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Abstract
In this study, an analytical model is developed to establish a framework for predicting the coefficient of lateral soil pressure

in unsaturated soils. To this end, the disturbed state concept (DSC) is implemented along with the concept of effective

stress for unsaturated soils. Accordingly, upper and lower limits are considered for the structural disturbance of the soil

during hydromechanical loading, and a suction-dependent analytical framework is proposed for calculating continuous

variations of the coefficient of lateral soil pressure, from the at-rest to active state of the soil, against the effective vertical

stress parameter. The functionality of the proposed model is verified against experimental results obtained from a series of

laboratory unsaturated drained tests conducted on two different soil materials (a Sand–Kaolin mixture and Firouzkouh

Clay) with two initial void ratios. Quantitative comparisons show excellent conformance between the predicted and

experimental data. A practical example of calculating lateral soil pressure on a gravity retaining wall is also presented, in

which the results obtained from the model presented in this study and the conventional classic approach of calculating the

lateral soil pressure on retaining walls are compared. It is hoped that the results of this study can help researchers and

designers to obtain improved values of lateral soil pressure in unsaturated soil.

Keywords Analytical model � Disturbed state concept � Effective stress � Experimental verification � Lateral soil pressure �
Unsaturated soils

List of symbols
a, z, Du DSC-model parameters

ao, Ca Fitting parameters for predicting a

CDu Fitting parameter for predicting Du

D Disturbance parameter

e Void ratio of the soil

eo Initial void ratio of the soil

Fh Overall lateral force

GWL Ground water level

hunsat Wall height or height of the unsaturated

backfill soil

hw Elevation above GWL

i Numeral

k Coefficient of the lateral soil pressure

ka Coefficient of the lateral soil pressure in the

active condition

kexperimental Experimental value of k

kFA k Value corresponding to zero matric

suction

kpredicted Model-predicted value of k

ko Coefficient of the lateral soil pressure in the

at-rest condition

kou Unsaturated at-rest coefficient of the lateral

soil pressure

kRI k Value corresponding to the maximum

applied matric suctions

kw Coefficient of the lateral soil pressure at a

given matric suction
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Max

(kexperimental)

Maximum of the experimental k values

Min

(kexperimental)

Minimum of the experimental k values

N Number of data in each data set

NRMSE Normalized root mean square error

PFA The soil mechanical response at the FA

state

PInt Soil mechanical response at the intermedi-

ate phase of disturbance

PRI Soil mechanical response at the RI state

RMSE Root mean square error

Sr Degree of saturation of the soil

Sro Degree of saturation of the soil at zero

matric suction

Sr(RI) Degree of saturation of the soil at RI

condition

Sr(w) Degree of saturation of the soil at a given

matric suction

ua Pore air pressure

uw Pore water pressure

x An independent typical variable

zo, Cz Fitting parameters for predicting z

De Changes in void ratio

a, m, n Fitting parameters of the van Genuchten’s

suggested model for SWRC

v Effective stress parameter in unsaturated

soils

dev Increment of plastic volumetric strain

ee Elastic volume strain

er Radial (lateral) strain

ev Total volumetric strain

c Soil density

cw Water density

r Total stress

r0 Effective stress

rh Net horizontal stress

r0h Effective horizontal stress

rv Net vertical stress

r0v Effective vertical stress

rnet Net stress

rs Suction-stress

rv Net vertical stress

w Matric suction

fv Accumulative plastic volumetric strain

1 Introduction and background

The coefficient of lateral soil pressure, k, is a key factor in

the analysis of many geotechnical problems, e.g., under-

ground structures, slope stability, retaining walls, etc. Due

to the dependence of this parameter on several state vari-

ables or material parameters, its precise and accurate

determination is very challenging, especially in unsaturated

soils.

