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Deformation Characteristics of Granular Base 

Course in Flexible Pavements 

SAFW AN KHEDR 

ABSTRACT 

The results of a triaxial test program performed on untreated granular crushed 
limestone base course material are presented. Triaxial tests were performed 
with time-variable confining pressure that varied simultaneously with the ver
tical dynamic loading. The test setup was designed to simulate the traffic
induced stress state on the granular base in flexible pavements. Various levels 
of stress state were applied to samples of different moisture contents and rel
ative densities. The analysis of permanent deformation results revealed that a 
power relationship existed between the rate of permanent strain accumulation 
and the applied number of loading cycles. Further, the exponential parameter m 
in the relationship was found to vary over a limited range for all tested sam
ples. The intersection parameter A, which expressed the rutting susceptibility 
of the material, was found to be most sensitive to stress state and resilient 
modulus. Parameter A was expressed in a power relationship to the octahedral 
stress ratio and the resilient modulus. The resilient modulus variation was in
vestigated and found to depend mainly on the stress state. For deviator stress 
higher than 10 psi, the resilient modulus had a power relationship with the 
first stress invariant. Furthermore, the exponent of that relationship is lin
early interrelated with the logarithm of the intersection coefficient of the 
same relationship. 

A granular base course has a significant effect on 
the resilient deflection as well as on the residual 
deformation of a flexible pavement system (.!_) • The 
degree of significance depends on pavement design 
structure and environmental conditions. One example 
is incorporating a free-draining base course to fa
cilitate proper drainage for the pavement. A free
draining granular base, which contains a very low 
percentage of fines, may contribute to both resil
ient and residual deformation of the pavement. 

The response of granular material under dynamic 
loading that simulates traffic is different from 
that under static loads, Therefore it should be 
tested under dynamic stresses of a magnitude ex
pected in a pavement structure in order to charac
terize the material for the evaluation of pavement 
response under traffic. This has been recognized by 
researchers since 1958 (~). Several investigators 
have reported experimental results obtained from 
such tests (l_-il. In these and other studies, ef
forts were directed toward resilient or residual 
characterization, or both, of granular material. 

Barksdale (6) pioneered comprehensive experi
mental research- to investigate the plastic deforma
tion of a variety of granular materials. Ten dif
ferent materials and blends were tested under 
constant confining pressure and uniaxial dynamic 
stress of triangular loading function. In his study 
Barksdale presented many conclusions that explained 
various points about deformations of granular mate
rials and served as the basis for further refining 
research in the field. Some of these conclusions 
were: 

1. Plastic strain accumulated approximately log
arithmically with the number of load applications. 

2. Threshold deviator dynamic stress existed be
yond which the rate of strain accumulation tended to 
increase with the number of load repetitions. 

3. Plastic strain was almost proportional to de
v iator dynamic stress at static confining pressure 
for small values of deviator stress. 

4. Plastic and elastic strains were strongly de
pendent on confining pressure, undergoing a signifi
cant decrease with increasing confining pressure. 

5. The plastic stress-strain curves exhibited a 
typical nonlinear response similar to those in mono
tonic stress conditions. A hyperbolic expression was 
suggested to describe the curves: 

€a= [(a 1 - a3)/(kam1(1 - { [(a1 - a3 )Rr(l -sin</>)] 

7 (2 c cos</> t a3 sin <J>) f) 
where 

£a axial strain, 

(l) 

kcr~ relationship defining the initial tangent 
modulus as a function of the confining pres
sure ( a3) (k and n are constants) , 

c = cohesion, 
~ angle of internal friction, and 

Rf a constant relating compressive strength to 
an asymptotic stress difference. 

Equation 1 was suggested at a particular number of 
loading repetitions. However, in applying Equation 1 
in a particular estimation of rut depth with pave
ment performance life, an extensive testing program 
would be needed to calculate the parameters in the 
equation at various numbers of load repetitions. 

Allen ( 4) conducted a series of experiments on 
nine samples of granular material in which both 
time-variable and constant confining pressures were 
applied. Although his study was not intended to in
vestigate permanent deformation, he made the general 
conunents that plastic strain decreased with increas
ing material density and that crushed stone speci-
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mens experienced less plastic strain than the gravel 
specimen, which suffered the most plastic strain 
under the same stresses. 

