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NONDESTRUCTIVE EVALUATION OF RIGID PAVEMENTS USING ROAD RATER DEFLECTIONS

Gary W. Sharpe, Mark Anderson, Robert C. Deen, and Herbert F. Southgate

University of XKentucky

Road Rater deflections have been used to
determine in-place structural conditions of
rigid and composite pavements, based on
modifications of principles and experience with
the structural evaluation of flexible
pavements. Details of the use of elastic layer
theory to simulate deflection measurements
agsoclated with loadings for the Kentucky Road
Rater are  presented. Included 48 an
1llustration of the use of field deflection
measurements to “back calculate™ in-place
moduli. The procedures are generally iterative
and involve matching measured deflections with
theoretical deflections. Elastic layer
principles have been used to simulate
deflections only at the midslab position.
Relationshipe regarding deflections at other
locations on the slabd currently dIinvolve
empirical analyses. Evaluations involving the
effects of pavement temperature, time of day,
season, etc. are still empirical. In swmary,
major aspects of this paper will be twofold.
One will be related to procedures and
principles applied to the use of deflectioms
and layer elasiic theory to estimate effective
parameters representative of existing in-place
pavenent conditions. The second will be related
to the application of deflection measurements
and evaluation methodologies to determine
appropriate recommendations of rehabilitation
strategies and scheduling for rigid pavements.

Highway and street npetworks are essential
elements in the economic development and growth for
any regiom, state, or nation. Highway and street
networks were developed at a rapld pace in past
years. Now, however, highway and transportation
agencles are faced with the burden of protecting
financial investments associated with these
transportation syetems. The lack of adequate funding
has further added to thie burden. Thus, it {ie
necessary to select and schedule rehabilitation
activities on a timely basis for efficient and
effective utilization of available and oftentimes
ipsufficient funding.

A number of tools and methodologles are available
to highway engineers and administrators to assist in
making decisions relating to selection of appropriate

rehabilitation strategies. Visual surveys and
observations of pavement conditions (ride quality
(roughness), faulting and deterloration of joints,
cracking, etc.) are often the basls of decisions.
Unfortunately, observations and measurements of
surface conditions way not slways provide an accurate
representation of pavement conditions. These
traditional procedures m@may not show imminent
structural distress and deterioration.

To assess the structural capacity of a pavement
pystem, pavement deflections have been used as an
additional input wvarlable to the decision-making
process of selecting and scheduling rehabilitation
strategies. Early deflection testing equipment
included the Benkelman beam, which involved a simple
fulecrum and lever principle to measure surface
deflection (at some point on the pavement) assoclated
with a fixed wheel load or axleload. More recently,
deflection testing has involved the use of dynamic
testing equipment. Dynamic deflections may be induced
and measured by such apparatus as the Road Rater,
Dynaflect, and falling weight deflectometer. Other
deflection testing devices have been developed by
such organizations as the Federal Highway
Administration and Army Corps of Engineers (Waterways
Experiment Station). Results of deflection analyses,
along with other more conventional expressions of
pavement condition and performance, permit a more
complete analysis of the structural adequacy of a
pavement section, resulting in more efficient
decisions relating to rehabilitation strategles.

The objective of this paper is to summarize and
document research and developments relating to the
use and  application of  dynamic deflection
measurenents (specifically Road Rater deflections)
for evaluation of rigid pavements 1in Kentucky.
Procedures have been developed to theoretically
simylate measured Road Rater deflections and
assoclated gtresses and strains using elastic theory
as expressed in the Chevron N-layer computer program

(L.

Evaluation of Pavements Using
Deflection Measurements

The simplest approach to evaluate pavements using
deflection measurements involves comparisons of
deflection wmeasutements for one test location versus
other test locations. This procedure serves to



isolate strong locations relative to weak locations
and may be used to evaluate any pavement structure or

component of the pavement structure: subgrade,
aggregate base, asphaltic concrete layer, portland
cement concrete glab, or composite pavement
structures.

More sophisticated analysis procedures 1nvolve
"back~calculation” of effective elastic layer moduli
using meagured deflections. Back-calculation
procedures generally Involve wmatching a measured
deflection bowl with & theoretical deflection bowl
determined using elastic layer theory {2, 3, 4, 5).
Back-calculated effective pavement condition 1is
herein defined as the combination of layer
thicknesses and layer moduli{ that result in a
theoretical deflection bowl that matches the measured
deflection bowl (5, 6, 7, B). Back-calculation
procedures are generally iterative in nature and
generally require computer capabilities for efficlent
processing of data.

