 

In the meantime, however, most state highway agencies had 
'"made their peace" with local FHWA officials and were using 
their adapted version of the Interim Guide or some other 
method of pavement design suitable to FHWA. Changes did not 
occur until Texas, having to undertake early rehabilitation 
of thin underdesigned continuously reinforced pee pavements, 
obtained a revision to the Guide in 1981. (Ref 8) This 
revision to the rigid pavement portion of the Guide 
triggered unexpected responses by the pee industry. These 
responses required AASHTO to update the Guide in its 
entirety • 

* Engineer of Pavement Design, Texas State Department of 
Highways and Public Transportation, Austin, Texas 
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The updating was undertaken by the Task Force on Pavements; 
a task force of the Subcommittee on Design. The Task Force 
was upgraded to a Joint Task Force so that Materials, 
Maintenance, and Construction could be represented. A team 
of academic consultants was hired to do the work. Many of 
those on the team had been involved with the previously 
mentioned NCHRP studies. The new team recommended adoption 
of resilient modulus to characterize both paving materials 
and eubgrade soils even though a mechanistic analysis was 
not to be employed in the new -Guide. The eight reasons 
cited below were given for recommending resilient modulus: 

1. Not identified with any specific agency 
2. Fundamental engineering property 
3. Techniques currently available for characterizing 

resilient modulus using NDT 
4. Resilient modulus now a standard test procedure 
5. If initial equipment investment is too high, 

possible to use correlation with other laboratory 
test 

6. Favorable comparisons with other laboratory tests 
(U.S. Forest Service Study) 

7, Resilient modulus test is not too complex; 
familiarity and experience should reduce current 
problems with application 

8. Reservoir of information 
In addition to these reasons, the following ideas have 
probably influenced researchers in recommending resilient 
modulus as a material property that can be substituted for a 
performance coefficient: 

1. Stiffer paving materials reduce stresses or strains 
in underlying layers. 

2. Stiffness usually correlates well with strength of 
a material. 

Most paving researchers realize that this simplistic view, 
i.e. a performance coefficient, has many pitfalls and only 
at best grossly represents reality. 

• 

• 
What is pavement design-pavement performance prediction 
reality? It would seem that only the naive, geniuses, or 
the grossly egotistical would attempt to predict pavement 
performance. (The author readily admits to the latter,) The 
pavement designer must forecast weather, traffic, and the 
results of a low bid contractor that uses such precise tools 
as bulldozers and draglines. The traffic foreca~t must 
include not only how many trucks but must include size of 
load and vehicle configurations, including tire pressures 
and types. Construction materials include those processed 
by Mother Nature (subgrades) and those semi-processed by the 
lowbid contractor (base and subbase materials). The 
properties of these materials and the future loadings need 
to be known twenty-four hours per day, three-hundred and 
sixty-five days per year for so far into the future that 
most pavement designers will retire before the design life • 
has been reached! 
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For design purposes, how accurately do we need to know the 
resilient modulus of paving materials and subgrades? Not 
very accurately. If one examines the variance components in 
the overall variance of the design process as was done in 
the new Guide-see Volume 2, Appendix EE or if one merely 
thinks about items mentioned above, it should be evident 
that for performance prediction purposes resilient modulus 
can not, and need not be very precise. Can not be precise 
because the variation over space and time within the project 
that has not yet been built will be large. Need not be 
precise because the other factors of loading, environment, 
construction, and maintenance have large variance 
components. 

Please note that while the author may sound disparaging 
about the ability to predict performance, he is only 
suggesting that we not over emphasize any aspect of design 
prediction. Additionally, note that it is our ability to 
predict dis-performance (pre-mature failure) that is most 
important. For example, it is well known that too much 
asphalt in a mix will result in rutting or bleeding or that 
a three inch pee pavement will not carry heavy trucks. We 
can predict the premature failure much more accurately than 
we can predict life. 

What about the future use of resilient modulus in pavement 
design? Two areas need to be considered in answering this 
question. First, how will the designer get the number, the 
"resilient modulus .. and secondly, what will he do with it? 

' 
Using Texas' experience as a basis, it is predicted that the 
resilient modulus values for subgrade and unbound base 
materials characterization will come from back calculation 
from falling weight def lectome_ter deflections. Design 
values for asphalt materials will come jrom laboratory 
tests. For materials bound with hydraulic cements either 
back calculated moduli from deflections at cracks or 
laboratory moduli adjusted for future shrinkage cracks will 
be used. 

In the late '60's Professor Scrivner convinced the Texas DHT 
that in-situ characterization was the only practical method 
to handle the wide range in climate encountered in Texas. 
(Ref 9) The Texas DHT has been using back-calculated 
pseudo-elastic moduli since 1972 with fair success. Three 
important problems appear resolvable in the near future. 
The problem of non-linearity should be reduced with the 
heavier load applied by the FWD. More importantly, one 
should be able to adjust subgrade moduli for "depth to 
bedrock" in the near future. Finally, by using a model that 
accepts an elastic modulus instead of the empirical 
stiffness coefficient developed by Scrivner, Texas can use 
laboratory resilient moduli values for paving materials. It 
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has been quite difficult to separate paving layers when 
back-calculating from deflections. 

It is predicted that the AASHTO Joint Task Force will follow 
a similar tact. Marshall Thompson and Ernie Barenberg in 
NCHRP Project 1-26 have been charged with developing 
calibrated mechanistic models for the Task Force to use to 
supplant the AASHO Road Test equations. SHRP has a fairly 
good start on a data base that can be used to obtain 
regional factors for that model. 

Finally, let the author get on a soap box once again. (Ref 
10) We appear to be in fairly good shape relative to new 
pavement design and with our ability to analyze the 
stresses, strains, and displacements in un-damaged 
pavements. This is not so for pavements needing 
rehabilitation. SHRP has been only able to devote a token 
effort to rehabilitation performance and the mechanistic-
empirical methods hold little hope analyzing the 
rehabilitation techniques. Full scale field studies to 
evaluate such items as fabrics, crack and seat, SAM!, etc. 

In summary , res i 1 i en t mod u l us as a design input has a long 
history associated with the AASHTO Guides. However, for 
design input we do not need much precision in individual 
tests but we may need many tests. Back-calculation for 
unbound materials and laboratory values for other materials 
seems most optimum. At sometime in the not too distant 
future, the AASHTO Joint Task Force will try to adopt a 
mechanistic-empirical method which can more correctly 
utilize resilient moduli then the AASHO Road Test 
algorithms. 
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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Project Number: 

Research Project Title: 

Specific Problem Area: 

Research Problem Statement: 

Transportation Research Board 
National Research Council 

FY '90 

Project Statement 

1-28 

Laboratory Determination of Resilient Modulus for 
Flexible Pavement Design 

Pavements 

'v-91 

The resilient modulus of pavement materials and subgrades is an increasingly 
important input item for design of flexible pavement structures. Existing 
laboratory test procedures for determining resilient modulus vary in approach; they 
appear complex and ambiguous, and require a major investment in time and equipment, 
while providing questionable results. Even the term "resilient modulus," as used by 
highway design practioners, differs from the "modulus of resilience" used in other 
engineering diciplines. Laboratory test procedures do not adequately simulate field 
conditions, and considerable differences exist between field-determined moduli and 
laboratory test results . 

Resilient modulus is an essential input variable for pavement design using 
mechanistic concepts. In addition, the emperical design procedures presented in the 
1986 AASHTO Guide for Design of Pavement Structures require the resilient modulus of 
the subgrade as a design input in place of the "soil support value" used in the 
previous editions. However, in the AASHTO Guide, an undue emphasis may be placed on 
the use of resilient modulus in determining structural coefficients. This may lead 
to the misinterpretation that resilient modulus is the only property of importance 
in this determination. 

Objectives: 

The primary objective of this study is to develop and recommend laboratory test 
procedures for determining resilient moduli of component materials in a flexible 
pavement structure. These procedures are intended for use in design of both new 
pavements and rehabilitation of existing pavements. The procedures must be able to 
account for varying field conditions, such as temperature of the asphalt surface 
layer and moisture content of a subbase or subgrade layer. 

Another objective is to assess the applicability and constraints of using the 
resilient modulus to establish structural coefficients for the flexible pavement 
design procedure in the 1986 AASHTO Guide. 

Accomplishment of these objectives will require, as a mimimum, the following 
tasks: 

Task 1, State of the art. Review state-of-the-art procedures and equipment for 
laboratory resilient modulus testing and their interrelationships with current and 
emerging practices for design of flexible pavements. 

Task 2. Candidate procedures. From the information obtained in Task I, identify 
test procedures and equipment for further development under Task 4. 
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Task 3. Interim report. Submit an interim report within 6 months after 
initiation of the research. The interim report shall summarize the accomplishments 
of Tasks I and 2. and include a detailed plan for the laboratory work to be 
performed under Task 4. NCHRP approval of the interim report and the proposed plan 
will be required before commencing with the remaining tasks. 

Task 4. Test procedures. Develop detailed laboratory test procedures for 
determining resilient modulus values suitable for use in flexible pavement design. 
This task may include either modifications of existing equipment and metho4s or 
development and fabrication of new equipment or both. The procedures should 
encompass the normal range of load and environmental factors and material 
characteristics, and should be suitable for testing both laboratory specimens and 
field samples. The validity and suitability of the test procedures should be 
confirmed with sufficient testing of materials encompassing the range of 
characteristics normally encountered in highway design. The goal of this, task is to 
recommend laboratory test methods that arc easily performed and yield consistent and 
realistic material characteristic values. Recommended test procedures should be in 
a format suitable for adoption by AASHTO · or ASTM At the conclusion of this task, 
submit a second interim report containing the recommended test procedures and a 
detailed plan for the validation and study required in Tasks 5 and 6. NCHRP 
approval of this second interim report and the proposed plan will be required before 
proceeding with the remaining tasks. 

Task S. Multi-lab validation. Perform a validation analysis of the recommended 
test procedures through multi-lab testing. (It is not envisioned that a full 
"round-robin" laboratory test validation will be accomplished in this project, 
however, proposals should indicate the extent of validation anticipated under this 
task.) The results of the validation analysis shall be used to refine test 
proccd ures. 

Task 6. Field study. Conduct a limited study to compare and analyze 
field-determined modulus obtained by commonly used nondestructive testing devices 
and back-calculation procedures with laboratory-determined modulus using validated 
test procedures. The purpose of this study is to provide an indication of the 
magnitude of the difference between field and laboratory resilient modulus values. 

Task 7. AASHTO Guide, Review the 1986 AASHTO Guide for the Design of Pavement 
Structures with particular emphasis on Chapter II, paragraphs 2.3.3 and 2.3.S. 
Assess the applicability and constraints of using resilient modulus values to 
establish structural· coefficients for use in the flexible pavement design 
procedure. Recommend any revisions as appropriate. 

Task 8. Final report. Prepare a final report documenting the research effort 
and the research findings. 

SPECIAL NOTES: 

A. This research effort will require continuing knowledge of ongoing ac11v111es of 
AASHTO, ASTM, and SHRP that are related to this project, as well as other NCHRP 
projects, such as: 

NCHRP Project 1-26, "Calibrated Mechanistic Structural Analysis 
Procedures for Pavements" 

NCHRP Project 9-6(1), "Development of Asphalt-Aggregate Mixtures Analysis 
System" 

NCHRP Project 10-27, "Determination of Asphaltic Concrete Pavement 
Structural Properties by Nondestructive Testing" 

B. It is recognized this project is equipment-intensive, and an important aspect of 
proposal evaluation will be consideration of equipment and facilities. 

C. Proposal shall include the total costs for each task. 
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CLOSING REMARKS 

by 

A.G. Hicks 

It gives me pleasure to make the closing remarks of the first workshop on resilient modulus 

testing. It should be noted that this was the first major effort to focus on resilient modulus testing, a test 

evaluation method that has been used in pavement research since the 1970's. However, it wasn't until 

the development of the 1986 AASHTO guides for Pavement Design that resilient modulus was officially 

adopted as a test method for evaluating soils and materials tests in lieu of the California Bearing Ratio 

(CBR) and the Hveem Stabilometer (R value). Because of this, most state highway agencies are now 

trying to "gear up" to measure modulus so they can use it in the 1986 Guide for Design of Pavement 

Structures and, subsequently, for use in mechanistic design procedures. 

At the beginning of the conference, Jim Huddleston outlined a number of questions that were to 

be addressed as a part of this conference. These questions include the following: 

1) 

2) 

What types of equipment are available, and where can these be obtained? 

What factors affect modulus? 

3) What are the limitations of modulus tests? 

4) Are tests between equipment types repeatable? 

5) How can modulus results be used in pavement design? 

6) What does the future of materials testing look like? 

Throughout the conference, there has been an excellent response from both speakers and participants in 

an effort to address these questions. In fact, it's worthy to note that we had more than 170 attendees 

representing 34 states and one foreign country, Sweden. All of the participants have made contributions, 

in one form or another, to addressing one or more of the questions. 

How did we do in terms of the questions addressed? Let's look at them one at a time. First, 

what types of equipment are available and where can these be obtained? The answer to this question is 

conference by demonstrating equipment exhibiting a variety of sophistication. Most of the equipment 

manufacturers indicated that the hardware and software could range from simple to complex where the 



equipment is driven by a computer. The equipment ranged from air-operated pneumatic test equipment 

to air-servo equipment, to sophisticated electro-hydraulic test systems. 

Second, what factors affect modulus? It was made clear in papers by Thompson, Monismith, 

and Epps that a number of factors affect the properties of materials tested for modulus. Perhaps the 

most important properties are identified for the following materials: 

a) Asphalt concrete: temperature, rate and frequency of loading, type of stress pulse; 

b) Granular materials: water content, type of aggregate, confining pressure: 

c) Soils: water content, deviator stress, soil type 

All of these factors need to be carefully controlled if tests are to be repeated either within or between 

laboratories. 

Third, what are the limitations of modulus tests? It was obvious in the discussion that there are 

a number of limitations with the various modulus tests. The most important limitation is that the modulus 

test alone is probably not sufficient to obtain layer coefficients for use in pavement design. That is, 

modulus testing alone is not the whole story. Another major limitation brought out in the discussions is 

that there are significant differences between the lab-measured versus the field backcalculated modulus 

values. Before modulus values can be used extensively in pavement design and in pavement evaluation, 

these differences need to be resolved. 

Fourth, are tests between equipment types repeatable? It was also pointed out in the 

discussions, in particular with the round robin test results, that tests are not always repeatable. Errors 

come about through operator differences because different agencies measure different properties (total 

or instantaneous modulus); errors occur because of the black box approach in terms of not really 

knowing the true stress pulse: and errors arise because of differences in temperature, differences in 

equipment, etc. As we walk away from the conference, we recognize that errors do exist and that 

considerable effort is still needed to try to resolve their effect on the differences in modulus values. 

