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Abstract: Studies on resilient modulus value from
cyclic loading tests for cohesive soil. In this article
the cyclic CBR test as a reference method in de-
termination of resilient modulus (M,) is confront-
ed with results of cyclic triaxial and unconfined
uniaxial cyclic test. The main idea of conducted
experiments is establish relationship between cy-
clic loading tests in testing of natural subsoil and
road materials. The article shows results of inves-
tigation on cohesive soil, namely sandy silty clay,
commonly problematic soil in Poland. The results
of repeated loading triaxial test resilient modulus
were displayed in order to compare them with cy-
clic CBR test results by using the M,—6 model.
Some empirical correlation between factors ob-
tained from triaxial test or uniaxial unconfined
cyclic test and cyclic CBR test was introduced
here. The behavior of resilient modulus was also
examined in this paper.
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INTRODUCTION

The problem of cyclic loads impact on
soil structure is the subject of continuous
research and consideration by scientists.
In 1955, Hveem first noticed the resilient
properties of granular materials (Sweere
1990). He noted that the resulting de-
formations under transient load are not
permanent. The presented phenomenon
describes the compressibility, which we
call the capacity of the soil to reduce the

volume under the applied load (Craig
2004). So far, the soil was characterized
by the compressibility module (M,) ex-
pressed by the Pascal unit. As the expec-
tations of road users grow, the ordering
party demands higher and higher stand-
ards of ordered objects, while reducing
costs. This has led to attempts to refine
the design methods, which have led to
the issue of cyclical loads and the ac-
companying effects.

In 1986, AASHTO guide first char-
acterized the subgrade deformation
properties by using a resilient modulus,
a modification method that was pub-
lished in 1993 to “The 1993 AASTHO
Guide describes the following empirical
design equation for flexible pavements”
(Schwartz and Carvalho 2007).

The characteristic of the soil sub-
jected to cyclical loads was defined by
a resilient modulus of elasticity and de-
noted as M,. Loads characterized by M,
value refer to a low typically low fre-
quency and fall within the range from
0.1 to 1 Hz (Peralta and Achmus 2010).
Due to the low frequency in consider-
ations the inertia forces can be omitted
(Shajarati et al. 2012). The use of the
new module is intended to distinguish
spring behavior of the soil from the tra-
ditional properties of resilient materials
that are defined by the Young’s modulus
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(E) and the Poisson’s ratio (v) (Araya
2011). The most reliable soil strength
parameters can be obtained by using
a triaxial compression apparatus. With
this test you can determine such geotech-
nical parameters as the angle of friction,
cohesion, Young’s modulus. Studies are
carried out on samples with a diameter
(D) around two times lower than its high
—H(H=2D). Three test conditions can be
distinguished in case of triaxial test. The
unconsolidated undrained method (UU),
the method is to quickly load the sample
without pre-consolidation and without
the ability to drain water during the load.
Consolidated undrained (CU) method,
The method is to load the sample after
initial consolidation without the possibil-
ity of water draining. The consolidated
drained method (CD) is carried out with
preliminary consolidation and with the
possibility of draining (Jastrzebska and
Kalinowska-Pasieka 2015).

All test methods can be used to de-
termine the resilient modulus, although
different test conditions should be taken
into account in the calculation. The re-
silient modulus is determined in a tri-
axial compression apparatus under cy-
clic loading conditions, which is stan-
dardized by AASHTO T-294-921:1994
and Eurocode PM-EN-13286-7:2004
(Sas et al. 2015). Among the available
common research methods, the study in
the triaxial compression apparatus most
accurately reflects the behavior of the
soil subgrade subjected to cyclical stress.
However, it is possible and desired to
determine the correlation coefficent be-
tween the triaxial compression test and
other studies as for unconfined compres-
sive strength. The accuracy of such cor-
relation will be affected by the number

of conducted tests. There is a need for
such studies for economic reasons, un-
fortunately, triaxial compression testing
is complex and time consuming. Costly
equipment is required to carry them out,
which is not able to conduct such stud-
ies in common road laboratory facilities.
This problem leads to the inability to use
the empirical or mechanistic-empirical
method for road design (Ji et al. 2015).

