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Abstract:

The primary objective of this research is to study the permanent deformation behavior of a
granular soil. The permanent deformation behavior of granular soils is strongly related to the rut
depth development in flexible pavements. Repeated Load Triaxial (RLT) tests have the ability to
simulate the cyclic pavement loading on the granular materials. However, no test standard is
currently available. A comprehensive laboratory experimental work was carried out in this study
on a poorly graded sand. The experimental work included resilient modulus tests and both single-
stage and multi-stage RLT tests. The analysis of the permanent deformation of the sand was
carried out by statistical analysis. A regression model was developed to describe the permanent
strain accumulation with the number of load cycles at different stress conditions. A test procedure
is proposed to for determining the material parameters for the proposed model.
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CHAPTER I

INTRODUCTION

1.1 Problem Statement

The performance of flexible pavement structures largely depends on the permanent deformation
behavior of unbound materials in the base, subbase, and subgrade layers under repeated loads.
The development of permanent strain under a large number of repeated loads is a very special and
complicated behavior of granular soils. It is related to the soil type, compaction density, moisture
content, and most importantly, the stress condition. In the current AASHTO pavement design
standard, the permanent deformation model of unbound granular soils is over-simplified, and it is

insensitive to the stress condition.

In order to improve the design method of for flexible pavements, Strategic Highway Research
Program (SHRP), Federal Highway Administration (FHWA), and National Cooperative Highway
Research Program (NCHRP) suggested further research on the permanent deformation properties
of the granular materials (Austin, 2002). The best way to characterize the permanent deformation
behavior of granular soils is to conduct permanent deformation test on the soil using the repeated
load triaxial (RLT) device. Permanent deformation tests include parameters like confining
pressure, deviator stress and the number of loading cycles. In the past, many researchers have
performed the permanent deformation tests granular soils and proposed different models to

describe the test result. However, there is still a lack of basic agreement on how to run



a permanent deformation test and which model should be used to describe the permanent

deformation behavior of granular soils.

1.2 Research Objectives

The objectives of this study are

1. To characterize the permanent deformational behavior of a poorly graded sand using RLT

test.

2. To develop a relationship between permanent strain and and load cycles N considering
the effect of confining and deviatoric stress levels.

3. To propose a permanent deformation test procedure to calibrate the parameters in the

proposed model

1.3 Scope of this study

A poorly graded silica sand was used to accomplish the objectives of this research. Physical
property tests like sieve analysis, minimum and maximum index density tests, direct shear tests,
and resilient modulus tests were conducted on the sand. Repeated loa triaxial tests was performed
to characterize the behavior of the sand under a large number of repeated load. Two types of
repeated loading tests were conducted in this study: single-stage tests and multi-stage tests. Since
no standard procedure is available, a range of confining pressures and deviator stresses were
selected in the permanent deformation tests. After the analyses of the results, a permanent
deformation model was developed and a standard test procedure was suggested for further

research.



1.4 Organization of the Document

The thesis is organized in five chapters including the introductory chapter.

Chapter 2 presents the previous literature and studies of several researchers related to resilient

modulus and permanent deformation.

Chapter 3 describes the experimental testing program for the determination of permanent strain. It

also includes the physical property tests on the sand.

Chapter 4 summarizes all the results and analyzes the results to determine the behavior of the

soils.

Chapter 5 attains conclusions and some further  research recommendations.



CHAPTER II

LITERATURE REVIEW

2.1 Introduction

The overall behavior of a pavement largely depends on the foundation layers, i.e; subgrade,
subbase, and base course. The deformation of the pavements was studied focusing on the sub
grade layer. Sub grade plays the main role as a load bearing layer. The resilient and permanent
deformations were investigated in the sub grade layers with the effect of stresses and repeated
loading. Several factors affecting the resilient modulus and permanent deformation behavior and

numerical models for predicting the resilient modulus and permanent deformation are discussed.

The stresses on the pavement due to wheel load is related to principal stress rotation theory. An
elemental cube is considered with normal and shear stresses acting on it. These stresses can be
calculated with an?/ orientation if the principal stresses are known. The simulation of shear stress
is difficult in the laboratory. However, the resulting stresses are represented as normal stresses

which are shown in Fig. 2.1. These are the principal stresses ox and oy. Figure 2.2 explains the

wheel load effect on the pavement. A contact stress will occur when a load is applied.
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Figure 2.1. Stress components acting on an element (Lekarp 97)
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Figure 2.2. Stresses beneath rolling wheel load (Lekarp et al. 2000)

Stress will remain the same as long the load is completely in contact with the soil. Some cases

where there are unequal loads on the surface, stresses vary accordingly. In case of a wheel load,

the load applied is not evenly applied throughout the soil. There will be unequal load points at

different locations depending on the factors like depth from the surface, distance from the applied

loading and soil type.



Soils, in general exhibit elastic-plastic behavior. An elastic deformation is a type in which the
material recovers its antecedent position. A plastic deformation is another type of deformation in
which the material undergoes a permanent deformation. The purpose of this study is to
investigate the deformation behavior in sub grade soils in the context of resilient modulus and

permanent deformation testing.