However, it is also clear that if the various agencies were to follow standard procedures to the letter, 

these differences would tend to be minimized. 

Fifth, how can modulus results be used in pavement design? Throughout the conference it was 

clear that the modulus test could be used in not only the 1986 AASHTO Guide for determining soil 
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Funds Available: $425,000 

Contract Ii me: 33 months (including 2 months for review of each interim report, 
and 3 months for final report review and revisions) 

Authorization to Begin Work: Early 1990 - Estimated. 

Submit Twenty-five Single Bound Copies of Proposals to: 

PROPOSAL - NCHRP 
ATTN: Dr. Robert J. Reilly 
Director, Cooperative Research Programs 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 20418 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
IMPORTANT 

Proposals !!!J!.i.1 be accompanied by an executed, unmodified copy of the 
Liability/Insurance statement found on the final paee of the Project Statement. 
Proposals submitted without this unaltered statement will be rejected . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Proposal Deadline: Proposals are due not later than 4:00 p.m. June 2, 1989 

This is a firm deadline, and extensions simply arc not granted. In order to be 
considered, all 25 copies of the agency's proposal accompanied by the executed, 
unmodified Liability/Insurance statement must be in our offices not later than the 
deadline shown, or they will be rejected. When using the U.S. Postal Service, 
Federal Express, Emery, Purolator, OHL, or any other paid messenger service, use 
the above address. Whe!l personally delivering the package, take it directly to 
room 300 of the Cecil and Ida Green Building, 200 I Wisconsin A venue, NW, in 
Washington, D.C. Do not use the Wisconsin Annue address for malling. 

Note I. According to the provisions of Title 49, Code of Federal Regulations, Part 
21, which relates to nondiscrimination in federally assisted programs, all 
parties are hereby notified that the contract entered into pursuant to this 
announcement will be awarded without discrimination on the grounds of race, 
color, religion, sex, or national origin. 

Note 2. The essential features required in a proposal for research are detailed in 
the January 1989 National Cooperative Highway Research Program brochure 
entitled, "Information and Instructions for Preparing Proposals." Proposals 
must be prepared according to this document, and attention Is directed 
specifically to Section IV for mandatory requirements. Proposals that do not 
conform with these requirements will be rejected. Requests for the brochure 
should be addressed to: 

Brochure NCHRP 
Transportation Research Board 
2101 Constitution Avenue, NW 
Washington, D.C. 20418 

or call (202) 334-3224 for immediate response. In the interest of saving paper. 
reduced mailing costs, and case of handling, it is desired that proposal pages 
be printed on both sides using the lightest bond weight permitting such practice 
and maintaining margins of less than I inch . 
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Note 3. Proposals are evaluated by the NCHRP staff and a project panel consisting 
of individuals collectively very knowledgeable in the problem area. Selection 
of an agency is made only by the project panel and in consideration of: (I) the 
proposer's demonstrated understanding of the problem; (2) the merit of the 
proposed research approach and experiment design; (3) the probability of 
success in meeting the projects objectives; (4) the successes ("track record") 
in the same or closely related problem area; and (5) the adequacy of the 
facilities. The total funds available are made known in the Project Statement 
and line items of the budget arc examined to determine the reasonableness of the 
allocation of funds to the various tasks. 
If the proposed total cost exceeds the funds available, the proposal is 
rejected. 

Note 4. Mr. D.W. (Bill) Dearasaugh, has responsibility for surveillance of this 
project. He can be reached at (202) 334-3236 to answer inquiries. 

Note 5. All proposals become the property of the National Cooperative Highway 
Research Program. Final disposition will be made according to the policies 
thereof, including the right to reject all proposals. 

Note 6. It is not necessary for recipients of this project statement to notify the 
NCHRP that they do not intend to submit a proposal but that they wish to remain 
on our mailing list. Until we are otherwise notified, the addressee will remain 
on our mailing list and automatically receive all future project statements. 

IMPORT ANT NOTICE 

Potential proposers should understand clearly that the research project 
described herein is tentative. The final content of the FY '90 program depends on 
the level of funding made available through States' agreements for financial support 
of the NCHRP in FY '90. Nevertheless, to be prepared to execute research contracts 
as soon as possible after sponsors' approvals, the NCHRP is assuming that the 
tentative program will become official in its entirety and is proceeding with 
requests for proposals and selections of research agencies. 
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support or layer coefficients, but also in the new, to-be-developed, mechanistic design approaches that 

are evolving through NCHRP efforts, such as Project 1-26. Furthermore, the modulus values could be 

used In better modelling the response of pavements under applied loads in terms of fatigue and 

permanent deformation. The work underway in SHRP Project A-003A should provide assistance in this 

effort. 

Finally, what does the future of materials testing look like? It is clear that the repeated-load 

testing systems described in this conference will be around for some time, and their use will be 

enhanced as more and more people begin to use mechanistic design approaches. It also is obvious 

that both lab and backcalculated moduli will be used in the future. Certainly, through the efforts of 

AASHTO, ASTM and NCHRP, more repeatable and reliable test procedures will be developed. However 

test procedures are developed, it appears that they will be used in conjunction with personal computers 

and possess data acquisition systems. 

In summary, I'd like you all to leave this conference feeling that we've had a successful 

workshop, that we've provided an excellent background for agencies gearing up for modulus testing, 

and that we have identified the concerns for those who will be in a position to influence the future of 

modulus testing. Once again, I'd like to thank all of the speakers and the participants for their 

involvement in the workshop. You all have contributed to the success of the workshop. Thank you for 

attending, and have a safe journey home . 
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RESILIENT MODULUS WORKSHOP 

AMI 

Jim Wilson 
2205 E Kietzke Lane 
Reno, NV 89502 
(702) 826-3757 

Don Curphey 
P.O. Box 21507 
Reno, NV 90515 

COX AND SONS 

James H. Cox 
PO Box 674 
Colfax, CA 95713 
(916) 346-8322 

Dave Snyder 
PO Box 674 
Colfax, CA 95713 

DIGITAL CONTROL SYSTEMS 

Dr. Jorge Sousa 
2409 College Ave., #9 
Berkeley, CA 94704 
(415) 644-3134 

Manuel Bronstein 
2409 College Ave., #9 
Berkeley, CA 94704 
(415) 644-3134 

H&V RESEARCH & 
DEVELOPMENT 

R. Gary Hicks 
PO Box 1708 
Corvallis, OR 97339 
(503) 757-1293 

Ted S. Vinson 
PO Box 1708 
Corvallis, OR 97339 

Todd V. Scholz 
PO Box 1708 
Corvallis, OR 97339 

Representatives 

INDIRECT TENSILE DEVICE 

Professor Gilbert Baladi 
Dept. of Civil Engineering 
E. Lansing, Ml 48824-1212 
(517) 355-5107 

INTERLAKEN TECHNOLOGY 

Kent Vilendrer 
6535 Cecilia Circle 
Minneapolis, MN 55435 
(612) 944-2624 

MTS Systems Corp 

Fred Bezat 
Marketing Engineer 
Box 24012 
Minneapolis, MN 55424 

Bruce Anderson 
Sales Engineer 
PO Box 1549 
Gig Harbor, WA 98335 
(206) 851-5270 

Charles Fairhurst 
Marketing Engineer 
Box 24012 
Minneapolis, MN 55424 

RESEARCH ENGINEERING 

Budd Riley 
12192 Minero Court 
Grass Valley, CA 95949 
(916) 268-2359 

Buddy Riley 
12192 Minero Ct. 
Grass Valley, CA 95949 

RETSINA 

Roger Schmidt 
601 Brush Street 
Oakland, CA 94607 
(415) 268-0822 

Omar Chacon 
601 Brush Street 
Oakland, CA 94607 
(415) 268-0822 

SBEL 

Tony Kersch 
P.O. Box 23167 
Phoeniz, AZ 85063 
(602) 272-0274 

Manuel Padilla 
4236 N. 39th Avenue 
Phoenix, AZ 85019 

Ron Williams 
4236 N 39th Avenue 
Phoenix, AZ 85019 

VTI 
Safwat F. Said 
Statens vag-och trafikinstitut 
581 01 Linkoping 
SWEDEN 

Krister Ydrevik 
Statens vag-och trafikinstitut 
581 01 Linkoping 
SWEDEN 
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Mode; SM-5400 

RESILIENT MODULUS TEST SYSTEM 

• 

■ CLOSED-LOOP ELECTRO-HYDRAULIC SYSTEM. 

■ INTERCHANGEABLE LOAD CELLS FROM 500 LB. TO 16000 LB. 

■ SPECIMEN SIZES UP TO 6 INCHES DIAMETER AND 12 INCHES HEIGHT. 

■ MENU DRIVEN SOFTWARE FOR AUTOMATED TEST CONTROL AND REPORT GENERATION 
ACCORDING TO AASHTO 274-82 (1986). 

■ OPTIONAL ADAPTERS FOR PERFORMING MARSHAL TEST AND INDIRECT TENSION TEST. 

■ SYSTEMS BUil T TO CUSTOMER SPECIFICATIONS. 

Structura~ 3eh~vo~ll' Eng~n~~ring laboratories, Inc.® 
P.O. Box 23167 • Phoenix, Arizona 85063 

Cable: Rocktest Telephone: (602) 272-0274 Telex. 249-975 SBEL UR Fax #233-9295 
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B-3 

THE HX-100 TRIAXIAL CELL 
AND 604 SERIES SERVO CONSOLES 

• CYCLIC AND STATIC TESTS 

• LIQUEFACTION AND CYCLIC 
DEGRADATION OF STRENGTH TESTS 

A MULTIPLE TEST APPARATUS FOR 

• Triaxial compression 

• One-dimensional consolidation 

• Resilient Modulus 

• Unconfined compression 

• Top mounted actuators 

• Static and cyclic, axial, lateral 
and pore water controls 

• Closed loop servo control 

• No loading frames required 

• Internal load cells 

• Computer Interactive 

• Multiple waveforms to 1 O Hz 

Structural Behavior Engineering Laboratories, Inc.® 
P. 0. Box 2316 7 • Phoenix. Arizona 85063 

Cable: Rocktest Telephone: (602) 272-0274 Telex. 249-975 SBEL UR 
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Non-Conl~cting Strain Transducers 

Pneumatic Input Ports ta Actuator 

£, 
. ------- ____ ___..,.., 

LVDT Transducer 
Cable Connector 

' ~ ' 
'"· ~ 

,---.. ~ 
-~ 

Stress Reversal 
Platen 

25 Kgm/Cm' Metal Wall 

-- . 
"'..~·:: 

-t:-3. . _,. 

Cell Wall Removed (Assembled) 
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~ 
Recessed Porous 

Stones 
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THE SBEL 547 
SERVO CONTROLLER 

(Dual-Mode) 
FOR USE WITH 

ELECTRO-HYDRAULIC AND 
ELECTRO-PNEUMATIC 

CLOSED LOOP 
SERVO SYSTEMS 

Accepts command signals from Function 
Generators, Computers, and Magnetic Tapes 

Structural Behavior Engineering Laboratories, Inc. 

P.O. Box 23167 Phoenix, Arizona 85063 
Cable: Rocktest Telephone: (602) 272-0274 Telex 249-975 
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GENERAL DESCRIPTION 

The Model 547 is a new generation of servo controller. The SBEL Model 
547 Servo System is a complete dual mode controller designed to provide the 
user with optimum state-of-the-art performance. All of the integrated circuit 
electronics required for full control of a complex servo system are included. 
The features of the 547 Servo Controller System are: 

Full conditioning of the command signal and AC/DC transducer dual 
feedback signals. 
Selectable parameter for limit shutdown. 
Multifunction readout monitoring. 
Dual full scale static command bias. 
Manual or computer programmed feedback control transfer. 

Single or multiple channel control systems may be combined for more 
complex test applications. The 3 channel system can be used for any 
combination of load control or strain control or pore or lateral control tests. 

FUNCTIONAL DESCRIPTION 

The 547 Servo Controller has dual feedback modes. The Stress feedback 
transducer is a DC bridge type transducer. Stress control mode employs an 
automatic null circuit to remove transducer tare imbalance or other offset bias 
signal. The Strain transducer is an AC LVDT. This mode may be made more 
sensitive to displacement with the use of a range switch. Both feedback 
modes have individual static bias potentiometers to apply a static command 
signal for preload or initial strain. 

A dynamic command source signa·1 is input to the 547 Controller from a 
function generator, magnetic tape input, or computer generated waveform. 
The computer generated command signals must be limited to± 5.0 Volts. The 
command signal enters the controller thru the command pot attenuator (0 to 
1 00%). The modified dynamic command signal is then summed with the static 
bias signal. The resultant composite command signal is fed to the oute·r loop 
summing junction where it is algebraically added to the AC or DC transducer 
feedback control signal. The difference or error signal is amplified and used to 
correct the output so the error is reduced toward zero. When there is 
information feedback from the output the servo system loop is closed . 

8-13 



The servo system is designed to interface with a computer generated 
programmable logic signal for feedback control transfer or the feedback 
control parameter may be selected through the use of a manual slide 
potentiometer. The choice of transfer method is switch selectable. Stress or 
strain feedback control may be chosen or control may be transfered during 
test procedures. The proportion of feedback control will be assigned by the 
position of the potentiometer slide. This is a smooth feedback control transfer 
method sometimes refered to as "bumpless transfer." A multi-pin connector 
and internal/external switch is incorporated so that the computer can program 
this transfer with a 10 bit binary signal. 

During servo control operations limit detection circuitry continuously 
monitors the limit parameter. The limit detection parameter is switch 
selectable. Internal limit may be input from stress (LD), strain (SN), or error 
(ER). The circuit detects when the chosen parameter exceeds the limits preset 
by the upper and lower limit adjustment potentiometers which are front panel 
mounted. The adjustment of these limits may be monitored through the meter 
monitor switch (HI or LO). Should a limit b~ exceeded, a system shut down 
will occur via a relay output. The limit detection system may be disabled with 
the off/on switch. The 547 System provides detection accuracy of the limit 
mode signals to within ±0.02 volts. An external limit may be chosen to shut 
down the system. The external limit input (EX) is a contact closure from the 
computer or other devices. 

Other features include an individual servo loop gain adjustment, a 
switchable meter monitor, an output (BNC) connector for monitoring of 
adjustments, and BNC connectors for individual feedback output monitoring. 
The error signal is available at the meter monitor to be used with additional 
signals and processing to provide null pacing or program interrupts to ensure 
constant program level integrity. 
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547 SERVO CONTROLLER 

FEATURES 

One, two, or three channels of dua! feedback servo coritrol. 

State-of-the-Art e:e;::tronics control and modem packaging techniques for 
high performance and reliability. 