A laboratory dynamic triaxial test was conducted 
by the National Crushed Stone Association (NCSA) (7) 
to study the characteristics of plastic deformati~n 
of graded aggregates. Kalcheff (7) reported that the 
plastic strains were greatly dependent on the degree 
of consolidation for the same gradation, the amount 
and type of fines in the gradation, the stress se
quence and magnitude, and the moisture content for 
some types of fines. In keepinq with Barksdale's ob
servation, Kalcheff noted that plastic strain accu
mul atted apprmcimattely logarithmically with the number 
of load repetitions. 

In the flexible pavement model VESYS II (_~), it 
was suggested that the permanent deformation in 
flexible pavement layers be represented in the format 

Ea= IN' 

where 

Ea 
I 
s 

F(~J 

M 

permanent strain at N cycles, 
intercept coefficient, 
slope coefficient, 
permanent strain due to the Nth loading, 
fraction of total strain due to the Nth 
loading that is permanent, 
IS/Err 
1 - s, ana 
resilient strain. 

(2a) 

(2b ) 

(2c) 

The system incorporated Equations 2a, 2b, and 2c 
in a predictive technique that used the similarity 
between the permanent strain cumulative curve and 
the static creep curve. 

Numerous research efforts in the 1970s were de
voted to the study of resilient deformations in 
granular materials as an element in flexible pave
ments (4,5,7,9,lU). HicKs (~) and Allen (4i have 
reached,- in- separate efforts, similar conclusions 
about the resilient characteristics of granular ma
terials. Some of these conclusions were 

1. The resilient response of granular materials 
was independent of the stress pulse duration (for a 
duration time range of 0.1 to 0.2 sec). 

7.. The resilient response of granular material 
was significantly affected by the applied stress 
history. However, the response was fairly steady and 
stable after approximately 100 cycles of constant 
stress-amplitude dynamic loading. 

3. Higher density material exhibited higher re
silient modulus. 

4. The stress level and condition were the fac
tors with most influence on the resilient properties 
of granular materials. They found that either 

or 

where 

MR 
k1,k2,k3,k4 

"3 
e 

resilient modulus, 
regression constants, 
confining pressure, and 

sum of principal stresses 

(3) 

(4) 
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would represent the modulus··stress state relation
ship. Allen, however, found that Equation 3 had a 
higher correlation coefficient in the regression 
analysis. 

5. Allen observed that the constant confining 
pressure (CCP) tests generally overestimated the re
silient Poisson's ratio compared with the results of 
the dynamic confining pressure (DCP) tests. He also 
observed that the resilient modulus calculated from 
CCP tests exceeded that computed from the DCP test. 
However, this conclusion was not verified for all 
nine samples tested . Therefore he concluded that the 
continued use of the CCP triaxial test as a means of 
characterizing granular materials was justified, 

The elastic layered solution has been frequently 
used as a technique for analyzing a flexible pave
ment system that contains untreated granular base or 
subbase, or both. However, because of the unrealis
tic tensile radial stresses calculated in these 
granular layers, and also because of the unrealis
tically low radial pressures calculated when using 
elastoplastic theory in the finite element method, 
it can be seen that no model has been established 
that would describe and account for the behavior of 
such material as part of a flexible pavement system 
under real traffic loading (11) • All models in use 
characterize the granular layer as a continuum. It 
should instead be investigated as an assembly of 
oriented particles. The granular material can resist 
a certain amount of radial tensile stresses through 
the interparticle friction forces that are propor
tional to the normal stresses at the particles' in
terfaces. The development of these frictional forces 
will increase the material's tendency to slip. 
Therefore passive pressure due to adjacent overbur
den will be mobilized and, consequently, the confin
ing pressure will increase, causing higher strength 
(i.e., higher modulus) (11). Because of the cohe
sionless nature of the untreated granular material, 
it should be tested under confinement pressure. Ex
cept for a few studies <!,10), the confining pres
sure was kept constant during the dynamic deviator 
loading in previous research efforts. Such a stress 
ar:rangernent (CCP) has the fullowiug Uisa.Uvantages; 

1. It does not simulate the in situ condition in 
which lateral pressure changes simultaneously with 
vertical pressure as a function of time (12) • 

2. The role of the confining pressUre in that 
stress arrangement is limited to conditioning stress 
and is not a direct reaction to vertical wheel load
ing. 