Evaluation procedures for the use of deflection
measurements to determine effective pavement
condition for flexible pavements have been developed
and verified in Kentucky (9, 10, 1l1). Many concepts
developed for flexible pavements have been modified
for application to the evaluation of rigid pavements.

Evaluation procedures for flexible pavements
typically result 1in an expression of pavement
condition £n terms of an effective thickness of
asphaltic concrete at some referemce asphaltic
concrete modulus and an effective modulus of
elasticity for the subgrade (3, 6, 7, 8).

Alternatively, behavior of flexible pavement sections
also may be expressed In terms of effective layer
moduli at the constructed layer thicknesses and an
effective subgrade modulus of elasticity.

Procedures have been developed to use deflection
meagurements for determination of effective layer
modulli and subgrade moduli for rigid pavement
structures. Effective modull determinations have been
developed on the basis of deflection measurements
obtained at the centroid portion of a rigid pavement
slab, Evaluation of a rigid pavement alsc requires
analyses of load-transfer efficiency at joints and
cracks and also consideration of deflection
measurements at edge and corner locations relative to
deflections at the centroid of the pavement slab.
Relationships illustrating the effects of time of day
and temperature gradient will be discussed in this
paper.

Basis for the Evaluation Methodology

Simulation of Dymamic Deflections
by Elastic Theory

Loading. The testing head of the Kentucky Road
Rater consists of a vibrating mase of 72.6 kg (160
1b) that impulses the pavement through two “"load
feet,” symmetrically located on either side of a beam
that extends ahead and supports velocity sensors. The
forced motion of the pavement i1is measured by the
velocity sensors typically located at O, 305, 610,
and 914 ®m (0, 1, 2, and 3 feet) from the ceater of
the test head. When the vibrating mass is lowered to
the pavement under & hydraulic pressure of 4.82 MPa
{700 1bf/eq in,), the etatic load is 7.43 kR (1,670
1bf). At a frequency of 25 Rz and a double-amplitude
of wvibration of 1.52 mm (0.06 inch), the Road Rater
has & double—amplitude dynamic force oscillation
(about the static load) of 2.67 kN (600 1bf)}. The
dynamic force way be varied by changing either the
amplitude or frequency of vibration.

The dynamic loading (sine wave) of the Road Rater
may be approximsted by a square wave such that the

b

maximum value of the square wave is equal to 1/ %
times the peak value of the sine wave. The maxinmum
and minimum square~wave loadings for the Kentucky
Road Rater are B.37 and 6.49 kN (1,822 and 1,458 1bf)
for a dynamic load of 2.67 kN (600 1bf) and static
load of 7.43 kN (1,670 1bf). From symmetry, the
maxioum and minimum loads on each foot of the test
head are equal to 4.19 and 3.24 kN (941 and 729 1bf),
respectively. Experience with asphaltic concrete
pavements has indicated that elastic layer theory and
the Chevron N-layer computer program .can be used to
gimulate measured BRoad Bater deflectione by
calculating the deflections assoclated with the peak
and minimum square-wave loadings for the Road Rater
{2). Measured deflections generally matched the
difference between deflections assoclated with
maximum and minimum Road Rater loadings. Certain
ad justments were necessary to accommodate asphaltic
concrete modull variations associated with variatione

in temperature, frequency, &and other factors.
Specifiecs for those evaluation procedures are
presented elsewhere (5, 6, 7, B). Experience gained

in the development of evaluation procedures for
flexible pavements have formed the basis for
development of evaluation procedures for rigid
pavements.

Input Parameters. Inputs required by the Chevron
N-layered program {1) (used to calculate stresses,
straine, and deflections) include a contact pressure
corresponding to the applied load; the number of
layers; and the thickness, Young's modulus, and
Poisgon”s ratio of each layer. Contact pressures of
the maximum and minimum loads were varied to maintain
the correct area for each loading foot.