Dual AC/DC feedback sig'.'"lal conditio~ing ~or ioad, pressure or strain. 

Push button trar.sducer automatic zero offset 

Manual or computer cortrol of propon:ior:al transfer of feedback control 
mode. 

Multi signal selectable i:mit detector with independentiy adjustable high/low 
threshold, shutdown control and l!mit override switch. 

Selectable outputs to meter ar:d for monitoring feedback transducer 
outputs. 

DC bridge shunt calibration jacks. 

Current protected drive to servo valve. 

Plug in integrated circuits for ease of mainte::ance. 

• 

• 
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AC power required 

DC power 
SERVO valve 

DC Bridge Exct. 

DC Bridge Feedback Ampl. 

Bridge step gain 
AC L VDT Excit. 

LVDT range steps 
Feedback control transfer 

Meter output switch 

COMMAND potentiometer 

STATIC STRESS pot 

STATIC STRAIN pot 

STRAIN GAIN pot 

Stress feedback 
transducer connector 

Strain feedback 
transducer connector 

Servo valve 
connector 

SPECIFICATIONS 

100-240 VAC 47-63 Hz 
130 watts 
± 12 VDC@ 1.7 AMP. 
Wired series or parallel 
Maximum servo valve current ± 200 ma 
Current limited 

+6.5 VDC - + 10.5 VDC 
A differential input amplifier with rated output 
to ± -10.00 volts 
Input impedance 10 Meg ohms 
Non-linearity± .01% 
Bridge supply tenip. coefficient .01 %/C 
Ampl. gain temp. coefficient ± 50 PPM/C 
100 - 250 - 500 - 1000 
Excitation 5 - 10 Vpp 
Frequency 2.1 - 3.2 KHz 
Distortion < 0.01 % 
AGC controlled 
10%- 25%- 50% -100% 
Slide Potentiometer STRAIN - STRESS 
10 bits binary signal 
1023 binary, Stress feedback 
0 binary, Strain feedback 
EX = DC bridge excitation 
LC = DC bridge signal conditioned DC output 
OF= AC LVDT deformation DC output signal 
CO = Servo Command input 
ER = Error signal to servo valve 
HI = Limit high setting + 12.0 - 0 Volts 
LO = Limit low setting 0 - -12.0 Volts 
10 turns counting pot 1 OK ohms 
.25% linearity 
1 0 turns counting pot 1 OK ohms 
.25% linearity 
10 turns counting pot 1 OK ohms 
.25% linearity 
1 0 turns counting pot 1 OK ohms 
.25% linearity 
Pin Function 
B Transducer output 
C DC Excitation 
D DC Excitation 
E Transducer output 

B 
C 
D 
E 
F 
A 

A 
B 
C 
D 

Secondary output 
AC Excitation 
AC Excitation 
Secondary output 
Secondary 
Secondary 

Drive signal 
Drive signal 
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SBEL SERVO-CONTROLLER • 
SOFTWARE 

DESCRIPTION 
This program is intended to be used along with the 547 SERVO CONTROLLER SYSTEM. The program 
is self documented (user friendly) and all that is needed to operate it is to follow the screen instructions 
as you proceed. 

The program generates 3 different command outputs simultaneously to drive up to three channels on 
the 547 SERVO SYSTEM. Each one of these signals are user definable with a variety of wave forms 
to choose: ramps, sine waves, random waves, etc. In case none fit your needs there is also an option 
for reading the command from a file, i.e. an earthquake response record. These command outputs can 
be scaled and/or converted to engineering units. Complicated defined commands that will be used 
regularly may be stored in a disk file to be used later, thus saving time in defining such command every 
time. 

Another feature is the automatic data acquisition. There are 16 channel inputs for reading the different 
transducers used in a test. Channel data is displayed in user defined units and plotted at real time on 
screen. The program can store a maximum of 8000 data values for each channel. This data is automatically • 
saved into a disk file. Different files may be used for each stage of a test. 

Also provided in this program is a general graphics option to plot data that has been acquired or stored 
in a disk file. The program lets you specify a formula to be plotted for each axis. These formulas may 
include data from several channels (to plot averages for example), corrections or conversion factors, 
etc. Data may be plotted in a linear-linear, linear-log, log-linear, or log-log scales. Filteri11g, zooming, and 
editing capabilities are also included. 

COMPUTER HARDWARE REQUIREMENTS 
-IBM PC/XT or AT compatible computer running MS-DOS or PC-DOS version 2.0 or later 
- 640 K RAM available memory 
-2 floppy disk drives (1 floppy and a hard disk recommended) 
-IBM color graphics adaptor or compatible 
-Color RGB monitor or monochrome composite monitor 
-1 available expansion slot 
-Graphics printer 

The 8087/80287 math coprocessor is now supported by this program, although it's not necessary. 

*IMPORTANT: Specify your computer hardware configuration when ordering. 
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VOLUME CHANGE DEVICE 
SOIL MECHANICS 

B-21 

The VC-25A Volume Change Device supercedes our previous Model VC-25 Apparatus. 
Unlike the previous model the new unit does not require an A.C. Signal Conditioning 
System, merely a stable ± 15VDC excitation. 

As an optional item, we offer the SCS-25DC Signal Conditioning System which supplies 
± 15VDC excitation to the tranducer and also incorporates an electronic zero shift or null 
feature. 

Structural Behavior Engineering Laboratories, Inc. 
P.O. Box 23167 

Phoenix, Arizona 85063 
Telephone: (602) 272-0274 

John 0. Hess, President 
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BENDIX HERMETIC SEALED 
PT06 TYPE CONNECTOR 

MECHANICAL ADJUSTMENT 
COLLAR 

DC TYPE LVDT 
± I5VDC EXCITATATION 
± IOVDC OUTPUT 

STROKE VOLUME: 90 CC · 
MATERIAL: 303 STAINLESS 
MAX.PRESSURE: 1000 PSI 
MAX. DIFFERENTIAL PRESS. 
ACROSS DIAPHRAGM 300 PS I 

ROLLING 
DIAPHRAGM 

.a-- "BELLOFRAM'~ 
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SERVO CONTROLLED 5500 LB. 
LOADING FRAME WITH 
MaARS~cltll l/lj~LD AND 

LCA[Q)~roG ~lffetf~NS 

Structural Behavior Eng!n@®riu1og L~boratories, Inc.® 
P.O. Box 23167 • Phoenix_, Arizona 85063 

Cable: Rocktest Telephone: (602) 272-0274 Telex. 24S-975 SBEL UR Fax #233-9295 
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TRIAXIAL CELL 
WITH AXIAL AND RADIAL 
DEFORMATION CLAMPS 

Structural Behavior Engineering Laboratories, Inc.® 
P.O. Box 23167 • Phoenix, Arizona 85063 

Cable: Rocktest Telephone: (602) 272-0274 Telex. 249-975 SBEL UR Fax #233-9295 
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Appendix C Resilient Modulus Repeated-Load Test System 
H & V Materials Research and Development, Inc . 
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Resilient Modulus Repeated Load 
Test System 

H & V Materials Research and Development, Inc. 
P.O. Box 1708 

Corvallis, OR 97339 

March 1989 
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1.0 INTRODUCTION 

The Repeated Load Test System described herein was designed to conduct 
dynamic diametral and triaxial tests with maximum reliability and ease of 
operation. The operator can control, within a wide range, the variables 
involved in the repeated load diametral and triaxial tests as follows: 

I) Amplitude of applied load 
2) Load duration and frequency 
3) Static load 
4) Confining pressure (triaxial only) 

The use of a separate signal output channel for the load and displacement 
transducers and a large selection of signal conditioning sensitivities provide 
the operator with a good indication of sample behavior during testing. 

The test device is a simple, durable unit requiring little maintenance. 
The choice of a pneumatic-powered system avoids complicated mechanical, 
hydraulic and/or electrical devices. Most parts do not require lubrication 
and need only be cleaned periodically. 

In case of malfunction, this manual provides the operator with all 
pertinent information needed to repair or replace any part using basic tools 
available in most laboratories. A parts list with name and phone numbers of 
suppliers has been included at the end of this manual in the event a part 
needs to be replaced . 

I 

C-5 



2.0 DESCRIPTION 

The Repeated Load Test System is shown in Figure 1. It consists of 
three basic components: (l} load system, (2) testing accessories, and 
(3) signal condition and recording system. These units are described below. 

2.1 LOAD SYSTEM 

The load system is shown in Figure I. It includes an air-powered load 
frame and a control cabinet from which dynamic and static load can be 
controlled. Figure 2 shows the electropneumatic system used to apply loads. 
It consists of a Bellofram air cylinder, a shuttle valve, and a MAC valve. 
Operation of the MAC valve requires a 110-volt trigger signal, a pilot air 
supply, and a main air supply. The Bellofram air cylinder can be activated 
either by the MAC valve line or the static load line. The shuttle valve 
controls air flow to the Bellofram air cylinder and is designed to allow the 
line of higher pressure to flow into the air cylinder. Since the MAC valve is 
normally closed, the static load line is connected to the Bellofram air 
cylinder when the MAC valve is not activated by an electrical signal. If the 
MAC valve is activated, the shuttle valve closes the static load line and 
opens the MAC valve line to the Bellofram air cylinder. Static and dynamic 
load pressure lines and electrical signals to the MAC valve originate from the 
control cabinet. 

C-7 
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The control cabinet, shown schematically in Figure 3, is composed of an • 
electropneumatic system able to supply air to the Bellofram air cylinder and 
an electrical signal to the MAC valve. Precision air regulators and pressure 
gauges provide good control of the static, dynamic, and confining air pressure 
lines. A dual timer contro1s the electrical signal to the MAC valve (pulse 
interval and pulse duration}, and a counter records the number of load pulses. 
The control cabinet also houses the signal conditioning system. 

An important feature which controls the operation mode of the Repeated 
Load Test System is the MODULUS-FATIGUE SWITCH. The OFF position disconnects 
the timer. This setting is particularly useful during the conduct of a test 
to move a sample in or out of the testing apparatus. The MODULUS position is 
the normal test mode. In the FATIGUE position, an electrical circuit must be 
plugged into the fatigue shut-off socket (right side panel} to activate the 
dynamic load and the counter. If this circuit is open, the timer is 
disconnected and testing is automatically stopped. Figure 4 shows an 
application of this system to the fatigue testing of a standard asphalt 
concrete sample. A metallic foil tape placed around the sample is used to 
complete the closed circuit. When the sample deformation exceeds a limiting 
value, the foil tape breaks, the circuit is opened, and the test is 
terminated. 

2.2 TESTING ACCESSORIES 

A diametral yoke shown in Figure 5 is required to conduct repeated load 
diametral tests. The yoke is used to measure the horizontal deformation of 
cylindrical samples subjected to dynamic vertical loading. The horizontal 
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deformation of the sample is measured by two transducers. The dynamic load is 
measured using a load cell. 

Triaxial tests require a triaxial cell (Figure 6a). The triaxial cell 
is a plexiglas cylinder held in place between a top and bottom plate by three 
rods bolted to the plates. Electrical connections between load and 
displacement transducers inside the cell and the signal conditioners are made 
through the bottom plate. The bottom plate consists of a load pedestal on 
which the sample is positioned. The load applied to the sample is measured by 
a load cell attached to the load cap which is positioned on top of the sample 
(Figure 6b). A pneumatic line with a quick connect on the top plate of the 
cell is used to apply confining pressure. The vertical deformations of the 
sample are measured with two Linear Variable Differential Transformers 
{LVDTs). The LV□Ts may be placed inside or outside of the cell. The LVDTs 
inside the cell are held by clamps which are attached at the quarter points of 
the sample to provide a 4-in. gauge length. The clamps hold the LVDTs on 
opposite sides of the sample (Figure 6b). An air-tight bearing on the top 
plate allows the piston load rod to transmit the load to the sample with 
minimum friction. If appropriate, vertical deformations may be measured 
outside the cell using the LVDT load rod clamp. For this type of measurement, 
the gauge length is equal to the height of the sample. 

2.3 SIGNAL CONDITIONING AND RECORDING SYSTEM 

The signal conditioning system allows the LVDTs and load cell to step 
through 12 gain settings each. The range of settings allows tests to be 
conducted on very soft to very stiff materials. The LVDTs must both be near 
their null setting during a test. The signal conditioning system allows the 
null position of each LVDT to be established separately. The output signals 
from the LVDTs and load cell are recorded and manipulated with a personal 
computer {PC) and the Resilient Modulus (RM) program. The load and 
displacement traces may be displayed on the PC screen monitor either 
separately or together, and may be saved to disk and subsequently analyzed. 
The resilient modulus of the sample, in either the diametral or triaxial test 
mode, is calculated from this data set . 
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3.0 INSTALLATION 

A 110-volt electrical power source and a reliable air pressure supply 
are required to operate the Repeated load Test System. The recommended air 
system should supply a continuous flow of up to 10 cfm at a pressure between 
100 and 150 psi. Below 100 psi, high loads would not be attainable; above 150 
psi, the air regulators are not reliable. 

The air supply is connected to the left side of the control cabinet. 
The four air lines located on the right side of the control cabinet are 
connected to the load apparatus as follows: 

1. The TRIAXIAL CELL AIR (3/8-in. O.D. air hose) is connected to the 
quick connect on top of the triaxial cell. 

2. The STATIC LOAD AIR (3/8-in. O.D. air hose) is connected to the 
shuttle valve opposite the MAC valve. 

3. The PULSE LOAD AIR (~-in. O.D. air hose) is connected to the MAC 
valve. 

4. The PILOT AIR (\-in. O.D. air hose) is connected to the MAC valve. 

C-9 
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Although an efficient muffler reduces the Bellofram air cylinder exhaust • 
noise to a comfortable level for the operator, it is preferable that the 
Repeated Load Test System be installed in a location away from people to 
reduce disturbance from equipment noise. 
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4.0 OPERATION OF TEST SYSTEM 

Operation of the Repeated Load Test System can be summarized in the 
following steps: 

1. Attach the appropriate air and electrical connections on the 
control cabinet to the load apparatus (see Section 3.0). 

2. Calibrate the load and displacement transducers following the 
manufacturer's recommendations, or using the calibration module of 
the RM program. (Note: Calibration need only be done 
periodically.) 

3. Place the sample in the diametral yoke (or in the triaxial cell) 
and position it in the load apparatus. 

4. Adjust the static load and pulse load pressure, pulse interval, 
and pulse duration to achieve the desired test conditions. 

5. Collect and process test data using the RM program. 

The specific operation of the Repeated Load Test System is presented below. 

4.1 LOAD SYSTEM 

All electrical and pneumatic controls of the load system are accessible 
from the control panel. The main air valve and electrical power switch should 
both be in the off position before connecting the machine to the supply lines 
and the testing apparatus. 