3. in tr iaxial testing, there are two types or 
procedure: 

• Preconsolidate the sample under confining 
pressure before applying the dynamic vertical load, 
thus neglecting the effect of confining pressure on 
permanent deformation, and 

• Apply dynamic vertical 
neously with the constant confining 
thus overestimate the effect of a3 • 

loading simulta
pressure (cr3) and 

4. In a triaxial cell, the confining pressure is 
applied on the sample in all directions, which means 
inducing unrealistic static overburden pressure in 
the vertical direction. 

There has been no report of a complete constitu
tive equation that would describe permanent deforma
tion in untreated granular material during pavement 
life. The residual characteristics of granular mate
rial have not been investigated in experimentation 
that involved applying dynamic confining pressure 
that varied simultaneously with the axial pressure 
on a time scale to avoid the disadvantages previ
ously mentioned. 
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The objectives of this study were to investigate 
the deformation mechanism of untreated granular rna
ter ial in an experimental program that involved ap
plying stress conditions compatible with those 
expected in flexible pavements. Analysis of the 
experimental results should lead to the development 
of a constitutive equation to describe the dynamic 
creep of the material. Such a constitutive equation 
would be used in schemes for predicting rutting of 
flexible pavements. 

EXPERIMENTAL PROGRAM 

A crushed limestone aggregate obtained from Franklin 
County, Ohio, with a maximum size of 3/4 in. and 
limestone fines, was subjected to a dynamic testing 
program. Figure 1 shows the material gradation used. 
The fines in the aggregate had a liquid limit of 15 
percent and nonplastic properties. The specific 
gravities measured were 2.57 and 2.64 for the coarse 
and fine portions, respectively. The compaction 
curves for the aggregate used are shown in Figure 2. 
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FIGURE 2 Compaction curves for tested 
aggregates. 

133 

Standard compaction procedure, employing the modi
fied compaction energy, was used in determining the 
maximum dry density curve. The minimum dry density 
test was run in accordance with AASHTO Tl9-70. The 
samples involved in the testing program were 4 in . 
in diameter and 7.5 in. in height, compacted at O, 
4, or 6 percent water contents to approximately con
stant dry density of 130± pcf. 

The dynamic testing involved applying simulta
neous time-variable confining and deviator stresses 
on the aggregate samples. The tests were carried out 
in a tr iaxial cell. Figure 3 shows a schema tic of 
the cell setup. The stresses were applied using two 
electronically connected material testing systems 
(MTSs) as shown in Figure 4. The first applied vari
able confining pressure with stroke control through 
a hydraulic setup and an oil-water interface. The 
second applied the required deviator stress with 
load control synchronized with the confining pres
sure. A haver-sine loading function was applied in 
both the vertical and the horizontal direction. The 
load frequency was one cycle per second with load 
duration of o.125 sec. However, the cycle duration 
was somewhat longer for the lateral pressure because 
of the pressure transfer mechanism from the MTS to 
the triaxial cell. The static components of the ver-

FIGURE 3 Triaxial testing arrangement. 
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FIGURE 4 Base course testing arrangement. 
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TABLE 1 Physical and Ultimate Properties of Aggregate Samples tical and confining pressures were continuously 
maintained throughout the test. 

Sample 
No. 