2.2 Resilient Modulus and Permanent Deformation

Resilient modulus is defined as the ratio of axial deviator stress to resilient strain. This resilient

strain is the recoverable axial strain. Resilient modulus is presented in the equation 2.1

Equation 2.1

Where = axial deviator stress

= axial recoverable strain

Permanent deformation is a result of repeated loading from traffic resulting in the amalgamation

to form plastic deformation. This type of deformation occurs when repeated loading is applied.
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Figure 2.3. RLT test for unbound slate waste (Dawson and Nunes, 1994)



Dawson and Nunes performed repeated load triaxial tests on unbound slate waste with a
confining pressure of 100kPa. They plotted a graph with deviator stress versus strain and
observed a hysteresis loop. Figure 2.4 represents the hysteresis loop pattern with 80,000 loading
cycles. As the number of cycles increase, the hysteresis loop becomes narrower and a single loop
cannot be observed. This shows a marked decrease in permanent deformation. This case happens
at lower stress levels. Depending on the stress levels, permanent deformation may increase,
decrease or remain constant and may fail with increasing number of loading cycles. Figure 2.4

represents stress strain graph with permanent and resilient strains during one load cycle.

Stress

Permanen
strain

Resilient strafn

Strain

Figure 2.4. Strains in granular materials during one cycle of load application

(Lekarp et al. 2000)

2.3 Previous Research on Repeated Load Triaxial (RLT) Tests

Several researchers performed repeated triaxial loading tests, resilient modulus tests and
permanent deformation tests to investigate the permanent strain and deformation studies of the
material which are detailed in Table 2.1. The confining pressure (o3) and the deviator stress (cd)

data was detailed along with the type of material and standard used in the study.



Table 2.1 Repeated Loading Test Data

Reference Pre Loading Materi
conditioning
Chenet 1000 cycles | Stage Test 1 Test 2 Test 3 N Geogri
al. (2013) | atcyclicand o3 (kPa) 0d 03 Od 03 Od reinforc
confining (kPa) (kPa) (kPa) | (kPa) (kPa) granula
St;isjelzgf 493 1 72 43 145 | 136 | 198 | 210 [ 10000 mt;?Zfia
KPa 2 72 91 145 183 198 276 10000
3 72 120 145 229 198 328 10000
4 72 155 145 274 198 397 10000
5 72 183 145 319 198 473 10000
6 72 195 145 350 198 510 | 10000
Cerni et Stage o3 (kPa) o4 (kPa) N Granula
al. (2011) 1 20 10 10000 materia
- 2 50 25 10000
3 70 35 10000
4 150 75 10000
Mengelt 1000 cycles | Stage o3 (kPa) o4 (kPa) N Coarse
et al. 1 21 25 1500 and fin
(2006) 2 34 50 1500 graine
3 69 75 1500 soil
4 103 100 1500




Table 2.1 Repeated Loading Test Data (Cont’d)

Reference Pre Loading Mater
conditioning
Kumar et No Stage o3 (kPa) o4 (kPa) N Sub ba
al. (2006) 1 40 125 10000 mater
2 70 95 10000
3 100 65 10000
Guimaraes Lateri
and Motta No Stage os (kPa) o4 (kPa) N soils
(2008) Test 1 105 105 161312
Test 14 105 157,5 231453
Test 2 105 210 245252
Test 3 105 315 257200
Li (2013) 50 cycles at Stage ISU 100 K TEST | ISU 100 K TEST NCHRP report 598 Sub ba
103.4 mater
kPa confining Od N Od N Od N
pressure (kPa) (kPa) (kPa)
1 34.5 25,000 34.5 250 34.5 1000
2 34.5 25,000 34.5 250 34.5 1000
3 34.5 25,000 34.5 250 | 172.4 1000
4 34.5 25,000 34.5 250 | 310.3 1000
5 448.2 1000
6 586.1 1000
7 724 1000
8 861.9 1000
9 998.9 1000
10 1137.7 1000




Table 2.1 Repeated Loading Test Data (Cont’d)

Reference Pre Loading Materi
conditioning
Rahman et Stage o3 (kPa) o4 (kPa) N Geogri
al. (2014) 1 50 150 10000 reinforc
2 50 250 10000 c&D
3 50 300 10000 materi
Stage Test 1 Test 2 Test 3 N Base cou
(Limes o3 Od o3 Od 03 Od materi
tone) (kPa) (kPa) (kPa) (kPa) | (kPa) (kPa)

1 4.3 3.8 7.4 85 | 12.6 18.0 | 10000

2 6.1 9.1 10.4 17.5 | 18.0 34.3 | 10000

3 9.0 18.0 12.8 249 | 213 44.0 | 10000

4 14.5 34.5 19.3 444 | 249 55.0 | 10000

Austin 5 20.1 51.3 278 | 700 | 336 | 80.1 [ 10000

(2009) | 1000cycles g1 513 548 | 314 | 814 | 340 | 82.6 | 10000

at 1_5 '_35' Stage Test 1 Test 2 Test 3 N
confining (Sands 03 Od 03 Od 03 Od
pressureand | ooy | (kpa) | (kPa) | (kPa) | (kPa)| (kPa) | (kPa)

14 psi axial 1 3.2 3.7 125 | 180 | 159 | 17.6 | 10000

stress 2 6.1 8.9 155 | 27.0 | 214 | 33.9 | 10000

3 7.7 14.1 17.9 340 | 247 43.8 | 10000

4 14.5 34.3 23.3 50.2 | 29.5 58.2 | 10000

5 16.6 40.7 27.3 62.4 | 30.9 62.6 | 10000

6 20.2 51.3 28.3 65.4 | 31.8 65.2 | 10000

10



Table 2.1 represents the confining pressure, deviator stress and number of loading cycles in each
stage of the RLT tests performed several researchers. Chen et al. (2013) performed a shakedown
analysis of geogrid-reinforced granular base material. A shakedown behavior was analyzed to
evaluate the factors affecting the shakedown stress limits. He concluded that inclusion of the

geogrid-reinforcement reduced the accumulation of the permanent deformation.