There are four air regulator controls on the front panel (Figure 3). 
The main air supply must be opened before air is supplied to the remaining 
three regulators. The three air regulator controls, which are adjacent to the 
pressure gauges, direct air to supply: (1) the pulse load, (2) the static 
load, and (3) the triaxial cell confining pressure. The precision air 
pressure gauges measure the output pressure in psi for each regulator. At low 
confining pressures for the triaxial cell (less than 10 psi), the output 
pressure may be measured with the mercury monometer attached to the side of 
the control cabinet. 

Electrical controls are grouped on the left side of the panel. The 
timer controls the pulse interval and the pulse duration. These should be set 
to the desired values before testing. The pulse duration and interval may be 
adjusted during the Collect Data scan mode of the RM program. 

Operation of the load system requires that the appropriate air pressure. 
and electrical connections are made between the control cabinet and the load 
system (see Section 3.0 and Figure 2). 

The load frame accommodates either the triaxial cell or the diametral 
test sample, depending on the position of the top plate. In either case, it 
is important to adjust the top plate so that the Bellofram air cylinder piston 
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is in the retracted position to minimize air consumption and to decrease the 
rise-time of the load pulse. 

The PULSE LOAD AIR quick-connect on the control cabinet is a full-flow 
quick-connect without an end shut-off. To avoid noisy air leaks through this 
quick-connect when connecting the control cabinet to the main air supply, it 
is recommended to keep the PULSE LOAD AIR hose connected to the MAC valve at 
all times. 

4.2 DIAHETRAL TEST 

Samples to be tested in the diametral yoke should have a 4-in. diameter 
and be between 2- to 4-in. thick. To measure the horizontal deformation of a 
sample under repeated load, the following procedure is recommended: 

l. Place the diametral yoke (with LVDTs inserted in their collars) on 
its stand. 

2. With the LVDT tips retracted, place the sample inside the yoke and 
clamp the yoke to the sample using the four thumbscrews. 

3. Secure the bottom load strip to the load cell and place the 
assembly beneath the piston load rod of the Bellofram. 

4. Remove the sample with the diametral yoke attached from the stand 
and place the assembly on the bottom load strip of the load cell 
assembly; make sure the sample central axis is parallel to the 
bottom platen. 

5. Place the top load strip on the sample making sure that both load 
strips are parallel and that the plane formed by the strips is 
perpendicular to the plane in which the LVDTs measure the sample 
horizontal deformation. Move the sample to align the piston load 
rod with the center of the top load strip. Apply a static load 
(approximately 5% of the anticipated dynamic load) to hold the 
sample in place. 

6. Using the LVDT collar thumbscrews, move the LVDT tips until they 
are in contact with the sample. Referring to Figure 7, which 
shows the lower signal conditioning panel of the control cabinet, 
select a middle-range gain setting for LVDT channels A and B. 
Select LVDT A as the output signal. Move LVDT A with the 
thumbscrew collar toward the sample until the red vertical light 
for LVDT A on the lower panel is in the center of the display. 
Increase the gain setting and move LVDT A until the red light is 
again in the middle of the display. Continue to increase the gain 
setting while recentering the light display. Select LVDT Bas the 
output signal and repeat the procedure for LVDT B. At the 
conclusion of this operation, both LVDTs are in the null position 
at their highest gain setting. 

7. The RM program (Section 4.4) is now used to continue the 
adjustment process. Select the Collect Data Option from the DATA 
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submenu. Answer the "type of test?" as "diametral" (press Dor 
Enter) and type in your file name. Next, select "3" to display 
both load and deformation. With the pulse load pressure at zero, 
turn the MODULUS-FATIGUE switch to MODULUS. The pulse load signal 
is now sent to the MAC valve to produce a "clicking" sound. 
Gradually increase the pulse load pressure to apply a pulse load 
to the sample. Select LVDT A Output and observe the load and 
displacement waveforms on the screen. If the displacement 
waveform is off the screen, the LVDT is not in its null position. 
To correct this problem, use the thumbscrew adjustment to move the 
LVDT and cause the waveform to be centered on the screen or use 
the voltage offset for LVDT A. Next, select LVDT B output and 
make all adjustments necessary to ensure the displacement waveform 
is centered on the screen. With both LVDT outputs centered on the 
screen, select LVDT A+B as the output signal. 

Apply 50 to 100 load repetitions to the sample at a suitable load 
to eliminate early plastic flow and to achieve good contact 
between the sample and the load strips. The pulse load duration 
and interval timers may be adjusted to obtain the desired load 
characteristics. The load cell readout is generally the sharpest 
trace and should be used to set the pulse duration and interval. 
The adjustment is made during the Collect Data scan mode of the RM 
program. The resilient modulus is now determined using the RM 
program (Section 4.4). The strain amplitude and the sample 
temperature should always be reported with the resilient modulus . 

If a poor waveform is displayed it may be associated with 
one (or more} of the following conditions: 

a} 

b) 

c} 

d) 

The static load 
sample. 

The yoke screws 

The load strips 

The load strips 

is too small to prevent bounce of the 

are not tight enough. 

are not parallel. 

are not parallel to the sample central 

e) The sample vertical axis is not aligned with the load 
piston. 

axis. 

f} The Bellofram piston is well below the half stroke position, 
causing slow rise time of the load pulses, as well as excess 
air consumption. 

The equations used to calculate resilient modulus and horizontal tensile 
strain from the results of a diametral test are given in Appendix A. The ASTM 
Standard Method of Indirect Tension Test for Resilient Modulus of Bituminous 
Mixtures (0-4123) is the recommended procedure for determiing resilient 
modulus . 
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4.3 TRIAXIAL TEST 

The triaxial cell is designed to accommodate drained or undrained 
dynamic triaxial tests on 4xlO-in. cylindrical samples. Two LVDTs are used to 
measure the vertical deformation of the sample under a dynamic axial load. 
The applied load, the confining pressure, and the vertical deformation of the 
sample are recorded and used to compute the resilient modulus of the sample. 
Samples can be tested either confined or unconfined. Unconfined tests do not 
require the use of the plexiglas cylinder. The sample is therefore placed 
directly between the bottom and the top platen. 

Confined tests require that an appropriate rubber membrane be used 
around the sample. The rubber membrane should be fit to the sample. The 
membrane is sealed to the load pedestal with an O-ring. The top part of the 
membrane should be sealed in the same way to the load cap with an O-ring. Two 
molds are included with test system. A double split mold with a porous liner 
is used to prepare cylindrical samples of cohesionless soil (e.g., base 
course); a single split mold is provided to compact cohesive soils. After 
compaction the membrane stretcher is used to place the rubber membrane on the 
sample. 

After the sample is in the cell with the rubber membrane sealed to the 
pedestal and load cap, the following procedure is recommended to conduct a 
triaxial test with the internal sample clamps: 

1. Assemble the sample clamps, spacer bars, and LVDTs. -The 
adjustable targets should not touch the LVDT tip. 

2. Place the entire assembly on the sample centering the assembly on 
the sample in the vertical position and secure the sample clamp to 
the sample using elastic bands. Some minor adjustment of the 
position may be required to ensure a stable seating. Remove the 
spacer bars. 

3. Lower each LVDT tip target until it comes into contact with the 
tip (refer to Section 4.2, step 6 to establish the LVDT null 
position). 

4. Check for and remove any dust or sand on the O-ring seal of the 
triaxial cell cylinder. Position the triaxial cell cylinder on 
the base and place the top plate on the cell. 

5. Move the piston load rod through the air-tight ball bushing 
assembly on the top plate to make contact with the top cap. NOTE: 
The load rod socket must be secured to the load cell. 

6. Seal the triaxial cell using the three tension rods and place the 
triaxial cell under the load apparatus. 

7. Apply a small static load to the piston load rod and confine the 
sample. NOTE: Applying a confining pressure before applying the 
static load can result in the ejection of the loading rod. 

The RM program (Section 4.4) is now used to continue the 
adustment process. Select the Collect Data Option from the DATA 
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submenu. Answer the "type of test?" as "triaxial" (press T) and 
type in your file name. Next, select "3" to display both load and 
deformation. With the pulse load pressure at zero, turn the 
MODULUS-FATIGUE switch to MODULUS. The pulse load signal is now 
sent to the MAC valve to produce a "clicking" sound. Gradually 
increase the pulse load pressure to apply a pulse load to the 
sample. Select LVDT A Output and observe the load and 
displacement waveforms on the screen. If the displacement 
waveform is off the screen the LVDT is not in its null position. 
To correct this problem, use the voltage offset for LVDT A. Next, 
select LVDT B output and make all adjustments necessary to ensure 
the displacement waveform is centered on the screen. With both 
LVDT outputs centered on the screen, select LVDT A+B as the output 
signal. (Note: If the LVDT outputs cannot be centered on the 
screen, the user must disassemble the triaxial cell and readjust 
the LVDT tip target.) 

Apply 50 to 100 load repetitions to the sample to eliminate early 
plastic flow and ensure good contact between the sample and the 
caps (refer to Section 4.2, step 8 for a procedure to adjust 
pulse duration and interval times). The resilient modulus is now 
determined using the RM program. 

Contact between the sample and the caps should be as "flush" as 
possible. This is generally not a problem with soil samples. If testing 
difficulties appear to be related to this type of problem, it is recommended 
that (1) the top and bottom of the asphalt concrete sample be capped, and (2) 
soil samples be retrimmed to ensure the ends are perfectly "square." 

The equations used to calculate resilient modulus from the results of a 
triaxial test are given in Appendix B. The AASHTO Standard Method of Test for 
"Resilient Modulus of Subgrade Soils" (T-274) is the recommended procedure for 
determining resilient modulus. 

4.4 RESILIENT MODULUS PROGRAM 

4.4.1 Hardware/Software Installation 

Installation of the program, Resilient Modulus (RH}, begins with the 
assembly of all components of the computer, including a monitor, printer, 
keyboard, and a dual disk drive configuration in your IBM-PC or close 
compatible. A math coprocessor chip is not required. However, the MetraByte 
DASH-8 card must be installed in your computer. The MetraByte card is preset 
to an I/0 address location of Hexidecimal 300 (&h300). Additional information 
on the MetraByte card is contained in the documentation that supports the 
card. To insure that the installation is complete, proceed by inserting the 
program disk. The disk is self-booting and includes a copy of DOS and 
GRAPHICS.COM which supports your computer . 
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4.4.2 Setup 

Install. After the disk is booted, the program title screen is 
displayed. Pressing any key displays the Resilient Modulus MAIN MENU. The 
installation of the program continues by selecting Install from the SETUP 
submenu. Press Enter or press I and an Install menu will appear on the 
screen. Choose the INSTALL DASH-8 BOARD by pressing I. An explanation of the 
1/0 base address is given. More information on the 1/0 base address may be 
found in the MetraByte manual. Press any key to continue. The desired base 
address will be requested on the screen. The recommended base address from 
the MetraByte manufacturer is &h300. Press Enter after you have chosen your 
base address. You will be asked whether you want to generate your address 
file or not. Press Y to save the file and you will be back to the MAIN MENU. 
Pressing N will return you to the MAIN MENU without having saved the file. 
NOTE: Selection of a base address needs only to be done once or any time the 
base address is physically changed on the DASH-8 board. 

The second choice under the Install menu is CALIBRATE LOAD CELL. By 
pressing 2, an explanation of the load calibration cell appears on the 
monitor. Calibration proceeds by establishing the unloaded (zero load) case. 
Make sure the load cell is unloaded and press Enter. Place a known load on 
the load cell and Enter the amount of the load in pounds. Next, increment the 
load by a known amount and Enter the total load (the sum of the two loads). 
Repeat this process by ·incrementing the load and Entering the total load. You 
can Enter up to 20 load increments after establishing the unloaded case or 
terminate the process at any time by pressing Esc. 

When the process has been terminated, the data are analyzed via least 
square adjustment (i.e., linear regression). The data (Load in pounds and 
Voltage) are then displayed alo2g with the calibration factor and the 
coefficient of determination (r ). 

The calibration factor is the slope of the best fit line through the 
data points when load is plotted as a function of voltage. The coefficient of 
dete2mination is a measure of how well the data fit a straight2line. A value 
of r = 1.0000 means the data follow a straight line whereas r = 0.00002means 
you have meaningless results. As a general rule of thumb, data having r > = 
0.9500 should be considered acceptable. Print the calibration screen by 
pressing P (you will need the calibration factor later). Press Esc to return 
to the Install menu. 

The third choice (CALIBRATE LVDTs} is almost identical to the load cell 
calibration procedure. Press 3 and an explanation of the LVDT calibration is 
displayed. Calibration proceeds by establishing an initial position of the 
LVDTs. 

C-15 

• 

• 

Remove each LVDT from the diametral or triaxial yoke and place them in 
the calibration stands. Switch the LVDT selector on the control box to A and 
establish the initial position for LVDT A (it is recommended that the initial 
position be set to -2 Volts as indicated at the bottom of the screen display). 
Switch the LVDT selector to Band establish the initial position for LVDT B (-
2 Volts). Switch the LVDT selector to A+B. The voltage readout at the bottom 
of the screen display should be approximately equal to the sum of the voltages 
for LVDT A and LVDT B (if not, repeat the above procedure to establish of the • 
null position of the LVDTs). When the voltage display is approximately 
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-4 volts in the LVDT A+B switch position, press Enter. Now, displace each 
LVDT an equal amount {say 0.005-in. each) and Enter the total displacement 

-{i.e., the sum of the two displacements: 0.010-in. for this example). 
Displace each LVDT an equal amount {say 0.005-in. each) again and Enter the 
total displacement (0.020-in. for this example). Repeat this process by 
displacing each LVDT equal amounts and Entering the total displacement. You 
can Enter up to 20 displacements after establishing the initial position of 
the LVDTs or terminate the process at any time by pressing pressing Esc. 

As with the load cell calibration, when the process has been terminated 
the data are analyzed via least squares adjustment. The data {Displacement in 
inches and Voltage) are then displayed along with the calibration factor and 
the coefficient of determination. Print this screen by pressing P and then 
press Esc to return the Install menu. To Exit from the Install menu press 
Esc. 

Setup Options. You can select the Setup Options, DOS, or Quit options 
from the SETUP submenu by moving the cursor to the option and pressing Enter 
or pressing S,D, or Q, respectively. 

Under Setup Options, the second selection in the SETUP submenu, you can 
input the minimum and maximum voltage or default values on Channel 1 and 
Channel 2. By convention, load is Channel 1 and displacement is Channel 2. 
The default value for the maximum voltage {for the Y axis) is +5, and the 
minimum value (for the Y axis) is -5. This represents the maximum range of 10 
volts that can be accommodated by the MetraByte card. You may input the 
default values by pressing Enter {without any other keystroke). 
Alternatively, you may select a narrower range of voltages. This has the 
effect of magnifying the load or displacement trace. This represents a "zoom" 
feature of the software. 

