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ABSTRACT

The disturbed state concept (DSC) proposed here is based on the idea that a deforming
material element can be treated as a mixture of two constituent parts in the relative intact
{RI) and fully adjusted (FA) states, referred to as reference states. Based on this idea. DSC
provides a unified constitutive model for the characteristics of saturated sands under cyclic
loading. The model parameters for saturated sands are evaluated by using data from truly
triaxial test device. The laboratory test results are alse used for the verification of DSC model.
In general, the model predictions are found to provide satisfactory correlation with the test

results. From the results of this research. it can be stated that the DSC model is capable of
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characterizing the cyclic behavior of saturated sands under dynamic loading.
Keywords © Disturbed state concept, Relative intact state, Fully adjusted state, Truly triaxial
test device, Saturated sand, Dynamic loading.

1. Introduction

For modeling the behavior of saturated sands under dynamic load, it is necessary to
characterize the dynamic nonlinear behavior of saturated geological materials., Although a
number of models have been proposed to characterize behavior of dry geological materials
including elastic, plastic. and cyclic loading responses, few constitutive models have been
developed for the behavior of fully saturated soils under dynamic loading. Such realistic
constitutive models play an important role in analyzing and predicting the response of saturated
geological materials.

The purpose of this research is to develop improved model for saturated sands based on a
general concept. called the disturbed state concept (DSC), that can characterize behavior of
saturated soils. The initial idea for this theory was introduced by Desai (1974) to characterize
the softening response of an overconsolidated soil by expressing the observed response in terms
of its response in its normally consolidated state as the reference state. DSC model has been
successfully verified with respect to other materials such as dry sands (Armaleh and Desaj,
1990), dry interfaces (Desai and Ma, 1992}, saturated clay-steel interface (Rigby and Desai,
1995), saturated sand-steel interface {Alanazy, 1996), and liquefaction of saturated sand and
interface (Desai et al, 1998; Park. 1997). Furthermore, the model will be calibrated and verified
with respect to comprehensive laboratory tests such as truly triaxial test for the saturated

Ottawa sands.

2. Disturbed State Concept

In this study, the disturbed state concept (DSC) is developed to model the undrained
behavior of Ottawa sand subjected to cyclic loading including the effect of liquefaction and
stress softening.

In the DSC, it is assumed that applied forces cause disturbance or change in the material s
microstructure. As a result, an initially relative intact (RI) material modifies continuously,
through a process of natural self-adjustment. and a part of it approaches the fully adjusted
(FA) state at randomly disturbed locations in the material as shown in Fig. 1. Thus, the
observed or average response can be represented in terms of the responses of the materials in
RI and in FA state, which are called reference states as shown in Fig. 2. In this concept. RI
state can be characterized as elastic, elastic-perfectly plastic, or any constitutive model like the
HiSS model (Desai, 1980: Desai et al 1986, Desai and Wathugala, 1987). FA state can be

assumed to imply the state in which the material can continue to carry the shear stress level
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reached up to that state under given initial hydrostatic stress and can continue to deform in

shear with constant volume— critical state (Roscoe et al, 1957).
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Figure 1 Relative intact and fully adjusted state(Desai, 1992)
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Figure 2 Schematic of stress-strain behavior

2.1 Relative Intact State

Relative intact state in this study is characterized by using an elasto-plastic model that
includes only hardening behavior. Here the basic &, model in the HiSS Family is used to
represent the behavior of the elasto-plastic material in the RI state. The 8, model is based on
associative plasticity and Isotropic hardening. In this model, the single yield surface function
(F), proposed by Desai et al {1986) and Desai and Wathugala (1987) is given by

J
F=%—FbFS:O (1)

where J;; =the second invariant of the deviatoric stress tensor: p,=atmospheric pressure with
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the stress units: F,=the basic function which describes the shape of F in the J, —.J,, space
(see Fig. 3{(a)).

n 2
Fb - —Q(Jl_;—lli] + Y[%J (2)
a a

F,=the function which describes the shape of F in the Octahedral plane (see Fig. 3{(b)), and

is given by
E =(1-BS)" (3)
S, = the stress ratio,
S —@ﬁ (4)
r 372

Ultimate Line

"~ Phase Change
Line{ Critical State)

(a}

(b)

Figure 3 The yield surface of HiSS model

J,=first invariant of the stress tensor, J., =the third invariant of the deviatoric stress tensor, J,,
=ghift of J, axis for materials such as concrete which possess tensile strength (see Fig. 3(a)},

n=phase change parameter, 7. # and m=material parameters associated with the ultimate

behavior, and m= — 0.5 is often used. The hardening function. & can be defined in terms of the
plastic strain trajectory and can be written as:
h
o= (5)
2
D
where h, and h, = hardening parameters, £, =

