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Abstract : Inorder to investigate the effect of moisture content on cohesive subgrade soils dynamic

resilient modulus, a series of dynamic-triaxial test were carried out. Based on the matric suctions
measured by the filter paper method, the relationship between dynamic resilient modulus and matric
suctions were analyzed. The study demonstrated that the dynamic resilient modulus values decrease
with the increase of circular deviator stress and moisture content, in reverse of matric suctions.
Considering that the dynamic resilient modulus is a function of deviator stress and bulk stress,
based on the present three parameters compound constitutive model which reflects the effect of bulk
stress and deviator stress, the effect of matric suctions which could indirectly reflect the effect of
moisture content was introduced. And then the prediction model incorporating the effect of stress
and moisture for cohesive subgrade soils was established. The model was utilized for experimental
data regression analysis, a high coefficient of determination shows that the model is accurate and
credible. Based on available model, an improved resilient modulus prediction model considering
four parameters was proposed by introducing matric suction. Corresponding accurate consistent
tangent stiffness matrix was derived. Afterward, the improved model was implemented into finite
element method software and verification work was put forward. The prediction models not only can
evaluate the long-term performance of subgrade soil in Southern China's rainy areas, but aso can
provide parameters for the pavement design based on dynamic method.

Introduction

The stability of long-term performance of subgrade has important influence on service performance
of road. Currently, the static resilient modulus is a main indicator in pavement design, and it is taken
as the design parameter in the middle wet state [1], but which does not consider the long-term
effects of subgrade soil under traffic loads and environment. As one of main parameters that
represent the mechanical properties of subgrade soil on flexible pavement mechanics-experience
design method[2], the dynamic resilient modulus can better reflect the performance of subgrade soil.
The domestic and international studies have shown that the main influence factors on the dynamic
resilient modulus are soil group type, humidity, degree of compaction and stress conditiong[3, 4].
When the filler type and degree of compaction are determined, the dynamic resilient modulus is
mainly affected by humidity and stress state. When the roadbed is filled, it is generally compacted
near the optimum moisture content [5]. However, during the operational phase, due to the impact of
rainfall and groundwater, the moisture content of subgrade soil will gradually increase from the
optimum moisture content (OMC) to the balance moisture content. Studies show that the
equilibrium moisture content is generally higher 20%~30% than the plastic limit[6]. Thadkamalla
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and George[7] have investigated 59 points of the moisture conditions of cohesive subgrade soil on
LTPP , the results show that the moisture content of cohesive subgrade soil is higher than the

optimum moisture content, and mainly distributed in the OMC - OMC +7% range. This indicates
that the moisture content of subgrade soil will change in a certain period of time, that is to say, the
subgrade soil is in the non-saturated state during the entire operations. In Southern China, the
climate is very damp, the influence of humidity on the subgrade soil is particularly significant. The
services performance of pavement will directly affected by the stability of subgrade soil, therefore,
carrying out the long-term performance of the subgrade soil under dynamic loads and environment
has a very important significance. Based on the theory of unsaturated soil, the change of soil
moisture will lead to the change of matric suction. So, the variety of matric suction may indirectly
reflect the moisture condition of subgrade soil, and the soil water characteristic curve is the bond
contacting the humidity and suction. Therefore, using the theory of unsaturated soil, the dynamic
resilient modulus of cohesive subgrade soil can be studied.

Based on the dynamic triaxial test of subgrade soil under different moisture contents, one can
obtain the influence of moisture content on the dynamic resilient modulus. In order to investigate
the influence of matric suction on the resilient modulus, one can measure the matric suction bu the
filter paper method when the dynamic triaxial test is completed. Then, the prediction model of
dynamic resilient modulus which can reflect the influence of stress and humidity may be established.
Corresponding accurate consistent tangent stiffness matrix was derived. Afterward, the improved
model was implemented into finite element method software and verification work was put forward.

M aterial and test method

Basic physical properties of soil
Based on the test methods of soils for highway engineering[8], the basic physical properties of high
liquid limit soil are listed in table 1.