The modulus of a granular base (E.) was estimated
as a function of the modull of the cgnfining layers,
i.e., the modulus of the portland cement concrete
(El) and the modulus of the subgrade (E,). Estimation
of” the modulus of the crushed-stone “layer may be
determined from E F x E where there is an
inverse linear relt?tionship bef"ween log F and log E
The ratioc of E, to E is equal to 2.8 at a Calif:orn?a
bearing ratio %CBR) f 7 and to 1 when E equals E

L.e., = E, (5, 6, 7, 8, 12, 13), the case 8f
a Boua&inest? gemi-infi{nite half space. Laboratory
triaxial testing alsc has iIindicated wvariations in
nodulus a6 a function of confining pressure (14).
Experience in Kentucky has indicated a modulus ratio
of 2.8 (crushed-stone base to subgrade) at a CBR of 7
for asphaltic concrete pavements (13). Modulus of
the subgrade (in psi) can be approximated by the
product of CBR and 1,500, a method of estimating
modull adequate for normal design considerations up
to a CBR of about 17 to 20 (15, 16). This same
relationship was wused to approximate moduli of
crushed-stone bases under portland cement concrete
slabs.

The Chevron N-layer computer program was used to
simulate Road Rater deflections for a matrix of layer
thicknesses, layer moduli, and subgrade moduli.
Thicknesses of portland cement concrete varied from
162 to 508 em (4 to 20 inches) on 51~mm (2-inch)
increments. Thickness of crushed-stone base alsoc was
varied from 102 to 508 mm {4 to 20 inches) at Sl-mm
(2-inch) increments. Elastic moduli for the portland
cement concrete was 13.8 GPa (2,000,000 psi), 27.6
GPa (4,000,000 pei), and 4l.4 GPa (6,000,000 psi).
Subgrade moduli varied from 41.4 to 414 MPa (6,000 to
60,000 pei) at 4l.4-MPs (6,000-psl) increments.
Moduli for crushed~stone base layers were
approximated using procedures previously presented.
Polsson”s ratio for the warious layers were assumed
a8 follows:

Portland cement concrete == n = (0,18

Crushed=gtone bage =- 5 = 0.40




Subgrade =— a1 = 0.45

Theoretical Deflections. The matrix of
theoretlical deflections determined using the Chevron
N-layer computer program may be used to develop
relationships for back calculation of effective
pavement conditions when compared with measured Road
Rater deflections. Figure 1 illustrates a
relationahip between theoretically simulated Road
Rater deflections and thickness of portland cement
concrete pavement for a constant subgrade modulus,
portland cement concrete modulus and thickness, and
associated moduli of a crushed-aggregate inmerlayer.
Relstionships similar to Figure 1 may be developed
for other subgrade conditions, other modull of the
portland cement concrete glab and crushed-aggregate
base, and other pavement layer thicknesses.
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Figure 1. 1Illustration of theoretically simulated
Road Rater deflections versus thickness of portland
cement concrete for a constant pavement structure.
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Relationships between theoretically simulated
deflections and moduli of the portland cement
concrete pavement also may be developed (see Figure
2). The relationship illustrated in Figure 2 1is
representative of .those developed when the modulus of
the subgrade is held constant as well as all layer
thicknesses., Since woduli of the crugshed-stone base,
as presented earlier, are dependent upon moduli of
the confining layers, moduli for the crushed-stone
base of Figure 2 also must vary as the modulus of the
slab varies.

Layer thicknesses are generally known or may be
determined from comstruction and maintenance records.
Therefore, relationships involving deflection versus
subgrade moduli for a <constant pavement gtructure
{constant thickness and modulus for the portland
cement councrete layer and constant thicknese of
crushed-stone base) may be more readily adaptable for
back calculations of effective subgrade moduli.
Figure 3 illustrates an example of a relationship of
deflection versus subgrade modulus for one comnstant
pavement structure. Similar relationships wmay be
developed for other combinations of layer thicknesses
and moduli for portland cement conctrete.
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Figure 3. Illustration of theoretically simulated
Road Rater deflections versus modulil of the subgrade
for a constant pavement structure.

Back Calculation of Effective Subgrade Moduli

Relstionships ifllustrated by Figure 3 may be used
to back calculate effective pubgrade moduli wusing
megsured Road Reter deflectione. Back calculation of
moduli are generally iterative, typlcally ianvolving
an Jnitial assumption for the modulus of elasticity
for portland cement concrete using layer thicknesses
determined from construction and/or maintenance

records. Deflection measurements then may be used in
eombination with an appropriate theoretical
relationship as 1llustrated by Pigure 3. Deflectien



measurements then may be used to determine subgrade
moduli corresponding to each sensor position of the
Road Rater. TIf &8ll assumptions were absolutely
correct, there were no errors in measurement, and the
modeling procedures were completely correct, the
predicted subgrade modull for all sensors would be
identical. Unfortunately, thie rarely occurs.
Additionally, research by others has demonstrated
that predicted subgrade moduli determined from “"back~
calculation” techniques have indicated wmoduli
somewhat greater than determined from laboratery or
other destructive analyses because of nonlinear
stress dependency -characteristics of some materials
(17, 18, 19, 20). BResearch in Kentucky hae involved
correlations of predicted subgrade moduli determined
from deflection testing wversus subgrade moduli
approximated by an in-place penetration test modeled
after the California bearing ratioc test. A
description of the specifics of this test procedure
follows:

The in-place California bearing ratio (CBR) test
was developed as & modification of the laboratory CBR
test in ASTM D 1883-73, The pavement is cored to
expose the subgrade. A flat-bed truck with a water
tank is used to provide a large reaction for smooth
penetration of a piston. The wmechaniem for
penetration consists of A screw Jjack and gearbox
connected with a shaft to transmit the load to the
pleton. The gearbox mechanism 18 necessary to
malntain the rate of penetration as specified in ASTM
D 1883-73. Penetration and load are measured with a
dial wmechanism and a proving ring. It also should be
noted that the in-place CBR test is performed on

waterial in the in situ condition whereas laboratory
versions of the CBR test require soaking (saturating)
the sample te approximate "worst expected
conditions.™

Table 1 summarizes results of a random analysis
of deflection measurements and in-place CBR tests
conducted for one specific pavement section. In-place
CBR tests and deflections were conducted at seven
different locations. Road Rater deflection
measurements were obtained at the same locations
prior to coring the pavement to perform the in-place
CBR test. The core was salvaged for destructive
testing to estimate the modulus of elasticity for the
portland cement concrete.

Deflection wmeasurements were used to estimate
effective subgrade wmodull at each wsensor location
using relationships illustrated by Figure 3. The
predicted subgrade modulus 1is a function of the
assumed modulus of the portland cement concrete.
Results of these analyses are summarized in Table 1.

Correlation of subgrade moduli wversus in-place
CBR were determined for each sensor location and
modulus of elasticity of the portland cement
concrete. Predicted modull for the four sensors were
not significantly different for wvarious test
locations. Therefore, average subgrade moduli for
each test site were correlated with in-place CER
tests for the various assumed modull for the portland
cement concrete. Results of theee correlations for
the three modull are summarized in Figure 4.

CBR masy be converted to modulus of elasticity (in
psl) by multiplying by 1,500 (21). 1In Figure 4, the
slopes of the various lines are much greater than the

Table 1. Summary of deflection tests, in-place CBR tests, predicted subgrade moduli,
and verification of effective pavement conditions.
PREDICTED SUBGRADE MODULI (MPa) FOR
ROAD RATER DEFLECTIONS ASSUMED MODULUS FOR SLAB EFFECTIVE
(micrometers) (GPa) SLAB
IN-PLACE MODULUS {(GPa)
LOCATION No. 1 No. 2 No. 3 No. 4 CBR 14 28 41 10
8w 7.1 6.6 4.5 3.8 4 115 110 97 141
2E 6.6 5.8 4.3 4.0 k} 125 117 103 150
11E 5.0 4.0 2.5 2.2 5 241 207 186 260
27E 7.1 6.0 4.0 R 3 141 114 99 153
40E 7.8 7.1 5.5 5.0 3 95 88 77 116
50E 7.6 6.3 4.5 3.8 3 114 109 96 140
54 5.3 5.3 3.8 4.0 6 148 135 119 175
Mean 6.6 5.9 4.2 3.8 3.9 148 124 111 162
5td Deviation 1.0 0.9 0.9 0.8 1.2 37 38 35 47
80th Percentile 7.5 6.7 4.9 4.5 2.9 116 91 81 122
SIMULATED ROAD RATER DEFLECTIONS
Simulation A 6.4 5.6 4.5 a.5
Simulation B 7.1 6.4 5.1 3.9 EFFECTIVE SUBGRADE MODULI
Simulation C 4.6 3.9 3.0 2.3 AT EFFECTIVE PCC MCDULUS OF 10 GPA
Simulation D 5.4 4.6 3.5 2.6
Simulation E 7.6 6.8 5.6 4.5 BASED ON BASED OR
Simulation F B.4& 7.6 6.2 4.9 MEASURED DEFLECTIONS ADJUSTED
DEFLECTIONS TO APPROXIMATE DESIGN CBR
CASE STUDY (includes deflections from 62 test sites)
Mean 5.8 5.3 3.1 2.7 250 63
5td Deviation 2.5 1.9 1.4 1.0 111 28
80th Percentile 8.0 6.9 4.4 3.7 156 40
NOTE: Moduli values used for simulations in Table 2

1 inch = 25.4 wmm
1l psi = 6£.895 kPa
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congtant 1,500 normally wused to convert CBR to
elastic moduli in psi for all three modull initially
agsumed. Filgure 4 provides additional illustration of
stress dependency variations associated with the two
test methods.