II 
21 
31 
41 
51 
61 
62 
71 
81 
91 

101 
Ill 
121 
131 
141 
142 
151 
152 
161 
171 
172 
181 
182 
191 
192 
201 
211 
213 
221 
222 
231 
232 
233 
241 
242 

w 
(%) 

7.6 
4.6 
4.0 
4.04 
4.0 
3.93 
3.93 
4.03 
3.95 
5.96 
6.00 
5.90 
7.00 
4.19 
5.9 
5.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4.1 2 
4.12 
3.86 
3.86 
3.86 
3.73 
3.73 

'Yd 
(pcf) 

132.0 
130.0 
130.0 
130.0 
130.0 
130.I 
130. 1 
130.0 
130.1 
130.1 
130.0 
130.1 
128.8 
132.3 
130.I 
130.1 
131.1 
131.1 
130.0 
130.0 
130.0 
130.9 
130.9 
130.0 
130.0 
130.0 
130.0 
130.0 
129.9 
129.9 
130.2 
130.2 
130.2 
130.3 
130.3 

(ielative 
density) 

0 .95 
0.92 
0.95 
0.95 
0.95 
0.96 
0.96 
0.95 
0.96 
0.87 
0.87 
0.87 
0.8 2 
1.03 
0.87 
0.87 
0.92 
0.92 
0.8 5 
0.85 
0.85 
0.91 
0.91 
0.85 
0.85 
0.85 
0.85 
0.85 
0.94 
0.94 
0.97 
0.97 
0.97 
0.98 
0.98 

Height 
(in.) 

8.2 
6.75 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
7.28 
6.94 
6.94 
7.75 
7.50 
7.50 
7.45 
7.45 
7 .50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 

Static 
Modulus 
(psi) 

10,935 

28,134 
10,900 
10,900 
3i,936 
34,959 
24,981 
28,457 
22,420 
21,656 
23,695 
16,388 
16,388 
10,840 
10,840 

9,390 
20,638 
20,638 
13,196 
13,196 
17,618 
17,618 
22,921 
16,970 
16,970 
21,018 
21,018 
20,619 
20,619 
20,619 
26,850 
26,850 

53.4 
55.6 
51.6 
54.7 
54.7 
57.4 
51.1 
64.3 
57 .8 
59.5 
59.0 
63.4 
64.4 
64.4 
54.4 
54.4 
52.4 
53.8 
53.8 
49.0 
49.0 
56.0 
56.0 
54.8 
56.3 
56 .3 
55 .4 
55.4 
61.7 
6 l.7 
61.7 
55.5 
55 .5 

The dynamic tests were performed at dynamic devi
a tor stress levels of O, 5, 10, and 20 psi with dy
namic confining pressures of 5, 10, and 15 psi ap
plied to each group of samples having a specific 
water content. 

The permanent and elastic deformations were moni
tored during every test for at least 4,000 load rep
etitions. All deformations were recorded using Bison 
soil strain gauge coils (1- and 2-in. diameters) 
mountea on a Plexiglas measuring assembly . 

ANALYSIS OF RESULTS 

Residual Deformation 

Table 1 gives the physical and ultimate properties 
of the 24 tested samples. Tilble 2 givee the stress 
state at which each sample was tested for dynamic 
creep as well as its mechanical properties. Figure 5 
shows two typical examples of dynamic creep results 
expressed in the form log (Ep/N) versus log (N) , 
where EP is the permanent strain after N load rep
etitions. Linear statistical regression of these 
results indicated the following equation: 

€p/N =Awm (5) 

where m is material parameter and A is material and 
stress-state parameter. 

Equat ion 5 was f ound to be applicable to all 
tested samples with correlation coefficients quite 
close to unity (correlatiun coefficients ranged from 

TARI.F. 2 Stress State and Mechanical Properties of Aii;gregate Samples 

Sample 
No. 

II 
21 
31 
41 
51 
61 
62 
71 
81 
91 

JOI 
Ill 
121 
131 
141 
142 
151 
152 
161 
171 
172 
181 
182 
191 
192 
201 
202 
211 
213 
221 
222 
231 
232 
233 
241 
242 

Lateral Pressure 
(psi) 

Static 

10.0 
1.33 
1.08 
4.94 
4.84 
l.73 
2.12 
2.00 
1.90 
1.13 
2.06 
1.88 
1.96 
1.08 
0.99 
1.03 
0.95 
1.00 
1.06 
1.95 
2.07 
1.80 
2.02 
0.95 
1.06 
2.03 
2.04 
0.89 
I 01 
1.95 
2.13 
0.30 
I.DO 
1.08 
1.98 
2.12 