Table 1 Basic properties of test specimens

maximum dry density  optimum moisture  liquid limit  plastic limit
/ (gem®) content /% 1% 1%

clay 1.652 185 48.4 23.6 62

Soil type <0.075mm

Reslient modulustest

According to the compaction test results, the soil sample is prepared in accordance with the target
degree of compaction by universal testing machine. The diameter of soil sample is 10 cm and the
height is 20 cm. The British GDSLAB dynamic triaxial testing system is used here, which can
dynamically control the axial displacement, axial force and confining pressure. The test load is
half-sine and its frequency is 1Hz. The upload time is 0.1s and the intermittent time is 0.9s. The
loading sequence in dynamic triaxial test refers to NCHRP1-28A [9]' and at the same time, taking
into the subgrade stress state of typical pavement structure [10]; In resilient modulus test, the
number of load cycles is 100 times. Recording the average rebound deformation of the last five
cycles of al levels of repetitive loads, the dynamic rebound modulus can be calculated by the
following equation

M, =% %M 1)

Where, M istheresilient modulus; s ,isthedeviatoric stress, s, =s,-s,; S,isthe vertical
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sress, s ,isthe confining pressure; e, isthe average value of axial resilient.

Matric suction measured by thefilter paper method

When measuring the suction by the filter paper method, it has the advantages of economy, accuracy,
easy to operate, and the large measurement range. The model of filter paper is Whatman No.42. The
calibration equation can be expressed as

ilogy ,, =5.126 - 0.0568w,
tlogy ., = 2.804 - 0.0187w,

Where, Y, isthe matric suction; W; isthe moisture content of filter paper.

Results and discussion

In order to analyze the influence of different moisture content on the dynamic resilient modulus of
cohesive subgrade soil, four kinds of moisture content @ (OMC-3%, OMC, OMC +3%, OMC +5%,
where, OMC is the optimum moisture content) are tested, and there are three samples under each
moisture content.

Impact of moisture content and matric suction on theresilient modulus

While investigating the influence of moisture content on the dynamic resilient modulus of cohesive
subgrade soil, the degree of compaction of each sample is 96%. The curves of dynamical resilient
modulus with different moisture content are shown in figure 2 when the confining pressure is
30kPa. One can see from figure 2 that the dynamic resilient modulus is greater affected by the
moisture content and it will reduce with the increase of the moisture content. The influence of
deviatoric stress on the resilient modulus is not sensitive when the moisture content is OMC-3%.
However, while the moisture contents are OMC, OMC +3%, and OMC +5%, the dynamic resilient
modulus will significantly reduce with the increase of deviatoric stress.
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Fig.2Variation of dynamic resilient modulus Fig.3 Variation of matric suction with dynamic
under different moisture content resilient modulus

Because there is a specific function relationship between the matric suction and moisture content,
the matrix suction can indirectly reflect the influence of humidity condition on the dynamic resilient
modulus of subgrade soil, as shown in figure 3. One can see from figure 3 that the resilient modulus
of clay may increase with the increase of the matric suction.

Forecast model of theresilient modulus and analysis

The test results show that the stress condition is the most important influence factor of resilient
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modulus. Therefore, when the prediction model of the dynamical resilient modulus is established,
the relationship between stress and strain should be first established as accurately as possible, and
the influence of other factors can be reflected by the model parameters. In the prediction model of
the dynamical resilient modulus, there are three categories based on the stress variables[11, 12].
The composite model can fully reflect the mechanical traits of material. When the matric suction is
added to the composite model, it can reflect the influence of the stress and humidity. The estimated
equation(abbreviated as N37APL) can be expressed as

M, =k, p aeq_gkzaeoct +tcy m9k3
" 1a§m5§ P. B

Where, q =s,+s,+5,,5,,5,,5, aethemainstresses; t , =/(s,-5,)?+(5,- S5)?+(5,- 55)?/3;
y IS the matric suction; ¢ is the Bishop parameter of degree of saturation, when the soil is
perfectly dry, ¢ =0, when the soil is completely saturated, ¢ =1. k; isthe regression constant; P,
is the reference air pressure (100kPa). Loret and Khalili [13] deem that when y <y ., the soil can
be regarded as saturated, and can satisfy Terzaghi’s principle of effective stress, so ¢ =1. For the

unsaturated soil, the test results show that there is a good correlation between ¢ and vy / , and it
Y m
can be expressed as

c=0 ¢ ) @

The regression analysis results of model parameter are shown in table 2, and one can see from table
2 that there is a high coefficient of determination( R®>>0.904) between the prediction model
selected here and the experimental results. That is to say, the selected model has a higher rationality
and reliability. k, reflectsthe impact of confining pressure; k, reflects the influence of the matric

suction and deviator stress on the resilient modulus.