Cerni et al. (2011) performed repeated triaxial loading tests on two unbound granular materials
with four loading stages for road subbase layers. The permanent deformation behavior was
analyzed based on the shakedown approach. The frictional behavior of the mixture was able to
undergo high stress levels before the accumulation of plastic strain. A mathematical model was

developed to predict the behavior of permanent deformation.

Mengelt et al. (2006) performed resilient modulus and permanent deformation tests in a geocell.
The preconditioning and loading stages were expressed in Table 2.1. Resilient modulus was
conducted on two coarse-grained soil and a fine-grained soil. Resilient modulus increased by 1.4-

3.2% when the infill was coarse-grained material and increased by 16.5-17.9%.

Different subbase materials were compared using static and cyclic triaxial tests by Kumar et al.
(2006). He observed that a river bed material has a good CBR, high resilient modulus and low
permanent strain when compared to other materials used in this study. A k-6 model was

developed from this study.

Three lateritic soils were tested for permanent and resilient deformation using repeated triaxial
tests with number of cycles greater than 100,000. Guimaraes and Motta (2008) studied the
occurrence of plastic shakedown or material shakedown was investigated. Tests 1 and 14 belong
to a single lateritic soil with different deviator stress. All the tests were highly influenced by the

stress state and moisture content of the test specimens.

11



Rahman et al. (2014) used construction and demolition materials for testing. The Mr value
increased by 24% in biaxial and 34% in triaxial recycled concrete aggregate (RCA). The results
indicate that with increasing deviator stress and a constant confining pressure, permanent strain

have increased.

Li (2013) performed studies using resilient and permanent deformation tests. Three methods of
tests were used in loading stage named ISU 100k test, ISU 1k test and NCHRP 598. ISU 100k
tests have the loading sequences which produce large permanent deformation as there are high
stresses. An axial strain of 5% was observed in ISU 100k and ISU 1k tests. NCHRP 598 consists
of one preconditioning sequence and 10 loading sequences. It was observed that resilient modulus

values are not increasing with the number of load applications.

Sandstone, limestone and granite were tested by Austin (2009). The unbound materials were
examined under different loading conditions. Single stage and multi stage tests were conducted
on all the samples. The results conclude that sandstone experienced largest permanent and
resilient strain in both single stage and multi stage tests. Granite has the lowest permanent and
resilient strain when compared to limestone. The resilient and permanent strains are stress

dependent. However, the resilient behavior is distinct from the permanent strain.

2.4 Factors affecting Permanent Deformation Behavior

When compared to the resilient response, less research have been done on the permanent
deformation, especially in case of granular materials. Research on permanent deformation is a
destructive and time-consuming process. The permanent deformation behavior of soils is
complicated. Lekarp et al. 2000 discussed the factors affecting the permanent deformation
behavior in detail. According to Lekarp et al. 2000, several factors affect the deformation

behavior which is listed below.

12



1. Applied stress

The axial permanent strain is directly proportional to deviator stress and inversely
proportional to confining pressure. The applied stress level has the ability to resist the
permanent deformation.

2. Number of loading cycles

Permanent deformation is accumulation of strain gradually with each load repetition.
Hence, number of loading cycles plays a major role in the analysis of long-term
permanent strain behavior.

3. Density
The effect of density is important and it is related to the degree of compaction. The
plastic strain decreases with increase in density for angular aggregates. With increased
density, strain decreases for rounded aggregates.

4. Stress history

The permanent deformation behavior, number of loading cycles and stress history are

directly related to each other.

2.5 Models for predicting permanent deformation behavior

A complex strain behavior occurs while predicting the permanent deformation. Several
researchers attempted several procedures to find the magnitude of the permanent deformation.
Factors which affect the permanent strain like number of loading cycles, stress conditions,
deviator stress, static strength and confining pressure are used to develop different modeling
techniques. Long-term behaviors of granular materials were used in establishing constitutive
relationships which are discussed below. Lekarp et al. 2000 discussed many models developed by
several researchers which are detailed in Table 2.2. Several other researcher’s models are also

shown in the table.

13



Table 2.2 Models for predicting permanent strain

Numerical Model Reference Parameters Material
Veverka = accumulated Sand-gravel
(1979) permanent axial strain mixture
after given number of
load cycles
= resilient strain
a, b = regression
parameters
_ Jouve et ,= bulk and shear Unbound
.- L al. (1987) | moduli with respect to base course
‘ permanent deformation material
A2,AsD2, Ds =
., parameters that are
- functions of stress ratio
T alp
, = permanent
volumetric and shear
strain for N>100
. Khedr A, B =regression Granular
(1985) parameters crushed
N = number of loading limestone
cycles
Barksdale Soil
(1972) aggregate
mixture
Sweere a, b, c = regression Crushed
(1990) parameters stone
Wolffand | N = number of loading Crushed
Visser cycles stone,
(1994) natural
gravel

14




Table 2.2 Models for predicting permanent strain (Cont’d)

Numerical Model Reference Parameters Material
- Paute et Silty sand
- 1. (1996 .
al. (1996) permanent strain after
100 cycles
Barksdale C = apparent cohesion Limestone
= confining
(1972) pressure material
T = ratio of the
—_ measured strength to
ultimate hyperbolic
strength
friction
Lentz and g = deviator stress Cohesionless
Baladi S = static strength subgrade
- (1981) material
_ Lashine et Silty clay
al. (1971)
Pappin = shape factor Crushed
(1979) = modified deviator rock
= modified mean
PD=A( -1) Theyse | PD=Permanent Uncrushed
(1997) Deformation (mm) gravel base

= vertical stress on
top of pavement
foundation (kPa)
A, B =regression

constants

15




Table 2.2 Models for predicting permanent strain (Cont’d)