The in-place CBR test is a pemetration test and
is generally assoclated with kigh stress
concentrations whereag the Road Rater applies a
dynamic load to the pavement surface. Stress levels
are low at the seubgrade level because of stress
distribution characteristics. Elastic theory (1)
agsumes a linear model for stress dependency whereas
others (17, 18, 19, 20) have demonstrated nonlinear
stress dependeu: “cheracteristics of various paving
materials, and particularly of unbound materials.

Figure 3 and other similar figures for assumed
moduli of portland cement concrete were used to
determine back-calculated moduli summariged in Table
1. Average moduli were determined for each test site
for the various moduli assumed for the slab and are
preeented in Table 1. Average modull for each test
aite were then plotted versus the deflection
corresponding to the first sensor of the Road Rater.
Figure 5 illustratee this relationship.
Additionally, 4{im-place CBR converted to elastic
moduli by multiplying by 1,500 also are plotted o
Figure '5. The Mean No. 1 deflection was 6.7 x 10

mm (26.3 x 107”7 inch). The mean subgrade modulus
estimated from in-place CBR tests was 40 MPa (5,800
pai) and the mean back~calculated subgrade modulus
from deflection measurements on the basis of the
three assumed moduli for the portland cement concrete
wag 130 MPa (18,847 psl). Theoretical relationships
of deflection measurements (No. 1 Sensor) versus
subgrade wmoduli also are superimposed on Figure 5.
Notice that the mean modulus from in-place CBR tests

are ‘approximately one-third the back-calculated
subgrade woduli by deflection testing. The
deflection level of theoretical (predicted)

deflections are approximately two times measured
deflections &t the mean subgrade modulus estimated
from in-place CBR tests. Others (20) have observed

similar wvariations and have attributed observed
variations to nonlinear stress dependent .
charascteristics of granular base &and subgrade
materiale.
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Figure 5. Plot of No. 1 Road Rater deflectien

measurement versus estimated subgrade moduli by (a)
in~place CBR and (b) back-caleculated modull by
deflection testing.

Pavement thickness design procedures (21, 22,

23, 24) have been developed whereby subgrade -odulus
of elasticity was converted to CBR by dividing by
1,500. One objective of this study was to use
deflection analyses to predict input design or
evaluation parameters {25, 26). Thus, it was
necessary to make adjustments to convert back-
calculated elastic wmodull of the subgrade to
corresponding moduli associated with in-place CBR
tests, which more closely approximate subgrade moduli
used for design of pavement thickness.

Determination of back-calculated subgrade moduli
are dependent upon assumed modull for the portland
cement concrete pavement. Determination of the most
appropriate modulus for the portland cement pavement
layer 1is an 1terative process whereby the assumed
modulus of the portland cement concrete i varied
until the minimumm wvariation (squared residuals) of
mean back-calculated subgrade modull for all gensors
(all locations on the deflection bowl) is determined.
Figure 6 illustrates a procedure to shortecut this
iterative process.

Figures 6a, 6b, 6c are plots of No. 1 Sensor
deflection wversus mean subgrade moduli  back
calculated from deflection measurements and plotted
versus the corresponding deflection. Statistical
procedures were used to determine the line that
resulted in the minimum squared deviations for each
series of back-calculated subgrade moduli. These
lines may be used to predict effective moduli for the
portland cement concrete. Figure 6d is a plot of
predicted effective woduli for the portlsnd cement
concrete (determined from Figures 6a, 6b, and 6c)
versus the assumed wodulus of portland cement
concrete used Iin the back-calculation exercise. A
one-~to-one line iz also presented in Figure 6d. The
effective modulus for the portland cement concrete
ray be estimated on the basis of the intersection or
point of tangency (dependent upon the shape of the
curve) with the one-to-one line. Extrapolation may
be necessary in some situstions.

The next phase of the
involves determination of

evaluation procedure
adjugtwment  factors
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Flgure 6.
cement concrete pavement.

necessary to convert back-calculated modull from
deflection measurements to effective svbgrade modulil
on the basis of in-place CBR tests. Elastic layer
theory is used to develop a theoretical relationship
of deflection for all sensors versus subgrade modulus
for the effective modulus of portland cement concrete
determined from Figure 6d. This relationship is
presented in Figure 7.