3

Table 2 Fitting par ameter s of dynamic resilient modulus prediction model

Soil type ke ko ks R

clay 516.563 -0.728 1.057 90.4

Derivation of consistent tangent matrix of N37AP1model

An important purpose of establishing a prediction model in this article is to implement N37AP1
model to FEM calculation based on ABAQUS, which can be realized by utilizing UMAT (user
materials subroutine) interface. Because each analysis step of nonlinear solution in ABAQUS is
proceeded by generating consistent tangent stiffness matrix, derivation of N37AP1 model's
consistent tangent iffness matrix in form of stresses becomes a significant precondition. The

solution procedure is as follows.The linear elastic constitutive relation can be expressed as :
S=E(ael +E)/(1+v) (5)
where E is strain tensor; Sis stress tensor; E is modulus of linear elasticity; e=tr(E) is bulk strain; v

is Poisson's ratio; a is defined as: a=Vv/(1-2v). Similar to linear elastic constitution, by replacing E
with stiffness matrix M, , the nonlinear elastic constitutive relation is derived as:

S=M,(ael +E)/(@+n) ©)
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where | is unit matrix. Defining C(0,70¢) as:

M, (gt o] + o] 0 0
C(q’tw)_ r(q oct)=kaéai+ ?oct Cym+ =ka§i+ ?oct +A+
1+n éRhee R o éRhoéeh o )

where ki, k; are parameters; 6 is bulk stress (compression condition); P, is standard atmospheric
pressure; 7o is octahedral shear stress; k is defined as: k=k,/(1+v),A=cy /P, .
The consistent tangent stiffness matrix can be expressed as a function of deviator stress:

Bocraran)+Zae+e2% R C
1E &3 P (8)
=C(l+alAl+mlL)
L :a_'kz(toct+AIDa)|A| +a_k2(toct+APa)§A|
where K " S (9)
+- 2| AS+=SAS
— 2
(i ¥+ AR ) (e) 1
e u
A 5 2
KIEC=mg+ak2k3t°CiC sgn(e)! 3
e 4 _ “ (10)
é kkC?E kC*(1-k,)E u
&t —+ — a
e 3 9 3 9 a
— 2 2 =
=maakCh app)i+ KCEEQ
¢ oct a
e S 9g

It can be found from Eq.(8) that consistent tangent stiffness matrix is finally exhibited in terms of ¢
and 7o, Which are independent variable and can be calculated by stress tensor in analysis step.
Afterward, stressincrement can be calculated from strain increment and consistent tangent stiffness
matrix. Stresstensor will be renewed and imported to the next analysis step. N37AP1 model will be
recognized as material property in that progressive form until all the steps are finished. These
procedures above were programed by Fortran language and compiled into ABAQUS through
UMAT interface
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Fig.4 The axial stress-strain curve Fig.5The N37AP1 resilient modulus
of the N37AP1 model varies over time

The theoretical solution of the model was obtained by writing the program, the curve of stress strain
and resilient modulus was obtained from figure 4 and figure 5. As can be seen from the diagram, the
stress-strain curve and the resilient modulus of the model are fully consistent with the results
obtained by ABAQUS, and the correctness of the numerical realization is verified.
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Conclusions

(1) The dynamic resilient modulus of cohesive subgrade soil will reduce with the increase of the
cyclic deviator stress and moisture content, and will increase with the increase of the matric suction.
(2) Based on the three-parameter composite model, in which the partial stress and body stress are
variables, the matric suction is introduced, and then the model of dynamic resilient modulus is
established, that can consider the influence of humidity and stress state. It not only provides a basis
for long-term performance of subgrade soil under environment and traffic loads, also provides the
parameters for the pavement structure design based on the dynamic method.

(3) The regression analysis results indicate that the model used in this paper has a high coefficient
of determination. It proved that the model considering the effects of stress and humidity is
reasonable and reliable.

(4) The result shows that the stress-strain curves are very close to analytic solution, which indicates
that derivation of Jacobian matrix and programming work are mainly correct.
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