Numerical Model Reference Parameters Material
PD = ( -1) Theyse (1997) | ¢ = intersect of straight Uncrushed
line relationship A and N gravel base
s = slope
Wu and Chen | PD(N) = permanent Cement and
(1997) deformation for lime treated
pavement layer/sublayer
after N cycles soil
= reference cycles
PD( )=ABACUS
calculated permanent
deformation after
cycles
MEPDG Model | = permanent strain HMA
— =Bsakal ) €o= Intercept :
mixtures,
£r= Resilient strain
unbound
ks, Bst = calibration
coefficients materials

16




CHAPTER Il

EXPERIMENTAL TESTING PROGRAM

3.1 Soil Properties Tests

Several laboratory tests were performed to screen the physical properties of the silica sand.
ASTM C136-06 and ASTM D422 were the standard testing procedures used for the sieve
analysis of fine and coarse aggregates. Minimum and maximum Index density tests were
performed according to ASTM D4254 and ASTM D4253 respectively. Direct shear tests were
performed based on ASTM D3080. Finally, resilient modulus tests were performed based on

AASHTO T 307.

3.2 Repeatability Tests

The repeatability of the permanent deformation tests was first investigated to evaluate the
reliability of equipment. Two groups of permanent deformation tests were conducted for this
purpose. First, seven repeatability permanent deformation tests were conducted at a confining
pressure of 5 psi and a deviator stress of 15 psi with 10,000 load repetitions. No preconditioning
was done in this group of tests. Second, another seven permanent deformation tests were

conducted at the same stress condition and load repetition but with a preconditioning stage.

17



Table 3.1 Loading and preconditioning stages

Stage Confining Deviator Stress Number of Load
Pressure (psi) (psi) Applications

Preconditioning 15 15 1,000

Loading 5 15 10,000

3.3 Permanent Deformation Tests

Permanent deformation tests were performed to determine the permanent strain of the unbound

granular soil. Single-stage and multi-stage tests were performed in the permanent deformation

tests.

Single-stage tests were performed to determine the permanent deformation with different
confining pressures, deviator stress and number of load applications. Twenty one different tests
were performed which consist constant confining pressures of 5 psi, 10 psi, 15 psi and 20 psi. The

details of the single stage permanent deformation tests can be observed in Table 3.2.

Preconditioning stage was not applied in these tests.

18




Table 3.2 Single-stage tests loading table

No. Confining Deviator Stress Number of
Pressure (psi) (psi) Load
Applications
Single-Stage Tests
1 5 5 10,000
2 5 10 10,000
3 5 15 10,000
4 5 20 10,000
5 5 25 Failed
6 10 10 10,000
7 10 20 10,000
8 10 30 10,000
9 10 35 10,000
10 10 40 10,000
11 10 50 Failed
12 15 15 10,000
13 15 30 10,000
14 15 45 10,000
15 15 50 10,000
16 15 60 Failed
17 20 20 10,000
18 20 40 10,000
19 20 60 10,000
20 20 70 10,000
21 20 80 Failed
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Table 3.3 Multi-stage tests loading table

No. Confining Deviator Stress Number of
Pressure (psi) (psi) Load
Applications
Multi-Stage Tests
5 5 2,500
1 5 10 2,500
5 15 2,500
5 20 2,500
10 10 2,500
5 10 20 2,500
10 30 2,500
10 40 2,500
15 15 2,500
3 15 30 2,500
15 45 2,500
15 60 2,500
20 20 2,500
A 20 40 2,500
20 60 2,500
20 70 2,500

3.3.1 Test Procedure

The amount of soil used for the test was weighed initially. The grease was applied to the
apparatus where the latex membrane is associated. Vacuum grease was also applied at the ends of
the cylindrical glass chamber to have a smooth contact. The porous stone and latex membrane
were placed at the center of the apparatus. The latex membrane was held tight with an O-ring at
the groove. The split mold was arranged around the membrane and tightened with the ring.
Vacuum was applied so that the membrane is held tight to the split mold without any

disturbances. Pour the sand gently in the mold so that the density of the sample is appropriate.
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Compact the sample with the vibratory driller which helps to maintain the stiffness and

appropriate density of the sample. A compaction plate was placed above the sand to compact.

The position of the vacuum was changed into another valve which connects into the sample. The
split mold was carefully removed and the height and diameter of the sample were measured.
Arranging the glass chamber around the sample helps prevent the air pressure and rods were
arranged prior tightening them. The sample was set up on the resilient modulus apparatus prior
arranging the displacement gauge. The confining pressure tube was connected to the pressure

valve and the software “rm5” was started.

Figure 3.1 represents the resilient modulus testing machine and the soil sample which was setup
for testing. Some samples failed the test if they exceed the strain limit or if large amount of
deviator stress is applied. Figure 3.2 represents the schematic diagram of the resilient modulus
testing machine. Figure 3.3 represents the sample before the test and when the sample was failed.
The load pulse was represented in Figure 3.4. A 0.1 sec load duration and 0.9 sec rest period was

observed. A haversine shaped load pulse was formed with a fixed magnitude.
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Figure 3.1. Resilient modulus Testing Machine with a soil sample
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Figure 3.2. Schematic Diagram of the Resilient Modulus Testing Machine
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Figure 3.4. Load frequencies while testing
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3.3.2 Software Operation

The software was initiated and the specimen and load table data were entered. The load and
displacement are zeroed before starting the test using the calibration and system monitor. This
was done by adjusting the offset value to zero so that the difference will be minimum. The test
was started at this point and the vacuum which is holding the sample can be removed before the
rod comes into contact with the sample. The test sequence and graphs can be viewed by test

monitor and test graph.