Dynamic 

0 
8.25 
4.10 
0.0 
0.0 
4.07 
4.60 
8.07 

11.76 
4.28 

14.81 
10.30 
10.02 

5.11 
5.08 
4.85 
5.29 
5.03 
5.00 

14.00 
JS .JO 
10.44 
9.71 
5.00 
5.13 

10.20 
10.80 

5.10 
5.16 

10. J 5 
10.12 
12.35 

5.21 
5. 13 

10.40 
10.2 1 

Deviatoric 
Pressure (psi) 

Static 

0 .96 
2.87 
2.46 
1.69 
1.67 
l.35 
2.11 
2.60 
3.33 
2.25 
3.40 
2.68 
2.48 
2.38 
2.63 
2.69 
2.55 
2.86 
2.26 
2.68 
2.66 
2.25 
2.24 
2.32 
2.26 
2.12 
2.07 
2.29 
2.27 
2.14 
2.56 
2.46 
2.29 
2.27 
2.86 
2 .79 

Dynamic 

21.0 
18.10 
10.78 
24.30 
21.42 

1.16 
20.54 
10.33 
19 .95 
20.30 
18.84 
19.96 
11.20 
11.02 
0 
4.71 
0 
4.83 

10.95 
0 

18.48 
0 
9.50 
0 

20 .17 
0 

18.66 
0 

19.46 
0 
9.55 
0 
4.38 

19.78 
0 
8.96 

Octahedral Stress 
(psi) 

Normal 0 0 

14.28 
7 .69 

4.46 
11.45 
I l.S I 
18.41 
11.05 
21.09 
16.95 
13.75 

8.78 
5.08 
6.42 
5.29 
6.64 
8 .65 

14.00 
21.26 
10.44 
12.88 

5.00 
11.85 
10.20 
17.02 

5.10 
11 .65 
10.15 
13.30 
12.35 
6.67 

11.72 
10.40 
13 .20 

T 0 Shear 

8.85 
5.08 

0.55 
9.68 
4.87 
9.41 
9.57 
8.88 
9.4 1 
5.28 
5.19 
0 
2.22 
0 
2.28 
5.16 
0 
8.7 1 
0 
4.48 
0 
9.51 
0 
8.80 
0 
9.17 
0 
4.50 
0 
2.07 
9.32 
0 
4.22 

Poisson's 
Ratio v 

0.45 
0.45 
0.473 
0.45 
0.44 
0.5 
0.5 
0.374 
0 .337 
U.46 
0.406 
0.409 
0 .528 
0.55 
0.453 
0.453 
0 .54 
0.34 
0.716 
0.445 
0.445 
0.387 
0.387 
0.8 0 
0.80 
0.287 
0.287 
0.522 
0.56 
0.442 
0.442 
0.59 
0.59 
0.59 
0.452 
0.452 

44,000 
21,300 
20,200 
30,600 
36,400 
13,000 
28,300 
30,700 
38,500 
25,300 
35,100 
34,200 
24,500 
14,800 
45,200 
20,500 

6,800 
9,890 

17,100 
35,000 
29,600 
45,000 
30,300 

7,260 
17,800 
79,940 
34,500 

1,550 
27,000 
29,400 
33,000 
23,500 
24,300 
34,100 
50,000 
30,500 

2.597 
5.349 
5.146 
8.448 
8.05 
0.1395 
6.632 
2.188 
2.664 
5.483 
0.5938 
3.716 
4.666 
4.521 
0.08049 
3.984 
0.6455 
1.990 
8.367 
0.4432 
3.368 
6.435 
3.555 
6.278 
13.756 
0.4303 
4.277 
4.414 

37.663 
1.75 9 
0.5702 
0.4911 
0.21 92 
2.488 
l.l 33 
0.3279 

m 

0.688 
0.817 
0.903 
0.899 
0.908 
0.608 
0.900 
0 .838 
0.831 
0.812 
U.725 
0.827 
0.859 
0.864 
0.559 
0.909 
0.743 
0.765 
0.767 
0.806 
0.814 
0.902 
0.743 
0.705 
0.746 
0.861 
0.777 
0.903 
0.873 
0.875 
0.741 
0.671 
0.725 
0.800 
0.822 
0.699 
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FIGURE 5 Rate of permanent strain 
accumulation versus number of load 
repetitions. 