Mechanistic-empirical methods are
based on the use of empirical methods in
the mechanistic solutions. Such methods
include, for example, the Shell method,
which was developed in 1963 used to
design susceptible surfaces (Pitat and
Radziszewski 2004). In the presented
method we are dealing with the use of
soil resistance indicators as well as the
modulus of elasticity and the Poisson’s
coefficient.

The Empirical Method is based on the
use of the CBR method, which was cre-
ated in the United States between 1928
and 1929. In 1940 it was recognized by
the United States Army Corps of Engi-
neers as the primary design method for
susceptible roads, airports (Craig 2004).
Empirical methods include the Wyoming
Method, the British Method, the PJ-IBD.
Considering the presence of the resilient
modulus, in the AASTHO method it is
desited to determine the relationship be-
tween resilient modulus value obtained
from triaxial compression tests and CBR
tests, a commonly used type of research
in the road laboratories. This would al-
low companies to designate a resilient
modulus without incurring additional
costs. What would translate into the dis-
semination of design methods using M,
or would lead to the emergence of new
design methods.



METHODS

Determination of the resilient modulus
using a triaxial compression apparatus
was performed by the CU and CD meth-
od. The following formula was employed
to determine the resilient modulus (Sas

and Ghuchowski 2012)
_ 9%
M, = ‘. (1
where:

o, — axial deviator stress;
g, —resilient strain.

The axial deviator stress is calcu-
lated by:

oy zz

1

2

where:

P —applied force;

A; — cross-sectional area of the sample.
Resilient strain is calculated by the
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L; —initial height of the sample.

The pattern of conducted cyclic load-
ing is presented on Figure 1.

The CBR static test is an empirical
method for assessing the soil bearing
capacity characteristic (Araya 2011).
The CBR testing is recommended by
AASHTO (2008) and national directives
WT-4 and WT-5 (2010). The cCBR test
involves the use of a equipment from the
CBR test, and the test itself'is carried out
by means of a standard CBR test and is
carried out under cyclic conditions. As
a result of the soil material repeating
load are a plastic and elastic or resilient
deformations. After few cycles, only the
resilient deformation can be observed.
The c¢cCBR test procedure consists of
penetrating the specimen with a plunger
to a depth of 2.54 mm at a constant speed
of 1.27 mm per minute. Upon reaching
the desired depth of penetration, the un-
load phase is performed and the stress is

formula (Araya 2011): reduced to 10% of the maximum pen-
AL etration stress that occurs at a depth of
&, I (3) 2.54 mm (Sas and Gluchowski 2012).
1 The stresses expressed in MPa and defor-
where: mations expressed in % are determined
AL —is resilient displacement in one from the cCBR test. The resilient modu-
cycle; lus (M,.) from cCBR test is calculated as
Oy
2 %
©
¥
' Y
03
time [s]

FIGURE 1. Schema of deviator stress change versus time in cyclic triaxial test conditions
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well as standard resilient modulus value
in this study and is denoted as M, .cgg.
The results of above-mentioned calcula-
tions are later compared. The following
formula presents a way to calculate res-
lient modulus from cCBR test:

_ OdccBr
M rcCBR — 27 (4)
a
where:
o4.cr— axial vertical stress applied on
sample (kPa);

g, — resilient cCBR strain (-).
Axial vertical stress is calculated by
following formula:

P
Aecpr

04 = (5)

where:

P — applied vertical force (kN);

A.cpr — area of the cCBR plunger.
Resilient cCBR strain is calculated as

quotient of resilient deformation during

one cycle to initial sample height.

RESILIENT MODULUS MODEL

To determine the correlation characteris-
tics between trend lines representing the

log M, [MPa]

results obtained in the triaxial compres-
sion test in cyclic conditions and cCBR
test. The M,—© model is used, which is
a non-lincar model, depending on the
stress. Figure 2 presents M, —6 model in
a double logarithmic scale.