» = the trajectory of deviatoric plastic strains,
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where dE] = the increment of deviatoric plastic strain tensor.
1
P — el P
From the plasticity theory for the small strains, the total incremental strain can be
decomposed into elastic {d€;} and plastic (d&))components as
— et P
de;; = dej; +def (8)
in which the elastic strain increment. de, is related to the stress increment, dg;, by the
generalized Hooke' s law as
do;; = Cidey (9)

The plasticity relationship can be derived from equation (8), equation (9), the associative

flow rule, de} = :{nij and the consistency condition, dF =0, as follows:

do; = Cjj,; (deyy —defy) = Cifyde,. (10)

where A is a scalar factor of proporticnality given by

1= “ijcf}kldakl
n.C5on JF( F OF J“Z (11)
=ikl 4kl aé ao_kl aGk]
1; is a unit normal to yield surface F.

oF IF

do;; d6;;
n; = = y 12
i 5 o 1° oF (12)

d6,; 96, 90,

and Cj, is elasto-plastic constitutive tensor:

e &

A1, C

CP =S, — irs pakl
ijkl ijkl o[ 3F  IF 172 {13)
n_ C¢ o — Bl
mn ™~ mnpy - py a& acpq aqu

2.2 Fully Adjusted State

The FA state is modeled by using critical state concept. At the critical state condition. shear
deformations can continue indefinitely without further changes in volume. Such critical state often

lies on a straight line called critical state line (CSL} with the slope m as shown in Fig. 4:
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T =l (14)

During shearing, the materials change in volume and initial void ratio, e, changes. Finally, at
the critical state the void ratio, ¢, is given by

]

(e‘:—ecJ (15)
15
J) =3p, xe >

where e is the value of critical state of void ratio corresponding to Ji=3p, and A is a slope
of the critical state line as shown in Fig. 5. In this study, the behavior of the material at the
critical state is defined by using equations {14) and (15).

E1

=l
-]
//éf

" )
3p,

Figure 4 A critical state line on J‘2=[,—J°I plane Figure 5 An isotropic compression of sand

2.3 Disturbance Function

The disturbance function can be defined as

MC
M

D

(16)

8

where M! is the mass of solids in the FA state and M, is the total mass of solids in the

materials. Assuming the density of solid particles is constant in time and space, disturbance
function, D, becomes

VA
vV, A

5

D a7

8

where V and A are volume and area for a constant thickness. Initially with no disturbance
the material is assumed to be entirely in the RI state, so D is zero. With full disturbance the
material can be assumed to be fully in the FA state, and at the ultimate state, D =D, <.

Theoretically, the disturbance, D, varies between zero and unity, but many materials fail
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before D reaches unity.
The disturbance function, D. used in the current research is given by Armaleh and Desai
(1990):

D= Du[l - e{_AE"E’)] . (18)

where A, Z, and D, are material parameters. Fig. 6 shows a schematic of the disturbance

function.

£,(N)

Figure 6 Schematic of DSC function

2.4 Incremental Formulation for the DSC

.Based on the equilibrium forces in the cobserved, RI, and FA states, the incremental

constitutive equations to describe the observed response are derived as (Park, 1997 Desai et al,
1998)

do}, = (1- D)o}, + Ddo§, + dD(c§, - o) (19)

where superscripts &, i, and ¢ denote observed, relative intact, and critical state, respectively.
Substituting Equations (10} and (15) into equation (19), the final incremental relations are
derived as

doj =y - dej, + ¥,y dey, +dD(c; - ng) (20)

If it is assumed that all the strains in each reference state are equal (dej=de\=d¢),

Equation (20) gives the DSC incremental stress-strain equations,

do; = (Qyy + Wi )dey, + dD(o§ — o)) (21)
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m :S: e
where Q, =(1- D)Cukl \/JTJ? ( ikl ~ 5 Cmmk]) #Ciﬁ(] (22)
. 2D
(l+e,) | mS;
Wiy =D——=1) ——+ = 5 O (23)

IR

1/2
n; C —n.n
dD ukl( 1_1 3 i u) . .
dD = ( J dey, = R,dey

dE,  Chny - [ 3 v (24}
e aE.- doy, 9oy,
or in the matrix notation,

where
[CDSC] = [Q +¥+RT(c° - o-i)] is the DSC constitutive matrix.