3.3.3 Data Collection

The data and the graphs were obtained after the test is completed. The summary of the data can
be obtained from the report. The displacement, pressure and sequence data were obtained from
the file. The resilient modulus graphs were also obtained from the report. A table was also given

which includes confining pressure, deviator stress and resilient modulus.
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CHAPTER IV

RESULTS AND ANALYSES

This chapter analyses the results obtained from the physical property tests and the experimental
testing program. The analyses include the characterization of the unbound granular materials

under repeated loading.
4.1 Physical Property Test Results

4.1.1 Sieve Analysis

Sieve analysis was performed to determine the gradation of the soil. Figure 4.1 presents the

gradation of sand obtained from the test data.
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Figure 4.1. Particle size distribution of the granular material
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The coefficient of curvature and the coefficient of uniformity of the sand are calculated
below.

D10=0.91, D20 = 1.15, Deo = 1.5

Cu= 60=1.65

Based on the gradation data and the Unified Soil Classification System (USCS), the sand is

classified as a poorly graded sand (SP).

4.1.2 Maximum and Minimum Density

The minimum and maximum density tests were performed with the poorly graded sand. The test

was conducted with a mold of 15.2 cm diameter and 15.5 ¢cm height. Three repeated tests were

conducted. The test results showed that the average minimum density of the sand is 96.43 Ib/ft3,

and the average maximum density of the sand is 107 Ib/ft>

4.1.3 Direct Shear

Direct shear test was performed at four confining pressures of 5psi, 10psi, 15 psi, and 20psi. The
maximum shear stress was calculated at each confining pressure. Figure 4.2 represents the plot
from which the friction angle was calculated. The load applied was 24.51b, 49lb, 73.5lb and 98Ib

at 5psi, 10psi, 15 psi, and 20psi respectively. The density of the sample was calculated to have an
average value of 101.05 Ib/ft>. The density of the sample lies in the range of minimum and

maximum densities.
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Figure 4.2. Shear stress versus normal stress

4.1.4 Resilient Modulus

Resilient Modulus tests were conducted with confining stresses from 3psi to 20psi. The bulk

stress and shear stress were calculated from the data. A multiple linear regression was performed

from the bulk stress, shear stress and measured My. The details were presented in appendix B. ki,

k2 and ks are the factors calculated from the regression which represent the slope and intercept

data. A graph was plotted between resilient modulus (My) and bulk stress (0). It was observed that

they have an exponential relationship which is shown in Figure 4.3.
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Figure 4.3. Resilient Modulus Graph

4.2 Variability of the permanent deformation tests

Permanent deformation tests were performed using the resilient modulus testing machine. Several
confining pressures and deviator stresses were used in this testing procedure. The experimental
testing program was explained in detail in Chapter 3. Seven tests were conducted with a constant
confining pressure and deviator stress. Table 3.1 shows the details of the loading table. The
variability or repeatability of the permanent deformation test was analyzed by repeating the same

test with the same input data. The effect of strain on the number of load repetitions was observed.

Figure 4.4 represents the variation of graphs between the permanent strain and number of load
repetitions for all the seven tests. The strain ranges from 0.6% to 1%. A test needs to be repeated
to make sure the results are correct and can be replicated. The standard deviation of the tests

without repeatability was 0.155 and with preconditioning was 0.074.
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Figure 4.5. Repeatability of the tests with preconditioning

The purpose of the preconditioning stage is to remove the unevenness during sample preparation.

T212he repeatability was observed with the samples which are tested with both preconditioning



and loading stages. Figure 4.4 represents the variability of the strain with preconditioning stage.
The strain ranges from 0.3% to 0.6%. It was observed from the Figures 4.4 and 4.5 that the

preconditioning have a significant impact on the test repeatability.

4.3 Permanent Deformation Test Results

Permanent deformation tests were conducted and analyzed for the strain and deformation in each
case. Single-stage and multi-stage tests were conducted as explained in Chapter 3. The analysis

was performed with the test results which is explained below.

4.3.1 Single-Stage RLT Tests

Permanent deformation tests were conducted with different stress conditions. Twenty one
different tests were performed to evaluate the stress and strain variations. The effect of confining
pressure and deviator stress was studied. The sample failures at a particular deviator stress at each
confining pressure were observed. The contact pressure applied at each stress will be 10% of the

deviator stress.

Table 3.2 represents the data of the tests conducted with confining pressures of 5 psi, 10 psi, 15
psi, and 20 psi. These tests were conducted with different deviator stresses in each case. Failure
of the sample occurred in each case at different deviator stresses. At a confining pressure of 5 psi,
the sample failed at a deviator stress of 25 psi. A sample is said to be failed if it exceeds the strain
limit and the physical soil sample was observed to be deformed. Permanent deformation is stress-
dependent. The stress lies within the range of the deviator stress. The non-correlation of the

graphs in the software can be observed if the test is failed.
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Figure 4.6(b) Strain variations at 5 psi confining pressure
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Figure 4.7(a) Strain variations at 10 psi confining pressure
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Figure 4.7(b) Strain variations at 10 psi confining pressure
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Figure 4.9(b) Strain variations at 20 psi confining pressure

The relationship of strain with respect to deviator stress was observed. From the Figures 4.6, 4.7,
4.8, and 4.9. It was observed that, as the deviator stress increases, the strain (%) increases at all
the confining pressures. A hyperbolic curve was obtained in the graph of the permanent strain. It
was also observed that as the confining pressure increases, the permanent strain (%) decreases.

Confining pressure is inversely proportional to the permanent strain.