Generally, when you start a test, you will want to use the default 
values of ±5 volts. When you are conducting a test you may wish to execute 
the zoom capability. To do so, you must return to the Setup Options menu and 
change the values of minimum and maximum voltage to "zoom" the data on the 
screen. The minimum and maximum voltages you select must encompass the 
waveform or the portion of the waveform you wish to view. You may execute the 
zoom feature on a previously stored data set in the same manner (see Graph 
Data Sets for more details). 

Under Setup Options, you also input the calibration scale for load and 
deformation. If you have executed the CALIBRATE LOAD CELL and CALIBRATE LVDTs 
routines under the Install menu, Enter the calibration factors given by the 
routines. For a diametral test you may select Poisson's ratio and sample 
thickness or accept the default values of 0.35 and 2.5-in., respectively. A 
4.0-in. diameter sample is assumed in the calculation of the diametral 
resilient modulus. 

For a triaxial test, you may select the sample diameter and gage length 
of the triaxial yoke or accept the default values which, for both cases, is 
4.0-in. If an LVDT is attached to the piston loading rod outside the triaxial 
cell, then the gage length is the sample length. Again, to accept the default 
value, simply press Enter. If you enter a value different than the default 
value, you must input the value and then press Enter. When you are finished 
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establishing values under Setup Options, you can save these values in RM.CNF 
by pressing S. If you save these values in this manner, the next time you 
execute RM it will look for this file and the values saved will be established 
as the default values. Subsequently saving values established under Setup 
Options overwrites previous values saved. 

Pressing R allows re-entry of values, while pressing Esc returns you to 
the MAIN MENU. 

DOS. When you return to the MAIN MENU you may elect to move the cursor 
block down to DOS or press D. The DOS feature is beneficial when you want to 
copy or erase a data file, or execute other DOS commands. If you select DOS, 
you will be shelled to the DOS environment. In this environment, you may 
execute any DOS command. It is always a good idea to check the directory of 
the disk you will use to collect your data. For example, if you do not have 
enough disk storage available when you try to store a data set, an error will 
result and the data will not be stored (If your disk is nearing its capacity, 
either replace it with a new formatted disk or use the DOS commands DEL or 
ERASE to delete unwanted files.). 

During the DOS shell, the RN program is resident to the computer. NOTE: 
This is only a shell: the RM program remains resident in memory. You can 
restore RM from the DOS shell (environment) by typing "Exit" and pressing 
Enter. 

Quit. The Quit option under SETUP is executed to exit the program in an 
orderly fashion. Unlike the DOS shell, Quit returns control exclusively to 
DOS. 

4.4.3 Data Acquisition 

Collect Data. Following installation of the program as identified in 
the previous paragraphs, move the cursor block to the DATA submenu of the MAIN 
MENU. This is accomplished by pressing the Tab key while in the MAIN MENU. 
The Tab key jumps the cursor block from one submenu to another in the MAIN 
MENU. Select the Collect Data option from the DATA submenu by pressing Enter 
or C. The initial question asked in the Collect Data routine is the type of 
test: diametral or triaxial? Press D for diametral or press T for triaxial. 
NOTE: Pressing ENTER is equivalent to pressing D. The next question asked is 
the name of the data file. This may be any name you wish to assign up to 
eight characters long and three characters after a period as an extension 
(e.g., FILENAME.DAT). The file name must follow the same convention given in 
the DOS manual. 

The next question that is asked relates to the screen display. If you 
select I, only load will be displayed; if you select 2, only deformation will 
be displayed; if you select 3, both load and deformation are displayed. 
Initially, it is a good idea to display both load and deformation. Therefore, 
select 3 and press Enter. The limits of the load and deformation screens 
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reflect the maximum and minimum voltage levels and calibration scales I 
established under Setup Options. If you selected triaxial (T) as the type of 
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test, you are asked for the confining pressure (the cell pressure) for the 
data set. Enter the confining pressure in pounds per square inch (psi). 

The next question asked under the Collect Data routine is the desired 
sample rate. Three sampling rates are available: 300, 500, and 1000 samples 
per second. The next question asked is the duration of scan. You may select 
a duration of scan (DS) in the range 0<DS<=5 seconds. 

Together, the sampling rate and duration of scan define the accuracy 
with which the load and deformation waveforms are collected and, thus, the 
resolution of the waveforms displayed on the screen. For example, a sampling 
rate of 500 samples per second with a duration of scan of 1 second gives a 
more accurate waveform than 300 samples per second at the same duration of 
scan. 

The default values for the sampling rate and the duration of scan are 
500 samples per second and 1 second, respectively, and can be accepted by 
pressing Enter (without any other keystroke). These values result in good 
waveforms that are displayed rapidly. Increasing either value slows program 
execution with respect to displaying the waveforms and decreasing either value 
speeds up program execution. NOTE: The duration of scan should be equal to 
the inverse of the pulse load frequency (e.g., for a 1 Hz loading frequency, 
use a duration of scan of 1 second; for a loading frequency of 1/3 Hz use a 
duration of scan of 3 seconds). 

After you have entered the duration of scan, a graphics screen will 
appear on your monitor. The screen is shown on Figure 8. You will see 
SCANNING appear intermittently in the lower left corner if the program is 
functioning properly. In the scanning mode, the data from your test are 
collected over the duration scan interval with the number of points you have 
previously selected. You may note irregular output from your load and/or LVDT 
channel even when you are not conducting a test. This is associated with 
outside electrical interference or noise in your laboratory. If the noise as 
portrayed on your screen is excessive, it could result in erroneous data 
collected during your test. Should this be the case, you will have identify 
ways to isolate (ground) the test system from the surrounding environment. 

Additional key functions that appear on your graphic display at the 
bottom of the screen are as follows: Esc, to abort data collection and return 
you to the HAIN MENU; Space, to write data last scanned to a disk; FIO, to 
suspend data collection and observe the waveform(s); and S, to return you to 
Setup Options (from Setup Options you are returned to data collection). 
When you press FlO and freeze the data, you are getting a representation of 
the data set that you have collected over the duration of scan time interval. 
Following the freeze of a data set, you may press any key to continue 
scanning. If you elect to save the data following a freeze of a data set, you 
must press any key to continue followed by the space bar. (To accomplish 
this, it is best to simply press the space bar twice in rapid succession.) 
NOTE: Only those data sets with the waveform near the middle of the display 
window should be saved. Data sets with waveforms too near the left side of 
the display window cannot be properly analyzed . 
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View Data. Press the Esc key to return to the MAIN MENU. If you next 
select View Data from the DATA submenu, you will be asked the question, "Name 
of View Data File to View." You will only be able to view data that you have 
saved under the Collect Data: option. The V~ew Data option wi 11 present data 
in column form with time, Channel I-load and Channel 2-deformation. The units 
shown in the View Data option columns represent the voltage outputs of the 
transducers employed for load and deformation. T~e time is in seconds. As 
you press any key, the data set 1s scrolled (displayed page-by-page) until the 
end of the data set. You may press fsc to return to the MAIN MENU at any time 
during the scroll operation. 

Print Data. Selecting the Print Data option will result in the 
question, "Name of Data File to Print.• This refers to a data file which was 
saved under the Collect Data option. If you input the data file name to be 
printed and the error message appears in the upper right corner of the screen, 
it indicates the printer has not been turned on, is not on-line, etc., or the 
file name was not found. The printed data are in the column forms of time, 
Channel I-load, and Channel 2-deformation. 

Transfer Data. The last option under the DATA submenu is Transfer Data. 
Once you access the Transfer Data option, the first question is "File Name to 
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Transfer From." This question refers to the file name identified in the • 
Collect Data option. The "File Name to Transfer To" is typically different 
than the file name identified in the Collect Data option and may differ with 
respect to the characters following the period (extension) in that a binary 
file is created in the Collect Data mode whereas Transfer Data creates an 
ASCII file. Consequently, the last three characters past the period may be 
"ASC," to identify the fact that an ASCII file is to be created. Fo 11 owing 
the transfer of the file (which may take several seconds), you may access the 
transferred file with respect to further analysis. The transfer operation is 
complete when "Press Any Key to Continue" appears on the screen. The ASCII 
file can be imported into a ·spreadsheet package (e.g., LOTUS, Symphony) for 
further analysis. 

4.4.4 Data Analysis 

Analyze Data Sets. Data analysis is accomplished through the Analysis 
option. You are first asked the type of test: diametral or triaxial? Press 
D (or Enter) for diametral or press T for triaxial. To analyze the resilient 
modulus of a bound diametral sample subjected to a repeated load identify the 
name of the data file name to be analyzed. The default data file that is 
displayed is the most recent data file that was saved under the Collect Data 
option. The screen display will also give the average load and average 
deformation. You may print this screen by pressing P or return to the HAIN 
MENU by pressing Esc. NOTE: Be careful to press P only once. If you hold 
down P, you will get multiple prints of the screen display. 

Type: 
press 

If you selected triaxial (T) as 
Coarse or Fine-grained (C/F)?" 

F for fine-grained materials. 

the test type, you are asked "Material 
Press C for coarse-grained materials or 
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The classification of coarse vs. fine-grained material must be made by 
the user. However, it is important that you understand how RM treats each 
material type. By selecting F (for fine-grained materials), RM assumes the 
soil (material) will follow the relationship: 

MR= f(ad), 
where: 

M = resilient modulus, and 
a~= the deviator stress imposed on the sample. 

Conversely, by selecting C for coarse-grained materials, RM assumes the soil 
will follow the relationship: 

MR= kB n 

where: 
MR resilient modulus, 
B the sum of the principal stresses imposed on the 

sample, and 
k,n regression constants determined by least squares 

analysis. 

The calculation of the resilient modulus is identical for both material types 
but the way RM treats the results of each type is substantially different (see 
below). 

Once the material type has been selected, you are asked "Number of Data 
Files for this Material Type." Unlike analysis of a diametral test sample, 
the triaxial analysis can accommodate analysis of multiple data files. Herein 
lies the importance of specifying the test type (i.e., coarse- or fine
grained). If you Enter 1, there is no difference in the analysis of a coarse
grained material and a fine-grained material. However, if you Enter a number 
greater than one, RM will treat the results of the analysis of the material 
types differently in two ways: 

1. A least squares analysis will be performed on the results of 
coarse-Rrained materials and you are given an equation of the form 
MR= kB, whereas for fine-grained materials a least squares 
analysis is not performed; and 

2. At your option, coarse-grained material results are plotted 
(graphed) with log MR as a function of log 8, whereas fine-grained 
material results are plotted with MR as a function of ad. 

Once the number of data files is Entered, you are prompted for the data 
file name(s). Enter the file name(s) for each file to be analyzed. The 
results for multiple data files are displayed in tabular form and, if you 
analyzed data files (more than one) specified as coarse-grained materials, you 
are also given an equation for the resilient modulus. The equation given 
pertains only to the material analyzed. The coefficient of determination is 
given as well. Again, the coefficient of determination is a measure of how 
well the data fit the line calculated by the least squares analysis. In this 
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particular case, the coefficient of determination is a measure of the level of 
reliability you can place on the equation given for the resilient modulus. 

A word of caution is warranted in the use of this equation to estimate 
the resilient modulus. Several factors affect the resilient modulus of 
coarse-grained materials. Some of these include confining pressure (which is 
reflected in the equation), density, moisture content, material type, etc. 
Therefore, the equation should only be applied to materials equivalent to 
those used in the test. 

You can print the screen display by pressing P or you can return to the 
HAIN MENU by pressing Esc. You are also given the option of obtaining a graph 
of the results (for two or more files analyzed). Press G to view the graph 
for either coarse- or fine-grained materials. NOTE: The analysis of one data 
file will not give you the option of obtaining a graph of the resuJts. The 
output of the results is also quite different (not in tabular form). To 
obtain a graph of the results, you must analyze two or more data files. 

Once you are in the graph mode, you can show the legend by pressing S. 
The legend defines the symbols that accompany the data points on the graph. 
Data points are delineated by the symbols according to the confining pressure 
(in psi) that existed during the test that the data points represent. The 
legend can be subsequently hidden by pressing H. The graph can be printed by 
pressing P, while pressing Esc returns you to the MAIN MENU. 
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Graph Data Sets. Finally, the Graph Data Sets option allows you to view • 
a data set saved under the Collect Data option. You are first asked for the 
name of the data file to be graphed, then you may select 1-load vs. time, 2-
displacement vs. time, or 3-load and displacement vs. time. The graph of the 
waveform(s) displayed on the screen may be printed by pressing P. NOTE: 
Press P only once. Holding down P will give you multiple prints of the screen 
display. 

The zoom feature may be executed under the Graph Data Sets option when 
viewing either load or deformation independently. To view a "zoomed" 
waveform, first view the data set in the dual display mode (load and 
deformation together) and approximate the voltage range for each waveform. In 
the dual display mode, the horizontal grid line divisions on the display 
screen represent a two volt increment. The bottom grid line corresponds to 
the minimum voltage (-5 volts) for the deformation channel; the fifth 
(middle) horizontal grid line corresponds to the maximum voltage (+5 volts) 
for the deformation channel and the minimum voltage (-5 volts) for the load 
channel; and the top grid line corresponds to the maximum voltage (+5 volts) 
for the load channel. 

Next, return to Setup Options (press Esc and then S) and Enter the 
approximated voltage ranges as the maximum and minimum volts for each channel. 
Finally, return to the Graph Data Sets option to view the "zoomed" 
waveform(s); select either load or deformation. A zoomed waveform can only 
be viewed in the single display mode (load or deformation). The dual display 
mode is unaffected by the maximum and minimum voltages selected under Setup 
Options. 
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You may print the display screen by pressing P, return to the MAIN MENU 
by pressing Esc, or graph another data set (or the same one) by pressing any 
other key (e.g., by pressing the space bar you are once again prompted for the 
name of the data file to be graphed with the data file last graphed as the 
default file name). 

4.5 MAINTENANCE 

The Repeated Load Test System is designed for continuous operation as, 
for example, when conducting a fatigue test. Maintenance requirements are 
therefore reduced to a minimum. Most of the maintenance is related to the air 
supply, which should be perfectly clean and free of water and oil. The 
Bellofram regulators are particularly sensitive to dust and dirt which 
decrease their precision and can cause severe damage. The air filter shown in 
Figure 9 provides very good protection for the machine in the event oil or 
dirt are present in the air supply. This filter should be checked regularly 
and if any abnormal amount of dirt, dust, water, or oil is present in the 
filter, it is recommended that the air supply system be checked. 

To perform routine maintenance: 

1. Check the air filter prior to the conduct of a test. 

2. 

3. 

Clean the MAC and shuttle valves (Figures 10 and 11) every three 
months or when irregularities show up on the load or transducer 
recordings. Use silicon grease for lubrication of these valves. 