3. Experimental Data on Truly Triaxial Device
The material chosen for the experimental investigation in this research is the Ottawa sand. It

is a uniform fine sand with rounded to sub-rounded grains. Some index properties of Ottawa

sand are shown in Table 1.

Tabie 1. General index properties of Ottawa sand
Specific Gravity Coefficient of Coefficient of Maximum Void Minimum Void
Gg Curvature, C; Uniformity, Cq Ratio, e_,, Ratio, e,
2.64 1.6 2.0 0.77 0.46

3.1 Testing Equipment and Test Procedures

For evaluating model parameters, testing equipment used in this study is the truly triaxial
device. This apparatus is three-dimensional triaxial stress controlied device with independent
control in the three directions. By using this function, it allows three principal stress ¢, o, and
¢, and their variations to achieve any stress path in the principal stress space (see Fig. 7). The
truly triaxial device consists of the following components: a framne, wall assemblies, deformation
measurement system, stress control system, membranes, pore pressure and volume change
monitoring system, and data acquisition system. Details about this system are given in the User
Manual {Gyi and Desai, 1996).
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Figure 7 Stress paths followed in truly triaxial device

The cyclic tests are performed when B value is close to 1.0. Additional cell pressure is then
applied and the specimen is allowed to consclidate. The specimen is consolidated for at least
one hour at the required confining pressure, In this research. the three different confining
pressures are used, 69kPa (10psi). 138kPa (20psi). and 207kPa (30psi). Then. the required
axial load is applied. Ottawa sand s relative density used throughout this study is 60%. This
density is considered as medium dense. The simple test description of cyclic loading type is
followed.

Cyclic Loading Test: The cyclic axial load is applied to the specimen with the loading
frequency of 0.1 Hz. Cyclic loading is applied by keeping the stresses in x and y direction
constant and by changing the stresses in the z direction—axial load. Each cycle composed of a
CTC loading path and a RTE lcading path (see Fig. 7). These tests are performed under
69kPa. 138kPa. and 207kPa confining pressures. Table 2 shows the total tests performed in this
study.

Tabie 2. Truly triaxial tests on saturated Ottawa sands

Test Number Type of Loading Confiné:ﬁa::;ressure Dizlii;ir;) Test Condition
C-1 Cyclic 69 60 Saturated Undrained
c-2 ' Cyelic 138 60 Saturated Undrained
Cc-3 Cyelic 207 60 Saturated Undrained
C-4 Cyclic 69 40 Saturated Undrained

3.2 Test Results

Results of cyclic loading tests conducted on fully saturated Ottawa sand samples with the
confining pressure of 69, 138, and 207kPa, respectively, are shown in Figs 8 through 10. These

test results will be used for evaluating model parameters for the DSC model proposed in
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Section 2. Each cycle is made up of a combination of CTC and RTE paths under the

frequency of 0.1 Hz. Figs 8{a), 9(a), and 10{a) show the response of excess pore pressure and

time. When axial strains reach up to 3 to 6%, excess pore pressure suddenly increases up to

initial effective confining pressure (see Figs 8(a}, 9(a), and 10(a)). At that time or cycle, initial

liquefaction may occur in the saturated samples under cyclic loading. N, in Figs 8(a), 9(a),

and 10{a) refers the number of cycles when initial liquefaction occurs. Figs 8(b). 9(b}, and

10{b) represent the response of deviatoric stress, ¢, and axial stain, €. The numbers in these

figures refer the number of cycle. For the medium dense sand, these results show that initial

liquefaction does not occur until 5" to 8" stress cycles.

It may conclude from test results on medium dense sample of saturated Ottawa sand that

the lower the confining pressure, the earlier liquefaction occurs.

801 N T_T
O AR AR AA AR
o —| AR i
bt it
= 30 / L e e

20- .r‘/ ' “4 Jv *

10
U ._j_m - I L L1

D -
0 20 40 60 80 100 12¢ 140 160 180 200

Time(sec)

Figure 8(a) Plot of excess pore pressure vs.
time for @,=89kPa and D,=60%
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Figure 9(a) Plot of excess pore pressure vs.
time for @,=138kPa and D,=60%
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Figure 10(a) Plot of excess pore pressure vs,
time for &,=207kPa and D,=60%

4. DSC Model Parameters and Validation

4.1 DSC Model Parameters
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Figure 10{b} Plot of deviatoric stress and axial
strain for &,=138kPa and D,=60%

The proposed DSC model involves a number of material constants and they can be

determined from a series of cyclic triaxial tests referred in Section 3 (see C-1 to C-3 in Table