35



The effect of the number of loading cycles is detailed in log & (%) versus log N graphs from
Figures 4.6(b), 4.7(b), 4.8(b), and 4.9(b). The range of loading cycles from 1-100 has more
fluctuations when compared to the loading cycles above 100. The strain curve is smooth after

1000 cycles.

Figure 4.10 represents three graphs plotted with respect to the confining pressure. The shear
strength of the soil is plotted from the friction angle which is determined from the direct shear
test. The maximum stable deviator stress at each confining pressure is the deviator stress before
the failure of the sample. The sample fails beyond this cyclic deviator stress. A shear failure
envelope develops when the sample fails. The failure envelope is considered to lie between the

maximum cyclic deviator stress and the failure deviator stress.
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Figure 4.10 Maximum stable, failure deviator stresses and shear strength of soil

4.3.2 Multi-Stage RLT Tests

Multi-stage tests were performed with the same confining pressure and deviator stress as the
single-stage tests. The number of loading cycles are 2,500 at each deviator stress. Four tests were
conducted with 5 psi, 10 psi, 15 psi and 20 psi. Table 4.1 represents the details of the tests
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conducted and the strain results of the multi-stage tests. The strain graphs were plotted for each

of the confining pressure and it was observed that the strain increased with the increase of

deviator stress as in single-stage tests.
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Figure 4.11 Multi-stage test with 5 psi confining pressure

12

Strain, €p (%)
(o)}

B
0 1 T T T T
0 2000 4000 6000 8000 10000 12000
Loading Cycles, N

Figure 4.12 Multi-stage test with 10 psi confining pressure
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Figure 4.13 Multi-stage test with 15 psi confining pressure
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The increase in strain at each deviator stress was observed from the Figures 4.10, 4.11, 4.12, and
4.13. The strain results from the single-stage tests at 2500 loading cycles were compared to the
strain results in multi stage tests. This comparison was detailed in Table 4.1. The strain was
similar at low deviator stresses as the effect of the number of loading cycles is low. As the
deviator stress increases, there is a difference in the strain. This is due to the loading cycles

applied. As there are 7,500 more loading cycles in single-stage test, the strain increases.

Table 4.1 Multi-Stage Test Data

Strain in
single stage [ Strain in
tests@ multi stage
o3 (psi) | oa (psi)| 2500 (%) tests (%)
5 0.031 0.038
c 10 0.211 0.129
- 15 0.995 0.785
20 11.824 9.961
10 0.075 0.070
10 20 0.392 0.154
30 1.649 0.572
40 9.619 11.992
15 0.093 0.054
15 30 0.238 0.276
45 1.294 1.325
50 4,947 1.857
20 0.080 0.110
20 40 0.283 0.329
60 1.914 1.517
70 11.025 3.132

4.4 Development of Permanent Deformation Model

The data obtained from the tests was analyzed using a regression model developed in this

research. The literature review revealed several models developed by some researchers. However,
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none of the existing models is able the fit the test curves obtained in this study. Based on the

shape of the permanent deformation test curves, a hyperbolic equation was proposed in this study.

Equation 4.1 represents a model which relates the permanent strain and the number of loading
cycles. It contains three parameters a, b, and c, which are related to confining pressure and

deviator stress.

= - — Equation 4.1

The physical meanings of the parameters a, b, ¢ are discussed below. The parameter “a”
represents the ultimate permanent strain at infinite number of load cycle. The parameter “b” is the
increment factor which displaces the graph. With the variation of “b”, the best fit curve fluctuates
from the original test curve. The parameter “c” represents the difference between the ultimate
permanent strain and the initial permanent strain. It was observed that “c” does not affect the
model as significantly as the other parameters. Best fit curves were plotted for all the strain

graphs obtained from which the parameters a, b and ¢ were obtained for each test. The details

were presented in Table 4.2.
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Table 4.2 Best Fit Parameters

03 Od Single-stage Multi-stage Converted Single-stage
(psi)| (psi)| od¢/o3 a b c a b C a b C
5 5 1.0 0.04] 0.24 0.038| 0.04 0.2 0.04| 0.0004| 0.007 | 0.195
5 10 2.0 0.14( 0.26] 0.116( 0.13 0.15 0.12f 0.001| 0.024 | 0.146
5 15 3.0 0.8 0.27] 0.58 0.6 0.08 0.58/ 0.006| 0.109 | 0.078
5 20 4.0 10| 0.37 9.4 10.5| 0.085| 10.45| 0.102( 1.909 | 0.083
10 10 1.0/ 0.08/ 0.23 0.06] 0.11] 0.11] 0.098 0.0006| 0.020 | 0.107
100 20 2.0 0.42] 0.25| 0.405 0.2| 0.045( 0.183| 0.004| 0.036 | 0.044
100 30 3.0l 1.75| 0.23| 1.72( 0.91] 0.07 0.9 0.019| 0.165 | 0.068
10[ 35 3.5 5.8/ 0.4 5.6 - - - - - -
10 40 4.0 10| 0.48 9.8 10 0.19] 9.98| 0.106| 1.818 | 0.185
15 15 1.0/ 0.098| 0.31| 0.08| 0.09] 0.11] 0.08[ 0.0009| 0.016 | 0.107
15 30 2.0l 0.25| 0.2|] 0.22 0.4 0.09( 0.35/ 0.002| 0.073 | 0.088
15( 45 3.0l 1.35| 0.41] 1.25( 1.39| 0.099| 1.355| 0.014| 0.253 | 0.097
15 50 3.3 49( 0.3 4.7 1.99] 0.03] 1.98] 0.051f 0.362 | 0.029
200 20 1.0/ 0.09] 0.15( 0.08| 0.14 0.2 0.12| 0.0009| 0.025 | 0.195
200 40 2.0 0.3| 0.34] 0.25|] 0.36 0.1 0.31] 0.0027| 0.065 | 0.098
200 60 3.0 2| 0.3] 1.83] 1.65| 0.15 1.6/ 0.0198] 0.300 | 0.146
200 65 3.3 3.8 0.43] 3.58 - - - - - -
200 70 3.5 11.5| 0.35| 114 3] 0.08] 2.99( 0.1231| 0.545 | 0.078