Theoretical deflections corresponding to the mean
subgrade modulus from im-place CBR tests may be
determined for each sensor. Ratio”s of these values
to corresponding mean measured deflections may be
used to compute deflection adjustment factors for
each sensor.

Adjustment factors may be applied to all measured
deflectione. AdjJusted deflections are then used to
recalculate moduli of elasticity for each sensor.
Average recalculated modull of the subgrade may be
compared with ip-place CBR“s and are presented in
Figure 8.
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Verification of Predicted Moduli of

' pavement section.

Portland Cement Concrete

Cores obtained during in~place CBR testing were
evaluated to determined unconfined compressive
strength and static-chord modulus using procedures in
ASTM C-39 and ASTM C~-469. Results of these analyses
are summarized in Figure 9. The modulus estimated by
the static-chord method (ASTM C-469) is somewhat less
than estimated by Road Rater deflection measurements
and also the modulus determined using ASTM C-215.
While these variations may be attributed to
differences 1in strain amplitude (27, 28, 2%) and
other varlationes of test methods, 1£_;a=-ﬁipofﬁésized
that these differences were related to frequency of
loading. It has been demonstrated that elastic
godulus 1 & function of frequency of loading for
linear viscoelastic golids (30).

Cores had been obtained previously from another
Moduli of elasticity had been
estimated using two different methods:

a. ASTM C-469, Static Chord Hodulus of Elasticity
and
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b. ASTM C 215,
Fundamental Frequency.
The average modulus for each wethod was determined
and plotted versus frequency of loading in Figure 9.
The wodulus determined from a static chord test (ASTM
C—-469) ie truly a static modulus since it was derived
during the compressive strength testing of the
specimen. The frequency of loading iIn the static
chord test was estimated from the mean compressive
strength and etandard loading rate of 241 kPa (35
psl) per second in ASTM C-469. It was asssumed that
the destructive one-way loading represented a half-
cycle of loeding. A streight line was wused to
connect the two average moduli. Research with
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Figure 9. Modulus of elasticity versus frequency of
loading.

asphaltic concrete has indicated that similar’
relationships Are likely & curve on a log-log plot,
but a straight line has been used to approximate the
relationship for frequencies less than 25 Hz (35, §,
7, B). Moduli by the etatic-chord method were very
Bimilar for both pavement sections. Therefore, it was
determined appropriate to estimate the modulus at 25
hz using Figure 9. The modulus determined from
Figure 9 compares favorably with the modulus of

elasticity for the portland cement concrete
determined from Figure 6d. Thus, the modulus
estimated for the portland cement concrete was
considered reasonable since the pavement section

belng considered had been in service since 1964 and
some deterioration could be expected.

Determination of effective pavement conditions
using deflection measurements generally involves
determination of some combination of layer
thicknesses and moduli that result ip a theoretical
deflection bowl reasonably matching the measured
deflection bowl. The Chevron RN-layer computer
program may be wused to compute theoretical
deflections corresponding to effective pavement
conditions determined from back-calculation
techniques. The subgrade 1s subdivided to more
closely simulate nonlinear stress dependent
characteristice. Table I illustrates one theoretical
deflection basin compared with measured deflections
where variable subgrade layers &re wused 1in the
simulation. Table 2 presents a range of combinations
of layer moduli, determined from statistical analyses
of back-calculated moduli, wused to determine
theoretical deflection basins uveing the Chevron K-
layer computer program.

Utilization of Evalugtion Procedures

Efficiency of Load Transfer
at Jointe and Cracks

Deflection measurements may be uged to evaluate
the efficiency of load tramsfer at joints and cracks
of a rigid pavement. Procedures are empirical and
are based on & cowmparison of deflection measurements
at midelab to deflection meagurements at the joint or



Table 2. Laver modull used to verify effective pavement paragmeters
by simulation of messured Road Rater deflections.
LAYER MODULUS (MPa)
PAVEMENT THICKNESS  SIMULATION  SIMULATION  SIMULATION  SIMULATION  SIMULATION  SIMULATION
LAYER (mm) A B c D E F
Concrete Slab 254 10,342 10,342 10,342 10,342 10,342 10,342
Aggregate Bage 152 427 160 600 225 a7z 130
Subgrade 51 40 63 30
51 60 97 46
51 83 124 61
51 97 159 76
51 117 186 90
51 138 221 110
Semi-infinite 159 159 250 250 122 122
NOTE: 1 iach = 25.4 mm
1 psi = 6.895 kPa
crack where the load is applied to one side of the deflections for the interior portion of the =slad

Joint or erack but deflections are measured on both
sides. More sgpecifically, deflection at the joint
(or crack) is determined by placing the load feetr of
the Road Rater on one side of the joiant (or crack)
and positioning the Joint (or crack) between the
second and third sensors. Load-transfer efficiency 1is
determined as the ratlo of the difference between the
gecond and third senscrs of deflection at midslab to
the similar difference for a deflection bowl at the
Joint.