0.93 to 1.0). It should be pointed out that the re
sults shown in Figure 5 are for Sample 121, which 
was tested under dynamic confining pressure (DCP) , 
and for Sample 51, which was tested under constant 
confining pressure (CCP). The indicated high values 
of the correlation coefficients and the extremely 
high values of the statistic F* for the test results 
strongly suggest that Equation 5 accurately repre
sents dynamic creep for granular material. However, 
a closer look at the regression residuals suggested 
that the data points on the log (Ep/N) versus log 
(N) graph tended to form a very flat convex curve 
that could be approximated by a straight line. A 
schematic (Figure 6) magnifies this trend. Neverthe
less, this observation does not reduce the signifi
cance of Equation 5 accurately describing the test 
results. Data obtained by Chou (11) and Barksdale 

z: 
' 0. 
w 

"' 0 
-' 

EQUATION (3) 

DATA TREND 

LOG N 

FIGURE 6 Data trend and model 
representation. 

(_§) were analyzed and found to be consistent with 
the same conclusion. Equation 5 verified the VESYS 
(!!) suggestion presented in Equation 2. 

In general, permanent deformation was found to 
increase with increasing deviator stress and de
creasing confining pressure, resilient modulus, 
water content, static initial modulus, angle of in
ternal friction, and relative density within the 

135 

ranges considered in this study. Resilient Poisson's 
ratio had no apparent effect on permanent defor
mation. 

Similar trends were observed for samples tested 
under zero deviator stress , defined in this paper as 
dynamic consolidation , except that higher dynamic 
confining pressure resulted in more sample consoli
dation. Permanent deformation cumulation wa s ob
served even for those samples the resilient Pois
son's ratios of which were larger than O. 5. The 
dynamic consolidation followed Equation 5 as well. 
However, the mechanism of dynamic creep, which is 
mainly due to shear straining, was different from 
that of dynamic consolidation, which was attributed 
to volumetric changes. Because dynamic consolidation 
was of no practical significance to pavement perfor
mance, it was not investigated any further. 

From Equation 5, a complete evaluation of param
eters m and A should be sufficient to characterize 
the residual behavior of the granular material. 
Table 2 gives the values of m and A for each sample. 
They were calculated using linear r egression analy
sis of test data . Samples 11, 41 , and 51, which were 
tested under CCP and were not included in the analy
sis, are discussed in the following sections. 

Parameter m in Equation 5 is the s lope of the 
linear relationship between log (cp/N) and log 
(N). It was found to vary within the general range 
of 0.7 to 0 . 9 (Figure 7) . The overall average value 
of m is 0.804 with a standard deviation of 0.067. 
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FIGURE 7 Parameter m versus deviator stress. 

Multiple regression analysis of m versus resil
ient modulus (MR), deviator stress (01 - 03)i confin
ing pressure (03), octahedral s hear [ ; 0 = (2 1 2i (01 -
o3)/3l, octahedral normal [ o0 = (o1 + 2o 3J/3), wate r 
content (w), relative density (yr), and angle of in
ternal friction ( $ ) t'evealed that m did not show a 
particulat' correlation with any of these variables. 
No specific trend was observed for m variation. 

Figure 7 shows m variation with the applied devi
ator stress (o1 - o3). It can be seen from 
the figure that parameter m varied within a rela
tively narrow range. Therefore it could be consid
ered constant for practical design purposes. Figure 
8 shows that the confidence level of the actual mean 
of parameter m would lie within the shaded zone, as
suming a normal distribution variation for the ob
tained m values. 

Parameter A can be defined as the residual strain 
after the first load cycle is applied on the sample. 
Although the consideration of m as a constant is not 
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FIGURE 8 Predicted statistical range for 
parameter m. 

strictly justified, useful information relative to 
the dependency of residual strains on various inde
pendent parameters may be gained by considering m a 
constant. In such a case, parameter A should reflect 
the residual behavior of the granular material 
(Equation 5). Statistical analysis of the test re
sults revealed that parameters A and m were not in
terrelated. 