Best fit models were presented in Figures 4.13, 4.14, 4.15 and 4.16 for confining pressures of 5

psi, 10 psi, 15 psi and 20 psi respectively.
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Figure 4.16 Test and best fit curves with a confining pressure of 10 psi
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Figure 4.18 Test and best fit curves with a confining pressure of 20 psi

Best fit curves were plotted for the multi-stage tests at each deviator stresses. Figures 4.19, 4.20,
4.21 and 4.22 represents the best fit models. It was observed that at the highest deviator stress at
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each confining pressure the curve does not follow a hyperbolic pattern. Hence, the best fit curve

was not accurate.
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Figure 4.19 (b) Multi-stage best fit curves with a confining pressure of 5 psi
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Figure 4.19 (d) Multi-stage best fit curves with a confining pressure of 5 psi
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Figure 4.20 (b) Multi-stage best fit curves with a confining pressure of 10 psi
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Figure 4.20 (d) Multi-stage best fit curves with a confining pressure of 10 psi
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Figure 4.21 (b) Multi-stage best fit curves with a confining pressure of 15 psi
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Figure 4.21 (d) Multi-stage best fit curves with a confining pressure of 15 psi
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Figure 4.22 (b) Multi-stage best fit curves with a confining pressure of 20 psi
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Figure 4.22 (d) Multi-stage best fit curves with a confining pressure of 20 psi
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The relationship between “a” and the confining pressure and deviator stress was analyzed. Figure
4.23 represents the relationship between log a and the deviator stress. Figure 4.24 represents the
represents the relationship between log b and the deviator stress. The graphs follow a similar

exponential pattern.

The relationship between “log a” and the ratio of deviator stress to confining pressure shows a
linear relationship. An exponential equation was obtained from the data. Similarly, the log b
versus (od/c3) plot shows a linear relationship and an exponential equation was obtained which

was used to develop an equation for “b”.
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Figure 4.23 Correlation between “log a” and “cd4”
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Figure 4.25 log a and log b versus (64/63)
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Figure 4.26 c versus a

Figure 4.25 represents the relation of log a and log b with the ratio of deviator stress to
confining pressure. The parameters “a” and “c” are interrelated since they are derived from the

permanent strain which is detailed in Figure 4.26.

a=0.0108" Equation 4.2
b =0.1818 T Equation 4.3
¢ =0.9758*a Equation 4.4

Equations 4.2, 4.3 and 4.4 represent the relation of the parameters with the confining pressure and

deviator stress. The factors obtained from the equations are presented below.

ki =0.0108, k2 = 1.7144, ks = 0.1818, ks = 0.1812, ks = 0.9758

a=1 2()
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These parameters can be used as the standard factors for a granular material with the confining

pressures and the deviator stresses used in this study.

4.5 Permanent Deformation Test Results-Multi-Stage

Multi-stage tests were conducted at four deviator stresses for each confining pressure as
mentioned in Table 4.1. The purpose of conducting these tests with the stresses similar to that of

single-stage tests is to compare and study the results.
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Figure 4.27 Comparison of “a” values of single stage and multi stage tests
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Figure 4.28 Comparison of “c” values of single stage and multi stage tests

From the Figures 4.27 and 4.28, the factors to convert the multi stage parameters to single stage

parameters were obtained. Table 4.3 shows the details of the converted parameters by using the

following factors. For the parameter “a”, the factor is 1.1194. For the parameter “c”, the factor is

1.0822.

Figures 4.29, 4.30, 4.31, and 4.32 represent the best fit curves of the single-stage tests. The

converted parameters were calculated from the multiplication factors obtained from the multi-

Stage tests.
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Figure 4.29 Best fit curves for converted single stage tests with 5psi confining pressure
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Figure 4.30 Best fit curves for converted single stage tests with 10psi confining pressure
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Figure 4.32 Best fit curves for converted single stage tests with 20psi confining pressure

4.6 Suggested Permanent Deformation Procedure

Since no standard is recommended for permanent deformation, a procedure was suggested under
some limitations. Table 4.3 suggests the loading table with varying deviator stresses and loading

cycles at each confining pressure. The confining pressures were suggested similar to those
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pressures used in this study. Multi-stage tests were recommended since single-stage tests are
time-consuming. A procedure was recommended to determine the permanent deformation which

is detailed below.

1. Perform the multi-stage tests with the confining pressures mentioned in the suggested
loading table 4.3. Plot a graph of the permanent strain (%) with the number of loading
cycles (N). The multi-stage tests were recommended since the single-stage tests were
time-consuming.

2. The parameters a, b, and c are to be obtained by curve fitting. Equation 4.1 is the model
developed for curve fitting. These parameters obtained from the multi-stage analysis
should be converted to the single-stage using the factors obtained from the Figures 4.23,

4.24, and 4.25.

3. Graphs should be plotted between the parameters a, b, and ¢ as plotted in Figures 4.21

and 4.22. ki, kz, ks, ks, and ks were to be obtained from the equations 4.2, 4.3 and 4.4.