Load-transfer efficiency was measured over the
course of three or four years for a short pavement
section not open to traffic. Traffic was diverted at
an intersection, providing approximately 300 m (1,000
feet) avallable for testing. Load-transfer
efficiencies were determined at random locations
along this section on a periodic basis since 1979.
Average load-transfer efficlency for this section was
0.79. The reductfon from 1.0 is 1ikely related to (a)
normal errors associsted with deflection measurements
and (b) normal variationms in coanstruction procedures.
Additionally, the temperature gradient and time of
test may affect these measurements because of induced
curling and warpling of concrete slabs.

Temperature Gradiente and Curling and Warping

Deflection measurements were cbtained at variocus
times and surface temperatures for two slabs for a
section of iInterstate pavement 1in Kentucky. The
pavement thickness wae 250 mm (10 inches) of portland
cement concrete and 150 mm (6 inches) of crushed-
stone base. Figure 10 illustrates three contour maps
for a grid of deflection measurements obtained at one
of these slabs for three surface temperatures and.
times of day.

Figure 10 1illustrates variations in measured
deflections primarily associated with curling and
warping of a concrete slab. Observed varilations of
deflection measurements and associated curling and
warping are 1likely attributable to variations in
temperature and/or moisture gradients within the
concrete slab., Investigations of these conditions
have not been the focus of gignificant research in
Kentucky. '

Data i1llustrated by Figure 10 were analyzed using
the Statistical Analysis System (SAS) computer
program to determine iso-deflection lines on the
basis of a least squares statistical fit. Note the
considerable variations of observed deflections for
corner and edge locetions of the glab versus

(Figures 10a, b, and ¢). In early morning hours of
summer, the temperature of the slab would be expected
to be cooler on the top than at the bottom. Thus,
the corners and edges would be curled and warped
upward. As the day progresses, the temperature of
the upper portion of the slab increases and thermal
expansion would be expected toc eventually cause
curling and warping downward by early evening hours.
Figures 10a, b, and ¢ apparently {illustrate the
effects of such conditions on measured deflections.
Figure 10a illustrates deflectlions obtained at 8:55
EDT with a pavement surface temperature of 84 F. The
correlation coefficient for Figure 10a is 0.890 and
deflections at the center of the =alab are
approximately 1/7 of deflections at the edges and
corners. Fipgure 10b illustrates deflections obtained
at 11:52 EDT with a pavement surface temperature of
94°F. peflections at the center of the slab remained
relatively constant, but deflections at the corners
and edges of the slab were lower than measured
earlier in the worning. Deflections at the slab
center were now 1/3 of deflections at the corners and
edges. The tendency toward less variability of

deflections for the entire slab (constant deflection)

also 1s 41llustrated by the lower correlation
coefficient  (0.58l). Figure 10e 1llustrates
deflections obtained at 4:54 pm EDT with the pavement
surface temperature at 100°F. Deflections were very
similar for all locations on the slab. Some small
variations were observed at corners and edges.
Additionally, deflections at the center were slightly
greater than for previous measuremente, indicating
curling and warping are tending to unseat the center
of the slab. Also, the pattern of statistically
fitted eurfaces 1s considerably different from those
obgerved for other times of day; also the very low
correlation coefficient (0.385) indicates a tendency
toward constant deflections for the entire slab.
There are two basic alternatives for the solution
of problems associated with varistions of deflection
meagurements associated with s8lab curling and
warping. The first and likely the simplest seoluticn
involves limiting testing of the midslab to morning
and midday hours and testing of joilnts and cracks to
evening hours when the various portions of the slab
are most closely peated against the subgrade. The
more rational and probably more efficient method in
the long run involves development of an adjustment
procedure. Development of euch a procadure will

require an exteénsive research effort.
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A Case Study

A section of I 64 near Louisville required
evaluation by deflection measurements in relation to
an experimental paving project involving breaking and
geating of sarn existing portland cement concrete
pavement followed by an overlay with asphaltic
concrete. Structural evaluatfon was required to
establish the in-place condition of the existing
pavement. Additionally, evaluations were completed
after bresking and seating and again after placement
of the overlay.