Stepwise regression analysis in the power form 
was conducted between A and all physical and mechan
ical variables considered in the analysis of m vari
ation. Only the data set with (cr1 - a3) > 0 (i.e., 
dynamic c reep) was considered in the analysis. The 
correlation array is given in Table 3. In general, 
parameter A had a positive correlation with (cr1 -
cr 3), 'o• a0 , principal stress ratio [RP= (a1 -
cr 3)/cr 3], and octahedral stress ratio (R0 = •ofcr0 ) i 

it had negative correlation witn w, Yr• initial 
static modulus (Es), MR, $ 1 and a 3 • It appeared to be 

TABLE 3 Correlation Coefficients for 
Factors Affecting Parameter A and 
Resilient Modulus MR 

Factor A MR 

(cr1 - U3) 0.637 0.552 
To 0.637 0.553 
U3 -0.149 0.648 
Uo 0.241 0.731 
(U1 - U3 )fU3 0.777 0.080 
TofUo 0.798 0.130 
MR -0.215 1.000 
E, -0.1 98 0.627 
tan</> -0.049 0.051 
w -0.274 0.250 
'Y, -0.414 0.096 

Note: All vadables except w expressed in Logarithm 
form. 

highly dependent on either principal or octahedral 
stress ratio. 

Several forms of multiple regression were applied 
to the test results. The following expressions are 
examples of such forms: 

(6) 
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(7) 

(8) 

A= C1 J(Rp)c I 4(MR)° Is (9) 

A= C16(Rp)c 17 (MR)c 18 exp(C19W) (JO) 

where Ci are regression constants. The analys i s of 
these regression models was done in three p hases in
corporating principal stresses as shown in Expres
s ions 6-10, incorporating octahedra l stresses 
instead of principal stresses, and finally incorpo
r aling the relative density inotcad of the water 
content. It was found that including either the rel
ative density or the water content in the analysis 
would yield essentially the same results. That is, 
the third phase did not significantly affect the 
analysis. 

The results or Lhe first two phases are given in 
Table 4. Comparison of the correlation coefficient 
and the statistic F* of the different models re
vealed the significance of various variables for 
parameter A. Incorporating the octahedral stresses 

TABLE 4 Results of Multiple 
Regression Analysis of Parameter A 

Model 
Correlation 
Coefficient F* 

Phase I-Incorporating Principal Stresses 

6 0.777 13.72 
7 0.836 13.10 
8 0.857 11.02 
9 0.800 15.99 

IO 0.844 14.00 

F 

3.57 
3.21 
3.02 
3 .57 
3.21 

Phase 2-lncorporating Octahedral Stresses 

6 
7 
8 
9 

IO 

0.801 
0.844 
0.867 
0.830 
u.~o5 

16.15 
14.06 
12.14 
20.00 
10. 8 1 

3.57 
3.21 
3.02 
3.57 
3.2 i 

appeared to improve the correlation. Regression Ex
pression 9 would then become 

where s1, s2, and s3 are regression constants. The 
values of these constants for the data presented are 
0.0358, 2.135, and -0.304, respectively. Equation 11 
was suggested to describe the variation of parameter 
A in a less-complicated form. Figure 9 shows the 
relationship of A versus Ro for all tested samples. 
It was not practically possible to control sample 
preparation and stress state of the dynamic test in 
order to produce controlled values of resilient mod
ulus. The results shown in Figure 9 were divided 
into two groups that have values of resilient mod
ulus below and above 25,000 psi, respectively. 

Substituting Equation 11 into Equation 5 results 
in 

(12) 

Equation 12 is the constitutive equation that de
scribes the permanent strain of granular material as 
a function of its resilient modulus, which reflects 
material strength, stress state, and number of load
ing cycles. It can be used to predict permanent de-
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FIGURE 9 Parameter A versus octahedral 
stress ratio. 

formation in an untreated base course along with 
pavement life. 

Resilient Deformation 

Figure 10 shows typical results of the resilient 
modulus versus number of loading cycles (N) • The 
granular material reached a stable condition after 
100 cycles beyond which the modulus did not vary 
significantly. 
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FIGURE 10 Resilient modulus versus number of load 
repetitions. 