Disassemble and clean the Bel1ofram regulators if they do not keep 
the set pressure or if the increase (or decrease) in pressure is 
not linear with the regulator setting (Figure 12). 

4. Use car wax to protect the non-painted parts of the loading 
apparatus from rust. 

5. Drain any accumulated water from the points indicated in Figure 8. 

4.6 REPAIR MANUAL: ELECTRICAL AND AIR DIAGRAM, PARTS LIST 

This section contains the electrical and air flow diagrams useful for 
trouble-shooting and parts replacement. Also included is a parts list giving 
the part name and source. See Tables land 2 and Figures 13 to 15 . 
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5.0 SIGNAL CONDITIONER OPERATION 

The Signal Conditioning Unit is a high quality two-channel signal 
conditioner to be used with the Repeated Load Test System. Intended signals 
are load and displacement. This section will familiarize the user with the 
Signal Conditioner and guide the user through the set-up and operation of the 
unit in the repeated load test system. 

5.1 DESCRIPTION 

5.1.1 General 

The Signal Conditioning Unit contains three AC carrier amps; one for 
load and one for each of the two LVDT gage heads. The outputs of the LVDT 
carrier amps are summed to give total displacement. Full-scale output for the 
unit is ±7 volts. A Light Emitting Diode (LED) bar-graph gives quick visual 
indication of the output of the displacement channel (to aid in setting the 
null of the two LVDTs). A 500-to-l range of gains is provided in a 1-2-5 step 
sequence and zero suppression is controlled by 10-turn potentiometers, one for 
each carrier amp. 

The output of the unit can be monitored with a PC-based data acquistion 
unit, strip chart recorder, storage oscilloscope, or any device capable or 
recording signals of +7 to -7 volts at frequencies of zero to approximately 50 
Hz. 

5.1.2 Front Panel Controls 

Controls (Figure 16) are generally arranged so the upper ones are load, 
and the lower ones are displacement. These are described below: 

1. Gain 

• A rotary switch controls gain in six steps from 1 (lowest) 
to 6 (highest) 

• A toggle switch selects a gain of "times one" (xl) or "times 
ten" (xlO) 

Note that, although there are twelve possible combinations of Gain 
settings, the xl and xlO ranges overlap so there are in fact nine different 
gain steps (see Table 3). These steps follow a "l-2-5" multiplier sequence to 
give three gain steps per decade over a 500-to-l range. 

2. Zero 

Each transducer has a zero offset control allowing an offset 
adjustment of approximately ±10% of full scale. The control is a 
10-turn potentiometer and is convenient for repositioning each 
channel's trace on the screen of the video monitor. 
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3. 

4. 

5. 

LVDT Output Select 

This control selects either LVDT A signal, or LVDT B, or the 
sum of A+B to be sent to the output connector and the LED (light 
Emitting Diode) Bargraph. This facilitates adjustment of the LVDT 
tips to optimum position for the type of testing required. 

LVDT Output "Barqraph: 

This is a Light Emitting Diode (LED) moving-dot display of 
the currently-selected LVDT output voltage A, 8, or A+B. Mid
scale is zero volts. 

Inputs and Outputs 

Three connectors accept signals from the two LVDTs and the 
Load Cell. The Output provides a connection for the data 
gathering/monitoring instrument to read load and displacement 
signals. 

5.2 INSTALLATION 

5.2.1 General 

The Signal Conditioning Unit is contained on a standard 7xl9-in. panel 
and is intended to reside in the lower front portion of the Control Cabinet 
(Figure 17). Power for the unit is derived from a regulated DC power supply 
mounted inside the cabinet. A standard duplex 120-volt outlet supports and 
energizes the DC supply. 

5.2.2 Retrofit 

Retrofitting to an existing H&V test system is not difficult; however, 
it should be carried out only by qualified technical personnel. A 120-volt 
duplex outlet must be installed in the Control Cabinet; location is not 
critical (Figure 16). Power can be obtained from the bottom terminals of the 
fatigue sensor control box. Be sure the outlet is properly grounded to the 
cabinet and mounted in a metal "handy box" with a suitable metal cover. 

Install the Signal Conditioning Unit in place of the blank panel at the 
bottom of the Control Cabinet and put the DC power supply in place on the 
duplex outlet. Route the power supply cable down and forward and insert the 
cable plug into the jack on the Signal Conditioning Unit . 
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5.3 OPERATION 

5.3.1 Start-Up 

Connect input cables and transducers to input connectors: 

a) 
b) 
c) 

Load cell: 
LVDT A 
LVDT B 

blue tag on cable 
one red tag on cable 
two red tags on cab1e 

Connect output cable to a PC-based data acquisition system or other 
suitable monitoring/recording system. 

5.3.2 Verification 

Verification that the transducers and signal conditioner are working 
properly can be accomplished as follows: 

1. Load cell: set GAIN to 6 and xlO, then manually apply load while 
you watch the PC screen or other external monitoring device. 
NOTE: The load application can be as simple as just pressing or 
standing on the active part of the load cell. 

2. LVDTs: set GAIN to 1 and xl. Set LVDT OUTPUT SELECT switch to 
LVDT A, then actuate the tip of LVDT A while you watch the LED bar 
graph. The dot should show almost full excursion of the bar 
graph; furthermore, you should be able to center the excursion of 
the dot by setting the LVDT A ZERO control to its mid-range. 
Repeat this procedure for LVDT B. 

5.3.3 Calibration 

Calibration of the unit involves for each of several Gain Settings: 

1. Applying a known load (or displacement) in steps. 

2. Recording output voltage or other indication for each load (or 
displacement) step. 

3. Determining the "best fit" linear relationship between input and 
output. 

4. Extrapolating as necessary these linear relationships to other 
Gain Settings. 

A specific calibration procedure must be tailored by the user to fit the 
needs of the lab and equipment. 

A convenient calibration program has been developed and is supplied 

I 

• 

within the RM software to guide the user through the calibration procedure and , 
calculate the "best fit" calibration constant. A manual procedure is outlined 
below. 
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A digital voltmeter (DVM) of 1% or better accuracy should be used to 
monitor the output. A cable terminated in three "banana plugs" can be 
supplied for the signal conditioning unit to connect the output easily to a 
DVM. The steps to do this are as follows: 

1. Set the signal conditioning unit GAIN to 6xl0 (this is the most 
sensitive setting). Use dead weights or a calibrated compression 
testing machine to apply load to the load cell until the signal 
conditioner output voltage reaches +7 volts (7 volts is the 
maximum linear output). Note the approximate load related to the 
7 volt output. Choose a convenient fraction of this as a load 
increment so the full-scale load spans about five to eight 
increments. Next, apply the load increments and record the 
corresponding output voltages. The calibration value can be 
calculated from these data points using a linear regression 
process either on a hand-held calculator, personal computer, or by 
plotting on paper. Alternatively, the calibration subroutine from 
the RM program may be used. 

Example: 

• 
• 
• 
• 

Load Cell Gain Setting: 6xl0 
Weight producing 7 volts output: 130 lbs 
Choose load increment of 20 lbs 
Obtain the following data: 

Load (Y) Output Voltage (X) 

0 0.200 

20 1.238 

40 2.220 

60 3.260 

80 4.290 

100 5.270 

120 6.310 

• Use calculator or other means to obtain linear 
regression (load= Y values, voltage= X) 

Slope 
Y - intercept 

= 19.25 lbs/volt 
= -16.2 lbs 

Thus, the load cell calibration constant for 

Gain= 6 (xlO): 19.25 lbs/volt 
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Note that for purposes of getting a calibration constant for the I 
load cell signal conditioner combination, the~ is the 
calibration constant and the Y-intercept value is not needed. 

-
2. Extrapolating Calibration Constants to Other Gain Settings. There 

is a 1-2-5 sequence to the GAIN steps of the Signal Conditioner. 
If calibrations are performed for several adjacent GAIN Settings 
this 1-2-5 sequence will appear and is generally predictable to 
within about 1.0%. For example, some calibration constants 
obtained for an LVDT were: 

Cal. Constant Sequence 
Gain Setting (x IE - 6 in/v) Multiplier 

lxl 10,930 500 

2xl 4,374 200 

3xl 2,195 100 

4xl 1,101 50 

5xl 441.0 20 

6xl 215.5 10 

This relationship suggests that only several Gain Settings need to 
be calibrated and the others may then be extrapolated. 

3. Displacement Channel Calibration. Place LVDT A in the LVDT 
calibration stand and set the GAIN control to lxl (least sensitive 
setting). Monitor the output voltage using the DVM and set the 
micrometer ("mike") head adjuster to give a signal output of 
approximately -7 volts. Then set the mike head to its next exact 
small division on the rotating barrel. Note that each small 
division on the rotating barrel of the mike head is 0.001" and one 
full revolution is 0.025". Now rotate the mike head barrel and 
displace the LVDT tip enough to change output approximately 2 
volts (i.e., to -5 volts) so as to arrive at an exact scale 
division. The goal is to increment the tip of the LVDT about six 
or seven equal increments and cause the output voltage to go from 
approximately -7 to +7 volts. 

22 

• 

I 



• 

• 

• 

Suggested tip displacement ~ncrements are: 

Tip Increments 
Gain {x o.001e) 

lxl 20 

2xl 8 

3xl 4 

4xl (lx10) 2 

5xl (2xl0) l 

Because LVDT ser.sitivity is so great at higher gain settings, 
calibration constants for these settings must be extrapolated (see 
section 4.3.2.2}. 

You are now ready to apply transducers to the sample and 
proceed with testing . 

5.3.4 Use During Test 

Use of the Signal Conditioner is as follows: 

1) Diametral. Place diametral yoke with LVDTs on the sample, align 
the sample into position in load frame, and a apply seating load 
for stability (approximately 5% of the expected pulse load). Set 
the GAIN to 4 (xlO) to start and LVDT OUTPUT SELECT to A. Then 
adjust LVDT A inward on the sample until the LED bar graph 
indicates the output is active around zero (i.e., the dot is at 
center of the scale}. Repeat this process for LVDT B by turning 
LVDT OUTPUT SELECT to Band centering the dot on the LED bar graph 
(the LVDT OUTPUT SELECT switch allows a quick check of the status 
of either LVDT at any time}. Next, turn the switch to A+B to sum 
the LVDTs and start the load pulses. If you "lose the signal" at 
any time on the recording device, use the LVDT OUTPUT SELECT 
switch with appropriate ZERO contro1 and mechanical LVDT 
adjustment to bring the signal back intc range. 

2) Triaxial. Place the triaxial clamps w~th LVDTs on the sample; 
then align the sample into position in load frame and apply 
seating load for stability. NOTE: For soft materials, a low GAIN 
must be used to accommodate large displacements. Furthermore, 
since there is no access to LVDTs inside the triaxial cell, 
testing must start with LVDTs more or less fully extended to 
accommodate permanent deformation. For these reasons on soft 
materials, the operator may choose to place a single LVDT external 
to the triaxial cell. Next, set GAIN to l (xl) and the LVDT 
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output select to A and adjust LVDT A to the center of the LED I 
display. Repeat this for LVDT B, then back out both LVDT 
adjusters equally to move the LED dot near the negative (bottom) 
end of the bar graph display. Testing may proceed when this is 
accomplished. 

5.4 THEORY 

The signal conditioner utilizes two AC carrier amplifier "cards" (PC 
boards), one for single channel of load and one for the two channels of LVDTs 
necessary for diametral and triaxial testing. The latter two-channel card is 
equipped with a precision summing circuit so the user can select channel A, B, 
or A+B for monitoring. The cards provide AC excitation to their respective 
transducers. Gain switches and zero control is provided at the front panel; 
an output switch allows monitoring of LVDT A, B, or A+B for easy set-up of 
LVDTs. A low-pass filter of 50-Hz cut-off frequency minimizes undesirable 
noise. The LED bar graph allows constant monitoring of LVDT output. A 
regulated DC power supply energizes the cards and bar graph; nominal voltage 
is ±12 volts. 
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Figure 4 - Example Application of the Fatigue Test Automatic Shut-Off Device 
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Figure 5 - Sample with Diametral Yoke 
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• Table 1. Electrical Part~ List 

Manufacturer's 
Key Description Manufacturer Part Number Source 

1 120-V AC Receptacle Eagle 34207 1 

2 2-Prong Socket Beau S-3302-FP 1 

3 120-V AC Counter Eagle PCC-7 2 

4 Duration and Interval Timer Eagle CA3030A603 2 

6 2PDT Toggle Switch Arrow-Hart 82600 1 

7 SPST Toggle Switch Arrow-Hart 82608 1 

8 120-V AC Line Cord Belden 172388 1 

9 Fuseholder Littlefuse 342012 1 

10 Pilot Light Leecraft 32R2 l 1T (Similar) 1 

• Source Name Location Phone 

1 Newark Electronics Portland, OR (503) 257-0741 

2 Branon Instruments Portland, OR (503) 283-2555 

• 



Table 2. Pneumatic System Parts List • Manufacturer's 
Key Description Manufacturer Part Number Source 

1 Air Filter Watts 604-3 2 

2 Shut-off Valve Whitey B-1-VS-6 3 

3 Regulator, Fixed Arrow 1612 FK 5 

4 Regulator, 0-125 psi Be 11 ofram 221-960-071 1 

5 Regulator, 0-25 psi Be 11 ofram 221-960-011 1 

6 Regulator, 0-60 psi Be 11 ofram 221-960-017 1 

7 Gauge, 0-160 psi Marsh EFLSH-1242 1 

8 Gauge, 0-30 psi Marsh EFLSH-1246 1 

9 Gauge, 0-60 psi Marsh EFLSH-1252 1 

10 Reservoir Bendix 225000 4 

11 Reservoir Bendix 224220 4 

12 Bellofram Actuator Be 11 ofram SS9FSMUM 1 • 13 Shuttle Valve Bendix 278614 4 

14 Air Valve MAC 56C-33-111CS 2 

15 Silencer Alwitco M0-5 2 

16 Pressure Release Whitey B-4CPA-2-3-DC 3 

Source Name Location Phone 

I Branom Instrument Co. Portland, OR (503) 283-2555 

2 Buchanan Fluid Systems Portland, OR (503) 226-7868 

3 Portland Valve & Fitting Portland, OR (503) 234-0866 

4 Fluid Air Components Portland, OR (503) 244-9393 

5 Air-Oil Products Portland, OR (503) 234-0866 
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APPft()IX A:. RESILIENT tl>Oll.US OI.N1ETRAL TEST Tl£0RY 

The resilient modulus diametral test theory is summarized In this 

appendl•. 