In this type of model, resilient modu-
lus is calculated by following formula:

k2
vy

where:

M, —resilient modulus (MPa);

k1, ky — material parameters (-);

O — total stress (kPa), © = g + 0, + 03,
oy — reference stress (kPa), o = 1.

The M,—6 model is a commonly used
model with several special features. Stress
is expressed by total stress, which means
that all combinations of major stresses af-
fect the resilient modulus equally (Hicks
and Monismith 1971, Uzan 1985). In ad-
dition, studies have shown that the Pois-
son’s ratio varies with the applied stress,
which is not accounted for by the model
(Kolisoja 1997, Van Niekerk et al. 2002).
However, the selected model is suffi-
ciently accurate to determine the correla-
tion coefficient in this study.

(6)

log © [kPa]

FIGURE 2. Schema of deviator stress change versus time in cyclic triaxial test conditions



MATERIAL

The soil used for tests in this study was
taken from 0.7 m deep earthwork on road
construction site. In order to determine
physical properties, series of cyclic load-
ing tests were conducted (4 cyclic tri-
axial tests, 9 unconfined uniaxial cyclic
loading tests and 3 cyclic CBR test).

The sieve and aerometric the analy-
sis lead to the classification of material
as sandy silty clay (sasiCl), in accord-
ance with PN-EN ISO 14688-2:2006.
Figure 3 presents test results. Studies
have been performed under existing
Polish standards PN-S-02205:1988 and
PN-88/B-04481.

During the CBR tests samples were
prepared in accordance with the existing
Polish standards procedures. Compaction
of specimens for CBR test was performed
to obtain 0.59 J/ecm® compaction energy
with respect to optimum moisture content.

Representative specimens were pre-
pared from large samples of soil mate-
rial, with respect to Proctor’s method,
preliminary tests lead to estimate op-
timal moisture content equal 11.8% at
dry density equal 2.01 g/cm®. The test

100
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was conducted by the compaction in the
Proctor’s mold, whose volume equaled
2.2 dm?® with the use of standard energy
of compaction, equaled 0.59 J/cm®. The
tests were conducted in respect to PN-
-S-02205:1988.

RESULTS

Series of cyclic tests were conducted in
order to characterize deformation behav-
ior of tested material. The cyclic triaxial
test results are presented on Figure 4. The
samples were compacted in triaxial mould
(7 cm diameter, 14 cm hight) with respect
to Proctor’s method in optimum moisture
content. After compaction, sample was
placed in triaxial chamber and consolidat-
ed to o’ equal to 20 and 40 kPa. The sam-
ples in this study were studied in undrained
condition. The purpose of such treatment,
was to maintain similar conditions of the
test between triaxial, uniaxial and cCBR
tests. The frequency of the cyclic triaxial
test was equal to 0.00667 Hz (150 s for
one cycle). The resilient modulus value
was calculated for tests performed under
two deviator stress (g,) equal to 26.0 and
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FIGURE 3. Particle size distribution in tested soil
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45.0 kPa. The descriptive statistics for
cyclic triaxial test results are as follows:
average value M, ,,, equal to 42.75 MPa,
standard deviation (o) equal to 5.74 kPa
for o, equal to 26.0 kPa and ¢’5 equal
to 20 kPa and M, ,,, equal to 49.75 MPa,
o equal to 9.13 kPa for o; equal to
26.0 kPa and ¢’; equal to 40 kPa. The
descriptive statistic was calculated for all
100 cycles in one test series.

The uniaxial repeating load tests were
performed under constant stress condi-
tions (Fig. 5). The frequency of loading
was equal to 0.00667 Hz and the minor
stress ¢”3 was equal to 0 kPa (unconfined
conditions). The unconfined cyclic tests
was characterized by constant stress cy-
clic loading where the o, was equal to
50.5, 73.8, 102.9 and 142.9 kPa. The de-
scriptive statistics for this test results are
as follows, the average resilient modulus
value M, ,,, was equal to 323.4, 457.0,
417.9 and 365.7 MPa, respectively. The
standard deviation ¢ equals 59.3 kPa for
oy equal to 50.5 kPa, 60.1 kPa for oy
equal to 73.8 kPa, 76.7 kPa for ¢, equal
to 102.9 kPa and 49.1 kPa for g, equal to
142.9 kPa.