2). The material constants can be divided into four categories:

the elastic parameters, the

parameters for the RI state, the parameters for the FA state, and the parameters for describing

Table 3. Summary of DSC parameters
Material State Group of Parameters Parameters Ottawa Sand
Elastic E 193000(kPa)
Parameters v 0.380
7 0.123
Relative

# 0.000

Intact
Plastic m -0.500

State
Parameters 2.450
1 0,8450
h, 0.0215
Critical m 0.1500

Fully Adjusted

State A 0.02

State
Parameters e 0.601
Disturbance D, 0.99

Observed

Function A 0.43

State
Parameters A 4,22
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disturbance function. The material parameters are all listed in the following:

1. Elastic Parameters: E and v 2. RI state parameters: ¥ £ n, h. and h,) 3. FA state
parameters: m, A, and e: 4. Disturbance Function parameters: Ds Z, and A,

There are thirteen parameters needed for the proposed model. The procedure of finding
parameters for saturated cohesionless soil und‘:‘er dynamic load is developed by author and co-
workers (Park, 1997 Desal et al, 1998). The DSC model constants cbtained from truly triaxial

test data for saturated Ottawa sands are given in Table 3.

4.2 Verification of DSC Model

In this section, verification of DSC model with respect to laboratory test data for Ottawa
sand is presented. Back predictions are made and the following graphs are plotted to compare
observed data with prediction: observed and predicted excess pore pressure, u, versus time, t
The model predictions are obtained by POROUS D program developed by Desai and co-
workers (Desai, et al, 1993: Desai et al 1997). The DSC model is implemented in program
POROUS_D by using equation {25).

4.2.1 Verification of Excess Pore Pressure-Time Response for Ottawa Sand

Figs 11 to 13 show comparison of predicted and observed excess pore pressure, u, for three
different initial confining pressures, o,, as mentioned before.

From the results, the excess pore pressure responses for cyclic loading tests are back predicted
very well. Specifically. the predicted and observed time (cycle) when initial liquefaction occurs

according to the traditional criterion——u, equals initial effective confining stress.

80E 150| T ;
|
704 .‘: ;31 — 140
i 2|6
60 3 {g ; 120
50 HHATE 100
3 AN I 2
Ao 40 - o, B0
o 30 \j = 60
20 g Ll ] 40 A : |
10 . S 20 / S
i . ——Hack Prediction i . |r Buck Prediction
0 ‘ \ : FO R [, cohservation o 4 I . P observetion
0 20 40 G0 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time(sec) Time(sec}
Figure 11 Back predicted excess pore pressure Figure 12 Back predicted excess pore pressure
vs. time response of cyclic lpading test vs. time response of cyclic loading test
for &,=69kPa for &,=138kPa
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Figure 13 Back predicted excess pore pressure vs. time
response of cyclic lcading test for &,=207kPa

4.2.2 Back Prediction of Independent Test

Figs 14 to 16 show predicticns of a cyclic test under a constant initial effective confining
pressure of 65kPa and a relative density of 409% (see C-4 in Table 2). This test is not used
for the determination of parameters, The average parameters given in Table 3 are used for back
prediction of this test.

Fig. 14 shows the comparison between observation and prediction for effective mean stress
responses. [ig. 15 shows the comparison between observation and prediction for excess pore
pressure responses. Finally, Fig. 16 presents the comparison between observation and prediction
for Disturbance versus &,.

Overall, the correlation is good. However, there are differences between observations and
predictions. These differences can be due to the fact that the parameters were found from tests
with different density.

The predicted trends for effective stress. excess pore pressure, and disturbance over the entire

test compare well with the observed data.

5. Summary and Conclusions

In the study herein, the DSC model has been introduced as a general concept that involves
modeling of saturated cohesionless materials by using two reference states of the material; RI
state where the material is assumed to be associative isotropic hardening and FA state where
the material is assumed to experience no volume change under further shearing.

Comprehensive laboratory tests have been performed on samples with a relative density, 60%,
and three different confining pressures. 69kPa, 138kPa, and 207kPa, respectively. These are done

successfully by conducting truly triaxial tests that cover saturated medium dense sand, Ottawa
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Figure 16 Back prediction of disturbance(D) va. &, for
independent test @,=69kPa and D, = 40%

sand, and by introducing the influence of initial confining pressure through the DSC model
parameters.

Verification of DSC model in this study is done with respect to fully saturated Ottawa sand.
It is shown that the DSC model provides satisfactory results for prediction of the observed
behavior. Therefore, DSC model is defined as a powerful and realistic constitutive model for

modeling saturated sands under dynamic load.
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