Hadley, et.al. ( 1970) developed equations to evaluate the material 

properties (i.e. elastic modulus, E, and Poisson's ratio, u) or diametrically 

loaded cyl indrlcal specimens. These equations have subsequently been applied 

to the elastic response or specimens subjected to repeated loads. The 

r ol lowing assumptions are made in the development or the equations: 

The material is elastic, thus Hooke's Law is valid. 

2. The material is homogeneous and isotropic, allowing the use or a 

single value ror the modulus and Poisson's ratio. 

J. Plane-stress conditions exist and, thererore, the problem can be 

modeled as two-dimensional. 

4 The x- and y·· axes are principal planes. This assumption rollows 

rrom me stress analysis. In which 1,. • o along these axes. 

The stress ana:ysis or a perrectly elastic, homogeneous, isotropic, and 

weightless, circular element with a diametrically applied compre5sive strip 

was perrormed by Hondros ( 1959), using a Fourier serie!l. The derinition 

5ketch ror the theoretical development appear in Figure A I. Notation i!l given 

In Appendix B. Figure A.2 illustrates the unit stres!l distributions that re!lult 

lrom Hondros· analysis for a 4-inch diameter disk with a 0.5-inch loading strip 

width. 

Ally or the lour stress distributions (a ... an, a..,. ary) can be written 

a • !(2P/nal)[J(r,R,ctl] (Al) 

II the width or the loading strip ts llxed (a• 0.5-lnch for this case). Equation 

• • 
APPENDIX A:. RESILIENT l'DXJ..US OIN1ETRAL TEST TI-EORY 

y 

t 

X 
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APPElf)IX A: RESILIENT t'OOU..US OINURAL TEST Tl-£0RY 

A I can be rewritten 

a• (P1l)(21na [ J(r,R,ct)Jl • (Pit) a" (A2) 

wnere ri' • lillt stress 

For any differential element along the x-axis. Hooke·s t aw Is expressed 

as 

£
1 

• I /E (a,. - u a., l 

In terms or the total tiorlzontal deflectlon, 

H • 10 1:1 • J0 1/E (a,. - u a .. > 

from which 

H = 1/E (1
0 

a,. - u /
0 

o.,) 

where 1
0 

■ Integral over the diameter 

(A.3) 

(A.4) 

Next, the previously defined expression for unit stress 1s substituted 

into Equation A.4. Solving for E, 

E • P/Ht (f0 a,; - u lo a11,:) 

Performing the same operations along the y-axis result~ m 

E • P/Vt (f0 a,/ -u lo 0 1/) 

Equations A 5 and A.6 can now be equated to solve lor u, 

I ■ V I . a - •·- a 
U •. 0 ry H O r-r. 

l a· v/o• 
D ly H D I■ 

(AS) 

(A6) 

(A 7) 

An equation lor tensile strain can now be obtained by first expressing 

Hooke·s Law for the deflection over a finite length at the center or the 

specimen, 
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APPENDIX A RESILIENT trJOll.US OIN'CTRAL TEST TIEOAY 

Hi • J
1 
c

1 
• J1 I /E (a,.. - u a.,) (A.Bl 

where J1 • integral over a finite length at the center 

By the der mil ion or strain, 

i:.1 • Hi'I • I/El (11 ar• - u J1 a1.) (A.9) 

Expressing Equation A.9 in terms or unit stress and solving ror E, 

E • (P/t1c.1 l (11 a,
1 

• - u I, a.,.•) (A.IQ) 

The modulus, E, has now been expressed in terms or the total horizontal 

deflection (Equation 2.SA) and in terms or tensile strain (Equation 2. IOA). 

Equaling these two expressions results in 

c • !I_[ / 1 ar; - 11 / 1 0 1; l 
• I I I . I . a - u a 

D n D h 

(A. I I) 

The Mean Value Theorem can now be applied to the expressions J1on" /I 

and J1 oa. •/I Io arrive at 

c • H [ o,; I reo - 11 0a; I reo ] 
•I I . I . 

. Dan - 11 D oh 

where ~eo indicates ·evaluated at r • o· 

(A.12) 

Tile expressions ror Poisson·s ratio, resilient modulus (M, =El.and 

tens1 le strain at the center (i;_ - i:.1) can be solved by numerically integral mg 

the unit stress over the Cllameter or the specimen ancJ solvlng the unit stress at 

the origin: 

u • -J.59 -0.27 (V/H) 

-0063 • (V/H) 
(Al]) 

• • 
APPENDIX A RESILIENT tl>OU.US OIN'ETRAL TEST THEORY 

I\ • (P/Ht) (0.27 • U) (A.14) 

c. [J!l..6 • 048u] H 
I 0.27 • 11 

(A.IS) 

Assuming tha Poisson's ratio is equal to 0.35 results in the commonly 

used equal Ions: 

M, • 0.62 (P/Hll (A.16) 

and 

'i. • 0.52 H (A.17) 

n 
I 

u, 
........ 
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N>TATION 

a - width or loading strip 

E • elasllc modulus 

H - total recoverable horizontal deflect Ion 

ll(intl • horizontal deflectlon of Interior node of finite element model 

Hi • horizontal dellectlon over the length I In the center or the test 

specimen 

1AM, - index of retained resilient modulus 

length in the center of the specimen over which the strain is 

measured 

M, • resilient modulus 

n, K
1 

• regression coefficients 

p 

r 

• repeated load 

• radial distance from the origin of the test specimen 

R • radius of the test specimen 

R2 • coeffic,ent of correlation 

• thickness of test specimen 

TSR • tensile strenglh ratio 

V • total recoverable verllcal deflection 

2a; • angle at origin subtended by the width or the loadlng section 

'i. • tensile strain m the center of the specimen 

u • Polsson·s ratio 

11 • mlcrostraln 

an • tangent 1al stress along the horizontal axis 

~ • 

a.. • radial stress along the t10rlzonta1 axis · 

ary • tangential stress along the vertical ~Is: 

atv - radial stress along the vertical axis 

ani * • tatlgentlal unit stress along the horizontal axis 

a .. * • radial 1r1lt stress along the horizontal axis 

ory * • tangential IJ\lt stress along the vertical axis 

a.,,* • radial unit stress along the vertical axis 
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Resilient Modulus Calculations Based on Repeated 
Load Triaxial Test Results 
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APPENDIX B 

Resilient Modulus Calculations 
Based on Repeated Load Triaxial Test Results 

This appendix presents the equations used to calculate stresses, strain 

and resilient modulus from the results of triaxial tests. The inputs required 

are the dynamic load applied to the sample and the corresponding sample 

elastic deformation. In the case of the triaxial test, the confining pressure 

applied to the sample must also be included in the calculations. 

The resilient modulus MR is defined as the ratio of the repeated axial 

deviator stress, ad, to the recoverable axial strain, fa. 

E-1 

Deviator stress is calculated from the area of the specimen and the load cell 

output displayed on the recording equipment. The deviator stress, ad, is then 

expressed as follows: 

where: 

_p_ 
A 

P repeated load, lbs 

A = cross-sectional area of sample, in2 

ad deviator stress, psi 

E-2 

The cross-sectional area is usually assumed to remain constant. Since 

damaging stresses are avoided during a dynamic triaxial test, this assumption 

is reasonable. 

Specimen axial strain is calculated from the LVDT output signals. The 

elastic strain, fa' is determined by dividing axial displacement by the gauge 

length. For the internal LVDT clamps the gauge length is 4-in; for the 

external LVDT clamp the gauge length is equal to the length of the sample . 

B-1 
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• 

• 

-
-



• 
Appendix D Questions for Resilient Modulus Workshop 

• 

• 



I 

• 

I 



• 

• 

• 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

~Tl~ FCR RESILIENT Klll..US kmKSKF' 

How many load repetitions are necessary to remove the softening effect of 
a freeze-thaw cycle(s)? 

How many repetitions of load are typically applied to a freeze-thaw 
softened material (subgrade) before defining its resilient modulus? 

What is the appropriate stress level at which we should be defining the 
"reference" resilient modulus? 

Should compaction prestress be accounted for in selecting the appropriate 
stress load for resilient modulus of man-linear materials? 

Do you think compaction prestresses are removed by load repetitions or 
traffic? 

How many data points (stress combinations) are necessary for an acceptable 
determination of the K1, K2 parametrics? 

Is it necessary to lubricate the end plates in triaxial repeated load 
tests? Is it mainly done in practice? 

Do you think the sa~e amount (numbers) of conditioning repetitions are 
needed for cohesionless soils as might be required for cohesive? 

Do you think you need the same number of conditioning repetitions when you 
use internal (clam~ on) LVDT's as you do if you use external LVDT's to 
measure subgrade materials deformations? 

10. How many repetitions do you think you should apply in order to define the 
plastic deformation behavior of a cohensive subgrade soil? (at a given cr3, 
crd combination) 

11. Do you think it is reasonable to combine the repeated load test for plastic 
deformations (rutting) with the resilient modulus test? 

Mr. Jim Hardcastle fI'OIII University of Idaho. 

1. Please comment on the effect of resilient modulus of soils? 

2. 

a. number of layers of compaction 
b. curing time after compaction 
c. membranae penetration 
d. number of tamps (for constant density) 

What to do 
construction? 

about segregation of granular 
(especially with coarse samples) 

Mr. D. Elton from Auburn li1iversity 

samples during specium 



l. Marshall Thompson - Because of the minor effects of some compositional 
properties on the MR of soils, it would appear that the MR of soils may 
not be a very useful property to measure. Would the total modulus be more 
useful? If only resilient deformations are used to calculate a modulus, 
does.the modulus have anything to do with subgrade deformations? 

2. Gilbert Baladi - Of what use is the resilient modulus? There was no 
conclusion to the theory presented. 

3. Anyone testing asphalt mixtures especially in the diametric mode. -Often 
a load such as 500 lbf needed to produce modulus at low temperatures, such 
as 41°F, with quickly fail a specimen at a high temperature, such as 1□4°F. 
The specimen does not respond like a confined pavement. So what loads or 
stresses do I use? Maybe Bud Furble discussed this, but I missed his talk. 

Mr. Kevin D. Stuart from Federal Hi!fiway Aaninistration 

How can we use MR test for asphalt concrete mix design purposes? 

Mr. Ok-Kee Killl from Caltrans 

l. 

2. 

What is the basis for assuming that there is a relationship between MR and 
layer coefficients? Is there any evidence to support such an assumption? 

Relative to retained modulus (test for moisture susceptibility) what is 
the basis for the sample conditioning process i.e. freezing and then 
soaKing at 14 □°F? Does this scheme represent field conditions? Is there 
any data to support this process? 

Mr. Joe Head frOIII West Virginia lktl.versity 

It seems like everyone uses a different magnitude of load or strain when testing 
asphalt concrete in indirect tension. Should the load or strain be standardized 
and approximately what magnitude of values should we be considering? 

Mr. Bill Maupin from Virginia Transportation Research Council 

In your handout on the indirect tensile test, there are two Poisson's Ratio 
calculated; one is the resilient Poisson's Ratio and the other the Total 
Poisson's Ratio can you explain the difference between these two ratios? Also, 
can you explain why the total poisson's ratio exceeds 0.5 in the results after 
specimen rotation? 

Mr. Vincent Janoo from USACRREL 
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1. 

D-3 

Since MR of soils is also stain dependent why not to use strain based 
relationships to increase the statistical fit of MR and reduce the scatter 
of the experimental data? 

2. Do you think that it is possible to compare soil modulus obtained with~ 
test:and resonant column for the same level of strain? 

3. Do you think that strain distribution on the soil sample is uniform and 
it is more convenient to use external LVDT's instead of internal LVDT's? 

4. Why not to use the State of stresses on average pavements layer to test 
the sample in the laboratory instead of the set cfd and t:r3 of T274 which 
are not realistic? 

5. Do you think the load duration and local cycle affect the soils MR? 

Mr. German Claros from lJT Austin 

Do you see a need to incorporate the shear strength of the pavement layer 
materials in the mechanistic design procedure? 

Mr. V. Jamoo from USACRRa 

Apart fro~ MR= 1500 CBR,h3s any work been done to get better correlation between 
CSR & MR? I feel that 1500 CSR is too conservative. One of the problems we have 
is checking our back calculated value with lab CSR tests. Unfortunately, 
resilient modulus testing is still not common place. 

Mr. Margot Yapp from ARE Inc 

1. 

2. 

Are the lower MR values obtained from testing, on specimens prepared by 
kneading methods, more consistent than those obtained from specimens 
prepared by static methods? 

Will any of the following items have a significant effect on MR values of 
subgrade soils: 

a. changes in duration of load applications (cohesive and granular test 
specimens) 

b. rearrangement of the sequence in which stresses are imposed on test 
specimens (cohesive and granular) 

3. What do you feel are the major areas of AASHTO T-274 test which most need 
re-evaluation and possible revision? 

Dave Seim of New Yorks DOT 



When you run a triaxial load test on cohesive materials what are the importance 
of hold periods between the load pulses? Will there be a big difference in~ 
if you run the test with a sinusoidal loading curve? The effect on permanent 
deformation? 

Krister Yorevik 

Has anyone-compared test results using a frame containing three LVDT's with two 
LVDTs (for axial deformation in soil sample)? It seems to me that if one LVDT 
is not good enough, then two are not a lot better and that a minimum of three 
LVDTs are required to accurately determine the correct values for strain 
calculations. 

Jim Blacklock froa Lhiversity of Arkansas, Little Rock, Arkansas 

Are Triaxial resilient modulus values dependent upon the shape of the waveform 
of the applied load (deviator load)? 

If so, how can MR values be used reliably in the AASHTO design equations? 

Keith Jomston of CXXJT Materials and Research Section 

Poisson's ratio has (and still is) being back calculated from the results 
obtained in an indirect tension test (horizonal and vertical deformations). 
Values for an AC at 77°F reported at this workshop based on the results of an 
indirect tension test are as follows: 

resilient 
total 

M ~ .15 (are of 2 values) 
M ::'- .73 (are of 2 values) 

Yoder and Witczeak (see attached) suggest: 

M .35 - .40 
AC at 77°F 

Would members of the panel please comment on (1) the use of indirect tension test 
results to back calculate MR and (2) the discrepenancy in the results as noted 
above. 

Vincent Janao/Ted Vinson of USACRREU09.J 

I would like you to address the issue of Poisson's ratio. Should it be measured? 
Should it be assumed? Do we have the right test procedure, equations to 
evaluation it accurately? Also, comment on the negative values obtained 
frequently. 

Louay Mohanlnad of L.S.U. 
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1. 

2. 

3. 

4. 

5. 

6. 

a-s 
What is the significance of external versus internal LVDT 's and load cell's 
in AASHT0-274? 

Should one adjust the compactive effort on the bottom layer to come up with 
a more uniform sample specimens. 

For cement, lime, and fly ash treated samples is the AASHTO T-27h 
applicable in its present form? 

What are the anticipated changes to the AASHTD T-274 and when would they 
likely appear in the standard? 