[+
o

When cyclic triaxial test are com-
pared to unconfined cyclic tests, it is easy
to see that the resilient modulus value is
around ten times greater in case of tests
in unconfined conditions. Nevertheless,
standard deviation (o) shows that resi-
lient modulus tends to be less various in
case of unconfined tests.

Both tests resilient modulus charac-
teristics shows the same evolution phe-
nomena. At the beginning of the test, the
M, value rapidly decreases to constant
value after 10 to 20 cycles. This phenom-
ena is caused by plastic strain develop-
ment. After above-mentioned first stage,
the plastic strains are much smaller and
the sample behavior can be recognized
as a shakedown.

In case of cCBR tests, the results are
presented on Figure 6. The cCBR tests
were performed with the same manner
as two previous studies. The frequency
equaled to 0.00667 Hz and 50 cycles
were performed. The tests was con-
ducted on sandy silty clay compacted
in CBR mould with respect to Proctor’s
method in optimum moisture content as
well as previous tests. The three tests
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FIGURE 4. Resilient modulus value from cyclic triaxial tests for o, equal to 26.0 kPa and 6’5 equal to

20 and 40 kPa



Studies on resilient modulus... 123

mpé O

o
¢

Aod=1429kPa
¢ o0d =102.9kPa

= 600

(-9

=

Eh [o] [o]

i *® * : @

3 A

3 ] []

£

£ 200 -

= ®od = 50.5kPa

£ ood=73.8kPa

0 T Ll

0 20 40

60 80 100

number of cycle N [-]
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FIGURE 6. Resilient modulus value from cCBR tests for various values of axial stress (o)

were performed. The stress applied on
sample was equal to 100, 30 and 11% of
the stress obtained on 2.54 mm plunger
penetration during standard CBR test
(the CBR value therefore was equal to
30%). The axial stress (g,) was equal to
2,036 kPa (100% of the stress value at
2.54 mm depth), 591 kPa (30% of the
stress) and 229 kPa (11% of the stress).
The cCBR resilient modulus (M,.-z) was
equal to 756.5, 690.3 and 254.6 MPa, re-
spectively. Test in axial stress equal to
229 MPa conditions was terminated in
17" cycle due to software error.

The results of conducted tests were
later employed to designate the character-
istics of resilient modulus. For this goal,
the M,—O model was utilized. Figure 7
presents results of this calculations for
all three tests. Table presents the value of
resilient modulus in certain stress condi-
tions which were used to data analysis.

The resilient modulus values present-
ed on Figure 7 indicates two different lev-
els of M, quantity. This clearly indicates
that the M, calculated based on cyclic tri-
axial test and M,. -gp calculated for cCBR
test cannot be directly compared. Based
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FIGURE 7. Resilient modulus value noted at 50 cycle of loading on the #,—6 model plot for three

cyclic loading

on Eq. (6), the material constants k; and
k, can be assigned for cyclic triaxial tests
as well as for uniaxial unconfined cyclic
tests and for cCBR test. Based on similar
dependence between M, and O for both
uniaxial tests, the M,—© model material
constants have been designated (Fig. 7).

The k, constant for both tests is very
similar which means that for cyclic tri-
axial and uniaxial tests the change of M,
value with change of reference stress (O)
is the same. For the sandy silty clay in
this study, the k, is between 0.29 and
0.30. The k; constant denotes theo-
retical value of resilient modulus in “at
rest” state. The M,—6 model k; value for
CTRX tests is equal to 11.439 (k| ctrx)
and for uniaxial tests is equal to 75.539
(ky unp)-

Based on this, the conclusion can be
drown, to characterize M, value during

TABLE. Resilient modulus value for three kinds
of cyclic loading tests

Test 0”3 Oq Mr avg
26 42.75
20
45 48.22
CTRX
26 49.75
40
45 50.11
50.5 3234
523 326.3
73.8 457
89.4 438.5
UCT 0
102.9 417.9
139.8 361.2
142.9 365.7
145.5 363.4
229 254.6
cCBR 0 591 690.3
2036 756.5




cCBR based only on M,gp value, we
can simply have to divide M, czg by 6.61
(ky uni/K1 cTrx)- This can be rewritten to
following formula:

M rCBR

7
" 6,61 @

where calculated M,. value applies to cer-
tain stress triaxial conditions.