Table 3 gives the correlation array of the resil
ient modulus versus different variables. The modulus 
was most sensitive to changes in stress state. It 
increased with dynamic deviator stress as well as 
dynamic confining pressure. In some samples, how
ever, the modulus decreased with increasing deviator 
stress for low values of deviator stress (less than 
10 psi). At high stress levels, the modulus reached a 
stable maximum value. The measured results from Sam
ples 82, 22, and 240 were compared to predictions 
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from Equation 3 and verified this equation satisfac
torily. However, only the results from Sample 82 for 
a stress level (01 - 03) above 10 psi agreed with 
Equation 3 (Figure 11). Table 5 gives the results of 
statistical analysis of the data. 

A logarithmic relationship was observed between 
the constants k1 and k2 in Equation 3 (!.Q.l. The 
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FIGURE 11 MR versus e for sample 82. 

TABLE 5 Regression Results of Equation 2 

Sample Test Correlation 
No. Type k, k1 Coefficient 

82' CCP I. 704 x 103 0.802 0.949 
DCP 2.790 x 103 0.703 0.953 

22 DCP 5.450 x 103 J.526 0.860 
240 DCP I. 760 x 103 0.749 0.95 3 

3 0nly points with (01 - 03) > 0 were inc luded , 

data obtained by Allen <il for DCP and CCP tests and 
by Hicks (~) for dry and wet samples are plotted in 
Figure 12. The linear rela tionsh i p on the semilog 
plot between k1 and k2 is a ppa r e n t in that figure. 
The relationship could be expressed as 

(1 3) 

where H1 and H2 are regression constants. Values of 
H1 and H2 for the pr e sented data are shown in Figure 
12. It should be menti oned that Hicks 1 data pre
sented in Figure 12 were for different materials, 
gradations, and fines contents. Apparently Equation 
13 holds rega rd less of these factors. That is, H1 
and H2 are dependen t only on the type of testing 
(CCP or DCP). 

A final comment should be made on the effect of 
static stresses on which dynamic stresses were super
imposed. The static stresses were necessary to as
sure proper sample seating and conditioning in the 
vertical direction and to avoid negative confining 
pressure from occurring during the test. It was 
found that changing static confining pressure within 
3 psi did not affect the resilient modulus signifi
cantly. On the other hand, the deviator static 
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FIGURE 12 Interrelationship between k1 and k2. 

stress had significant effect on the moduluo (Figure 
13). Doubling the value of the static deviator 
stress from 3 to 6 psi could increase the resilient 
modulus by 50 percent or more. In any standardiza
tion of the dynamic test procedure on granular mate
rial, this factor should be taken into account. That 
is, a standard seating static stress should be as
signed in order to assure reproducible and compa
rable test results. 

70 

60 

~ 50 

SAl'IPLE # : 

- 121 
-··131 
1---152 
-----161 
........ 172 
--192 

10 12 
STAT I C (01 - 03) (PS I l 

FIGURE 13 Resilient modulus versus 
static vertical stress. 

SUMMARY AND CONCLUSIONS 

A triaxial test program that applied time-variable 
confining pressure synchronized with deviator dy
namic stress application was designed and performed 
on untreated granular base course material. Both re
sidual and resilient character is tics were investi
gated during the program. Analyses of the results 
led to the fo l lowing conclusions: 

1. The rate of permanent strain accumulation de
creases logarithmically with the number of load rep
etitions with excellent correlation. This is ex
pressed in Equation 5. 

2. Parameter m in Equation 5 was found to vary 
in the range of 0. 7 to 0. 9 for the material tested, 
with a mean value of 0.804. 
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3. Pacametec A in Equation 5 w<io expressed in a 
power form as a function of octahedral stress ratio 
and resilient modulus, Equation 11. 

4. The resilient modulus for granular material 
was found to be most sensitive to stress state . 
Equation 3 was verified in most of the test results. 

s. constants k1 and k2 in Equation 3 were inter
correlated thcough a logarithmic relationship, Equa
tion 13. 

6. The resilient modulus of granular material 
was found to be sensitive to seating static vertical 
stress. This should be considered when standardizing 
the dynamic testing process for granular material. 

7. Further studies ;ire needed to validate the 
applicability of these conclusions to other types 
and conditions of base course materials. 
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