Explain the details of kneading-type compaction in your session III paper? 

Would a Rainhart Automatic Compactor with rotating base and mold and with 
the sheeps foot tamping foot be acceptable in AASHTO T-274? 

Jim Nevels of Oklahoma Department of Transportation, Soils and Foundation 
Engireer 

l. 

2. 

3. 

4. 

5. 

Why is the electric-hydro system preferred by the SHRRP staff over the 
pneumatic system? 

Most equipments available are rather expensive. Is a home-made device 
considered acceptable for research worK? for production work? 

In selecting MR equipment what are the key considerations? 

a. Electro-Hydro versus Electro-Pneumatic . 
b. Wave form considerations. 
c. Test versatility. 

Is cost of the system really representative of test accuracy? 

Can you get good results with less costly equipment? 

Ali Selim of South Dakota State University. 

What is the extent of establishing correlation values between MR and CBR or R
values to verify or refine conversion formula given in AASHTO Guide? 

Emery Marko of Washington County, Oregon . 



l. 

2. 

When testing non-plastic sandy silt and low P. I. clayey silt soils, we have 
experienced lab compacted modulus values that are significantly lower than 
the back calculated values. Can you tell me why? 

How do modulus test results from undisturbed samples compare with lab 
prepared samples on non-plastic, fine grained soils? 

3. AASH'FO T274 defines cohesive soils as being A-2-6, A-2-7, A-6, and A-7. 
Assumably everything else is non-cohesive. Do you feel this criteria is 
appropriate? Also, are separate criteria for cohesive and non-cohesive 
soils really necessary? 

4. Why does AASHTO test at bulk stress levels far exceeding those found in 
typical highway situations? 

Roger Miles of Oregon State Hig,way Division. 

In larger samples the effects of gravity become a problem especially in fine 
grain non-clay soils. How can the test be performed without causing the water 
in the sample to flow to the bottom during the test? 

Jim Blacklock of the lxliversity of Arkansas, Little Rock. 

1. In many States, rutting of asphalt pavement is a primary area of concern. 
Have there been any successful attempts to correlate MR results to a mix's 
rutting potential? 

2. wnat future do you see for creep testing (shell method) as a means of 
characterizing rutting potential? 

Jam Adam of the Iowa Department of Transportation 

1. We have experienced modulus test results which increase with increasing 
plasticity of the soil. Is this typical? With the "R"-value test, we 
typically got the opposite response, is there an explanation? 

2. How does the method of compaction affect test results for various soil 
types (granular, fine grained plastic, fine grained non-plastic)? 

3. Snould the stress conditions for which moduli are selected be 
"standardized" for typical highway loading conditions? 

4. How would you explain/interpret the attached resilient modulus results? 

Jeff Gower of the Oregon Department of Transportation. 
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CRREL has developed some resilient modulus equasions for thawing sandy materials. D-l 
The e~asion is similar to those presented here and is in the form of~= K1 
(F(d)) 2 

where K1, K2, are constants and f(~) can be either J1 or J2/T0 ct 

Jl = 1st stress invariant - text - octha hedral shew strength 
Jz = 2nd stress invariant - " 11 11 11 11 11 11 11 11 11 " 

K1 was found to be strongly dependent on the moisture tension in the soil. It 
was also found that if J1 was used to describe the stress state, then MR was laos 
a function of a'11"2 (fig 1). 

However when J2/TocT was useo, then the dz!~ ratios all collapsed into 1 line 
( fig 2) 

,•1,1L~,?J, ";-1 1 ;:;-J 
_J, -- .s-2-ft ... ct 

t- 'J I F-,~ "2 
My Question is whether anyone of you looked at J2/T ct J2 and TQct are not 
difficult to calculate as you still use e-1, °2• ana ~ 1n the calculations? 

Vincent Jonoo of USACRREL 

1. For field cores and/or variable diameter samples, oo you agree with 
flexible or "floating" upper loading strip? This is an FHWA modification 
to your device as I understand it. 

My most sincere compliments to you for putting your device (or its design) 
into the public domain. A noble gesture, certainly one that helps all of 
us that have the opportunity to use the device. 

Bill Whysaveh of Brown Engineering Testing, Inc. 

Remembering that we write from left to right and subtract from right to left why 
do we load AASHTO resilient modulus samples from low values to higher values? 
Why not loaa samples with a random sequence of ~d values and ~3 values? Real 
traffic does not increase from low to high 

suggested sequence: 

old new or new or new 

1 psi 2 4 1 
2 psi 1 2 4 
4 psi 4 8 2 
8 psi 10 1 10 
lOpsi 8 10 8 etc. 

Jim Blacklock of the Uliversity of Arkansas, Little Rock • 



What is the status of the ASTM equivalent to the AASHTO T-274? 

Jim Nevels of Otlahoma Department of Transportation Soils aro FOU'ldations I 
Engineer. 

1. Who ~o we talk to, to lobby for changes (streamlining) of the MR test 
procedures? 

2. Does AASHTO plan to offer reference samples for either one or both of the 
resilient tests being discussed? (soils - asphalt concrete) 

3. Your paper tends to suggest that a square or rectangular wave form is an 
adequate approximation to the haversine Waveform. Is this a correct 
interpretation of what you are saying? 

If so, what is the basis for this conclusion? 

4. More generally, what characteristic make one waveform "better" than 
another? 

Bill Wysauch of Brown Engineering Testing, Inc. 

In your presentation on the influence of specimen preparation on~ you only 
covered one method of granular specimen preparation. I am aware that different 
preparation methods (such as raining sand; static compaction; vibratory 
compaction, etc.) produce different structures and therefore different MR. have 
you looked into other lab compaction method and how do they relate to the field? • 
Also, how do other lab compaction methods affect the MR of granular materials. 

Vicent Janoo of USACRREL. 
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Appendix E Workshop on MR Testing: Evaluation and Remaining Areas 
of Concern 



• 

• 

• 



• 

• 

• 

WORKSHOP ON M TESTING 
EVALUATION AND REMAIN!~ AREAS OF CONCERN 

Specific Ccmnents and ~stions Remaining 

1. I cannot over emphasize the importance of getting efforts of AASHTO, ASTM, 
NCHRP and SHRP coordinated NOW, not after each completes their work. Also, 
it appears that "production"'ii'""v.s. "research" must be considered. Remember, 
AASHTO involves both joint Task Force on Pavements and Subcommittee on 
Materials Technical Section. JTF for design guide, TS for standard. 

2. workshop provided excellent balance of viewpoints, theory, implementation, 
etc. Clearly one of the best workshops I ever attended. Q&A session was 
a great feature; highly informative in an informal atmosphere. I would 
really appreciate a follow-up workshop dedicated to exactly how the tests 
should be run. What I mean is the sort of "hands on, how-to" tips needed 
to get accurate, reliable results right from the start as opposed to 
spending 3-6 months trying to learn all the tricks. Perhaps this is 
where FHWA or the Asphalt Institute could step in. 

3. Presentations by equipment manufacturers excellent. Being able to see all 
varieties of soil/AC testing equipment will be very useful in making future 
purchases. Topics that were addressed and need to be addressed by the 
appropriate committees are: 

AC: 

Soils: 

Reference standard (e.g. teflon, TIVAR, etc.) that can be used by 
all manufacturers, so (e.g.) 50 micro-inch® .1 second load on zone 
machine= 50 micro-inches@ .1 second load on machine two. 

Load on versus load off ratio needs to be consistent between research 
programs. 

MR needs to be defined for a specific strain range: 

(i.e.) adjust load to obtain 40-60 micro-inch strain instead 
of setting load and measuring resulting strain. 

Revamp test metl1od -

a. Preload (i.e. conditioning) for each 
Stress State - is it recess. 

b. Number of cycles - can they be reduced? 

c. Limit stress states. 

Need to define range of compaction methods for various in-situ 
conditions, i.e. condition for static or kneading. 

If its going to be generally used - make is production 
oriented! 



4. This workshop needs to be held about a year from now to bridge the gap from 
research to full production use. This workshop should prove extremely 
beneficial to implementation of the AASHTO Pavement Design Guide. 

5. Please provide more information on Poisson"s Ratio for various modifiers, 
temperatures, etc. 

6. Need more time to ask questions. Too little attention paid to sample 
preparation and equipment/sample configuration. The data collection aspect 
was very good. I never did get a handle on how much testing error is 
allowable before it significantly affects the designs. Good coverage on 
the full range of topics related to Resilient Modulus. Good effort to get 
all the experts in one place. Very valuable to get the manufacturer's 
equipment here. Unbelievable that this many resources could be assembled 
in one place regarding MR. Every opportunity was here to get answers to 
our questions regarding modulus, if answers existed. Good job Jim Sorenson 
and Jim Huddleston! 

7. We should have some kind of yearly conference supported by FHWA for highway 
agencies on asphaltic concrete pavement design since this seems to be a 
significant percentage of the monies spent on highways, especially one 
which the public feels the most. This is also evident, since much of this 
workshop involved not only resilient modulus, but other factors in pavement 
design. I especially liked the discussions on the State's experiences, 
theory versus practice. 

8. If possible, it would have been nice to have some of the papers to read 
before the conference. Also the discussion/panel groups and question 
period was very good, but could have been longer. 

9. Another workshop in 9 to 12 months as a follow-up would be beneficial. 
I'm sure there would be a lot of interest, particularly after participants 
have had time to absorb the information presented in this workshop. 
EXCELLENT WORKSHOP! 

10. MR symposium was very informative and enjoyable. GREAT JOB! 

11. 

12. 

13. 

The more knowledgeable and experienced individuals from the presenters at 
this workshop should be brought together to develop the framework for 
revised specifications. This workshop should be viewed as the beginning 
of the development of the state-of-the-practice and should be followed-up 
by a more structured workshop that has the goal of achieving the needed 
background for development of needed specification(s) for appropriate test 
procedures. 

The AASHTO T-274 should include a statistical analysis of the MR data for 
soils which allows you to analyze the linear regression residuals and the 
elimination of outlyer through the USC test as cook distance on others 
because it is important to eliminate some bad data from the regression 
equation. 

Excellent Program - Excellent Speakers - Excellent Content. Those involved 
in planning/arranging are to be commended. Would have appreciated more 
bias or additional session data on "production" type testing. 
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14. I would think it is imperative that ones in responsibility to stop arguing 
on the issues and decide on a direction and go forward. Let the research 
catch up and modify the test procedure accordingly. 

15. I would like to obtain a copy of video: Resilient Modulus Lab Tests. 

16. Workshops like this in each of the FHWA Regions is suggested. I suggest 
the State Design and Material personnel should be invited. 

17. I did not appreciate the unprofessional manner in which Monosmith conducted 
himself. To offer opinions and comments is one thing, however, to give 
the impression of belittling and disregarding someones work and research 
is completely uncalled for. 

The conference was excellent. Good overall perspective. Please consider 
having an annual schedule for the conference so everyone can keep apprised 
of new developments. 

18. FHWA ( via Jim and Mark) has provided a major contribution to the profession 
via this conference. Why didn't AASHTO or ASTM fulfill their role and take 
the lead? 

19. 

I need 10 copies of the proceedings to cover my State highway agencies that 
didn't attend . 

Thanks again for all the courtesies extended to make our stay so enjoyable. 

I believe the moisture equilibrium and suction should be considered in 
Resilient Modulus testing of subgrade. I have done research work on that 
with results available in TRB Paper 111121 (1987), entitled, "An Evaluation 
of Design High-Water Clearances for Pavements." I will be happy to give 
more details on that if needed. Please contact Mohamed K. Elfino. 

20. Any follow-up should absolutely, positively include Marshall Thompson. 
He has done a tremendous amount of work in this area. He has in my opinion 
demonstrated a superior handle on the whole range of MR testing, from 
sample preparation (moisture, compaction, etc.) to test procedures, to 
interpretation of results. He effectively bridges the gap from theory to 
practice. 

21. Excellent conference, well organized. The laboratory demonstrations added 
greatly to the workshop. It was brought up by several speakers that both 
the AASHTO and ASTM test procedures are inadequate or require modification. 
Rewriting and/or modifying these procedures should be a top priority, with 
new test procedures approved ASAP. 

22. A summary of the available equipment listing capabilities and approximate 
cost would be quite useful even though it may be out-dated rather quickly. 
Some future comparison of tests on some specimens by different equipment 
would be helpful. This could be done at a later date and the results sent 
to the conference attendees . 

E-3 



23. The equipment demos were the best part. Having everyone in one place to 
compare hardware and software was an excellent idea. This should be done 
again in 1-2 years. 

24. I believe the industry is missing the boat by evaluating only axial strain 
when performing resilient modulus testing of soils. By measuring only the 
axial strain we have no knowledge of how consolidation, pore pressures, 
dilation or radial strains relate to the values we obtain for resilient 
modulus. 

25. Obviously AASHTO T-274 is not adequate for the majority of the users. This 
theme was mentioned by a number of different presenters throughout the 
program. 

26. From a technical viewpoint, it was good to see that our testing has been 
for the most part in line with other agencies with regard to AASHTO T-274. 
Standardizing these procedures as much as possible, with few restrictions 
in the existing T-274 will help out. I.E. new procedures for AASHTO T-
274 will help everyone stay closer together instead of branching out on 
our own in modification. Was helpful seeing new and different equipment. 

27. I plan on doing some prospecting for d.lamonds in pavement using back 
calculation. Every once in a while I find 17□ ,ooo,ooo psi surface modulus. 

MR et. al. is a very useful tool. Successful use requires 

rational attention to details. 
learning what "non conformance" of various expected material 
properties means. Lack of fit is information. 

28. How about a round robin sponsored by AMRL National Bureau of Standards? 
This could be for soils and asphalt mix. 

29. There is a need for a "state-of-the-art" paper with practical 
recommendations on production testing and design. 

30. As compared to others workshops, this was as good as any that I have 
attended and much better than most. 

31. What is the exact definition of resilient modulus. 

32. There is an obvious need to 
user's application in mind. 
is of little help in actual 

standardize test procedures, keeping the end 
Excessive testing with unclear conclusions 

design guidance. 

33. The best thing about the conference is the variety of groups represented. 

34. 

The only thing missing is the deflection equipment people. 

It seems premature at this point for FHWA to mandate resilient modulus as 
a design method without clearing up a lot of the remaining questions on 
testing and interpretation of results. There appears to be no aata on 
comparative performance of pavements under different design methods. (None 
were presented.) 
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Overwhelmed by size, expertise and experience of this assembled group. 

I was hoping to leave here with a better handle on where to proceed with 
pavement design based on MR. Now I realize that this process is a lot more 
complex than I originally tl1ought. I do not have time to become an expert 
in MR, but I still need a reasonable procedure to follow where I can feel 
comfortable that I am getting representative results • 
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