The stress conditions can be charac-
terized by following formula:

04 car = Ocrry (8)
if for example o, g for cCBR test from
this study was equal to 229 kPa, the
correspond M,-gr equals to 599 MPa.
Based on Eq. (7), the M, equals
90.6 MPa for Ocrpy equal to 229 kPa.
If for example one would like to find the
deviator stress value (o) for such ref-
erence stress, the effective minor stress
(0’3) must be known. For ¢’5 equal to
25 kPa, based on following relationship
O = 01 + 0y + 03, the 0; must be equal
to 179 kPa and for ¢’5 equal to 45 kPa
o, must be equal to 139 kPa.

CONCLUSIONS

The geotechnical design of constructions
under cyclic loading need to also take
into account the resilient modulus value.
In this study, cohesive material namely
sandy silty clay was studied in order to
find correlation between cyclic triacial
tests and uniaxial tests as unconfined
uniaxial cyclic tests and cyclic CBR test.
The test results lead to the following
conclusions:
1. The cyclic triaxial tests cannot be di-
rectly compared with uniaxial tests as
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cCBR and uniaxial unconfined cyclic
tests. The resilient modulus obtained
from cyclic triaxial tests is lower than
M, from uniaxial tests.

2. The application of the M,—6 model
show the similarity between uniax-
ial unconfined cyclic tests and cCBR
tests. The constants k; and k, for
sandy silty clay for both tests were
the same.

3. The formula for resilient modulus
value based on M,cgr from cCBR
test was proposed. The formula is
valid for studied in this article soil
material. Nevertheless, if the k, co-
efficient from ¢CBR test and CTRX
test for another soil materials would
present the same behavior, the pro-
posed formula may be become a gen-
eral material model.
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Streszczenie: Studia nad wartosciq cykliczne-
go modutu sprezystosci z badan cyklicznego ob-
ciqzania dla gruntu spoistego. W tym artykule
przedstawiono metodg referencyjna dla okresla-
nia cyklicznego modutu sprezystosci (M,) w po-
staci metody cyklicznego CBR, a takze wyko-



nano poréwnanie wynikow badan z wynikami
trojosiowego cyklicznego $ciskania i jednoosio-
wego cyklicznego $ciskania. Gldwna idea przepro-
wadzonych eksperymentow jest ustalenie zalez-
nosci migdzy badaniami cyklicznego obciazenia
w testowaniu podloza gruntowego i materialow
drogowych. W artykule przedstawiono wyniki
badan nad gruntem spoistym, glina piaszczysta,
powszechnie wystepujacym gruntem w Pol-
sce. Przedstawiono wyniki cyklicznego bada-
nia trdjosiowego Sciskania w celu pordwnania
ich z wynikami testu cyklicznego CBR (cCBR)
za pomoca modelu M,—@. Przedstawiono empi-
ryczng korelacjg migdzy czynnikami uzyskanymi
w teScie trojosiowym. Przedstawiona korelacja
migdzy wynikami badan z badania cCBR i cy-
klicznego trojosiowego S$ciskania pozwala na
wykorzystanie aparatu i procedury wykonywania
badania CBR w okreslaniu wartosci cyklicznego
modutu sprezystosci (M,). Metoda cCBR w po-
rownaniu do badan cyklicznego trdjosiowego
$ciskania pozwala na szybsze i tansze testowanie
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wiasciwosci gruntdw przy obciazeniu cyklicz-
nym. W niniejszym artykule zbadano réwniez
zachowanie si¢ cyklicznego modutu sprezystosci.
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