In-place CBR tests, coring, and destructive and
nondestructive testing of cores were also & part of
that study. Much of the data obtained was used to
develop evaluation procedures previously presented.
In addition to these special analyses, the total
project was surveyed using the Road Rater. Deflection
reasurements were obtained at 0.16-km (0.1-mile)
intervals with measurements at both midslab and &t
Joints and major cracks.

The evaluation procedure previously presented and
illustrated by Figures 1 through 7 was used to
evaluate midslab measurements for effective subgrade
wodulue and effective modulus of the portland cement
concrete pavement. Figure 11 i1llustrates a strip map
of effective subgrade moduli for ome section of this
project. Figure 12 1llustrates the determination of
effective modulus of portland cement concrete for the
same section. The mean and 80th—percentile effective
subgrade moduli and corresponding effective wmoduli
for the portland cement concrete pavement are
sumpmarized in Table 1. Additionally, the mean and
B0th-percentile measured deflections and theoretical

deflections associated with the wean and B80th-
percentile effective modull also are presented.
Figure 13 48 a strip chart of load-transfer-

efficiency for joints for this same pavement section.
Figure 14 1llustrates a similar strip chart for loed-
transfer efficiency for major eracks. HMean and

standard deviations for load-transfer efficiencies
also are presented in Figures 13 and 14. It has been
recommended that rehabilitation is not needed for
those sections where load-transfer efficiency exceeds
0.75 (26). Visual observations and engineering
judgment had already been used to recommend major
rehabllitation.
Results of these analyses may he used in
combination with other evaluations of traffic,
vehicle loadings, and pavement condition and
serviceability (ride quality, aggregate polighing and
skld resistance, visual distress, pumping, etc.) to
select appropriate rehabilitatfon alternative designs

(25, 26). A decision already had been made to break
and seat the existing portland cement concrete
pavenent and overlay with asphaltic concrete.

" However, with the combination and evaluatlion of all

available data, results of structural evaluation
analyses presented a&bove do provide valuable
information in the determination of rehabilitation
strategles. Potential rehabilitation strategies may
include (a) “do nothing,” (b) pavement sealing and/or
undergealing, (¢} overlay with asphaltic concrete or
portland cement concrete, (d) break and seat and then
overlay with asphaltic concrete, (e} milling jointse
and cracks to improve emoothness and ride quality,
and (f) willing to improve skid resistance,

Summary &nd Conclusions

Procedures and methodologies have been presented
for the application of deflection measurements to
estimate in-place conditions of & portland cement
concrete pavement. Evaluation methodologies have been
verified by comparison and correlation with
destructive evaluations such as the in-place CBR test
to estimate subgrade modulus and static-chord modulus
(ASTM C=-469) &nd modulus by fundamental frequency
(ASTM C 215) to estimaete the stiffness of portland
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cement concrete. Certainly, there may be other and
perhaps more appropriate methodclogies for
verification of analyses procedures.
regilient modull by repeated 1load testing, or
subgrade bearing capacity by Dutch cone penetration
tests or other methods also may be appropriate tests
for comparison with back-caelculated subgrade moduli
from deflection measurements, Similarly, repeated
load testing of portland cement concrete.pavement
cores and associated modull may be appropriate for

correlation with  back-calculated modull (from
deflection measurements).
Factors affecting varlabllity of deflection

seasuremeénts on portland cement concrete pavements
are discussed briefly. Factors such &8s curling and
warping of slabe, temperature gradients, and moisture
gradients and the effects of these variables on
deflection weasurements require additional research

For example,
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te define specific relationships and to develop
adjustment procedures or testing methodologles to

accommodate such variatiouns. Additionally, a
procedure has been presented to estimate the
efficiency of load tranafer using deflection

measurementg. This procedure £s empirical, .and
therefore, additional research i needed to define
appropriate limiting criteria to be applied to these
analyses.

The application of principles presented in this
paper are illustrated by & typical case study.
Results of these analyses may be useful for the
determination and evaluation of pavement
rehablilitation setrategles and designs. Effective
wmoduli determined by deflection weasurements may be
used as input parameters to determine overlay
thickness rtequirements 1in the development of
rehabilitation strategies. Additionally, principles



presented in this paper may be useful for determining
effective moduli of other pavement structures guch as
the broken (cracked) concrete before overlaying with
aspheltic comcrete.
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