From the comparison of the single stage tests and multi stage tests, it was observed that the initial
strain was not as affected as the final stages. Hence, the increment in deviator stress is low to
determine the failure of the sample. The ratio of the static load before failure point and the shear
strength was calculated and it ranges from 0.52-0.65. The ratio between the maximum stable
deviator stress and the shear strength was observed to be 0.46-0.52. The static load strength was

compared to the cyclic deviator stress, which ranges from 45%-65%.
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Table 4.3 Suggested Loading Table

Loading

Confining Pressure, 63 (psi) Cycles, N

5 10 15 20

0.15 |0.15 0.15 0.15 2,500

0.3 0.3 0.3 0.3 2,500

0.45 |0.45 0.45 0.45 2,500

0.5 0.5 0.5 0.5 2,500

0.6 0.6 0.6 0.6 2,500

The suggested loading table recommends increase in the ratio of the deviator stress in this study
to the deviator stress before failure, as the deviator stress increases. The limitation for this
suggested loading table is that it may not be used for other soils. Since, this study deals with

unbound granular material, any other soil needs to be tested with the above loading table.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Permanent deformation tests were conducted on a poorly graded silica sand in the laboratory to
characterize the behavior of unbound granular materials. Both single-stage and multi-stage tests
were conducted at different load conditions. The physical properties of the soil were also tested.

Based on the test data and analyses, the following conclusions can be drawn:

1. Repeatability tests were conducted with and without preconditioning stages. The
permanent deformation test results were considered to be repeatable. The preconditioning

stage seemed to have an impact on the repeatability of the permanent deformation test.

2. From the single-stage permanent test results, the permanent strain of the granular soil
increases with the number of load cycles. The relationship between the permanent strain
and the number of load cycle followed a hyperbolic curve. The proposed regression

model can simulate the permanent test results very well.

3. The permanent deformation behavior of the granular soil is stress-dependent. The
permanent strain of the granular soil increases with the deviator stress and decreases with

the confining stress.

4. There exists a maximum cyclic deviator stress level at each confining pressure beyond

which the soil will develop shear failure under the cyclic load. For the poorly graded sand
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5. tested in this study, the maximum cyclic deviator stress was about 45% to 65% of the
static load strength of the soil at different confining stress levels.

6. The multi-stage permanent deformation test results seemed to correlate well with
individual single-stage permanent deformation tests at the same stress level. Multi-stage
permanent deformation test can be used to estimate the parameters for the proposed

permanent deformation model.

5.2 Recommendations

This permanent deformation model and the recommended multi-stage permanent deformation
test procedure were developed based on one soil type (a poorly graded sand). Further verification
tests are needed using different granular materials such as aggregate and well graded sand. The
relationship used in the proposed permanent deformation model also need to be further improved

by more test data on a variety of granular materials.
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APPENDICES

A STRAIN, MODULUS AND LOAD GRAPHS

The permanent strain was calculated from the permanent deformation test. Graphs were plotted
with permanent strain, strain, modulus and load with the number of loading cycles. The number
of loading cycles represents the time. Appendix A shows the graphs for all the tests performed at
all the confining pressures of 5psi, 10psi, 15psi and 20psi. Non-linear strain graphs were obtained

in all the tests. The range of the load (Ib) can be observed from the test graphs.
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Figure A.1 Graphs with confining pressure 5 psi and deviator stress 5 psi
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Figure A.2 Graphs with confining pressure 5 psi and deviator stress 10 psi
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Figure A.3 Graphs with confining pressure 5 psi and deviator stress 15 psi
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Figure A.4 Graphs with confining pressure 5 psi and deviator stress 20 psi
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Figure A.5 Graphs with confining pressure 10 psi and deviator stress 10 psi
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Figure A.6 Graphs with confining pressure 10 psi and deviator stress 20 psi
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Figure A.7 Graphs with confining pressure 10 psi and deviator stress 30 psi
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Figure A.8 Graphs with confining pressure 10 psi and deviator stress 35 psi
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Figure A.9 Graphs with confining pressure 10 psi and deviator stress 40 psi
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Figure A.10 Graphs with confining pressure 15 psi and deviator stress 15 psi
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Figure A.11 Graphs with confining pressure 15 psi and deviator stress 30 psi
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Figure A.12 Graphs with confining pressure 15 psi and deviator stress 45 psi
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Figure A.13 Graphs with confining pressure 15 psi and deviator stress 50 psi
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Figure A.14 Graphs with confining pressure 20 psi and deviator stress 20 psi
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Figure A.15 Graphs with confining pressure 20 psi and deviator stress 40 psi
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Figure A.16 Graphs with confining pressure 20 psi and deviator stress 60 psi
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Figure A.17 Graphs with confining pressure 20 psi and deviator stress 65 psi
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B RESILIENT MODULUS TEST DATA

Confining Stress Deviatory stress Measured M:

3.16 2.70 112,501.64
3.16 5.17 79,310.31
3.11 7.91 84,040.11
5.10 4.50 119,155.07
5.05 8.67 91,844.96
5.10 13.15 111,350.21
10.03 8.55 131,820.73
10.00 17.57 166,149.69
10.01 25.81 199,506.49
15.04 8.54 151,022.60
15.06 13.35 175,030.12
15.05 26.11 237,565.51
20.04 13.21 161,909.41
19.99 18.25 209,903.77
19.98 32.68 405,556.09

Figure B.1 Resilient modulus graph

ki, ke, ks are the regression co-efficients.
Atmospheric pressure = 14.7 psi

Multiple linear regression was performed to calculate the regression co-efficients.

K1 K2 K3 R2

809.379 0.318 1.060 0.81
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