Many studies have been conducted to examine k for

saturated soils [3, 5, 22, 23, 34, 35, 37, 40, 46]. For

example, Mayne and Kulhawy [34] performed a compre-

hensive study on the dependency of the at-rest soil pressure

on the over consolidation ratio and reviewed plenty of

experimental data reported by different researchers. How-

ever, there are very few investigations on the coefficient of

lateral soil pressure and its relevant state variables (or

parameters) for unsaturated soils, either experimentally

[1, 27, 36, 39, 41, 45, 49, 51], analytically

[29, 30, 44, 47, 50] or numerically [13, 26, 28]. As previous

studies have shown, the lateral soil pressure in unsaturated

soils is remarkably affected by the soil type [28, 41], the

initial soil saturation, Sr, or the matric suction, w,
[1, 13, 27, 30, 36, 39, 41, 45, 49, 51], the stress state within

the soil [1, 13, 30, 41, 51], the climate parameters (e.g.,

infiltration or evaporation) [44, 45, 47] and the geometrical

aspects of the retaining structure that supports the soil

against lateral deformations [28, 29]. In general, it has been

indicated that the at-rest and the active soil pressure

coefficients (kou and kau, respectively) increase by

increasing the degree of saturation of the soil and the

principal stress level within the soil body, or by decreasing

the matric suction of the soil. In addition, it was found that

the higher the soil density, the less the lateral soil pressure

in unsaturated soil deposits.

Among the limited studies on assessing lateral soil

pressure in unsaturated soils, only the at-rest or the active

coefficients of lateral soil pressure were studied, and the

continuous variation of the unsaturated lateral soil pressure

from the at-rest to the active state of the examined soils has

not been investigated.

In this research, a suction-dependent effective stress-

based analytical framework is developed on the basis of the

disturbed state concept (DSC) to predict the continuous

variation of unsaturated lateral soil pressure coefficient

from the at-rest to the active state of the soil. DSC, well-

known as a comprehensive method for predicting the

mechanical behavior of geomaterials, was first proposed by

Desai [6–9] and developed afterward by many researchers

[10–12, 15, 17, 20]. According to the DSC, the mechanical

response of soil due to changing state variables can be

defined by considering the soil response in two extreme
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soil structural reference conditions, namely the relative

intact soil structure (RI) and the fully adjusted soil struc-

ture (FA).

To assess the functionality of the proposed analytical

model, the analytical results from this research are com-

pared quantitatively with data obtained from the experi-

mental study by Pirjalili et al. [41]. In that study, a series of

twenty suction-controlled drained tests were conducted on

two different unsaturated soils using a suction-controlled

ring device under five different matric suctions. This device

is capable of continuously measuring the unsaturated lat-

eral soil pressure and corresponding lateral (radial) strain,

er, as well as controlling the matric suction and measuring

the water content of the soil specimens during the tests. In

addition to the data reported by Pirjalili et al. [41], a

complementary series of experimental tests were per-

formed to measure the lateral soil pressure changes in fully

saturated (i.e., 0-kPa matric suction) soil conditions.

2 Development of the analytical solution

In this research, an analytical solution has been developed

to predict the variation of the coefficient of lateral soil

pressure in unsaturated soils in terms of the state variables

and soil parameters that influence the behavior. Also, the

disturbed state concept (DSC) and the effective stress

approach for unsaturated soils are considered

simultaneously.

2.1 Lateral soil pressure in unsaturated soils
in terms of effective stress

Generally, the coefficient of lateral soil pressure, k, should

be calculated from the effective vertical stress and the

effective horizontal stress, as shown by Eq. (1):

k ¼ r
0

h

r0
v

ð1Þ

where r0h and r0v are the effective horizontal and the

effective vertical stresses, respectively. The single-phase

effective stress relationship in unsaturated soils was first

formulated by Bishop [2], as:

r0 ¼ r� uað Þ þ v� ua � uwð Þ ¼ rnet þ v� w ¼ rnet þ rs
ð2Þ

where r0, r, rnet, w, ua, uw, v and rs are effective stress,

total stress, net stress, matric suction, pore air pressure,

pore water pressure, effective stress parameter and suction-

stress, respectively. There has been a long-running debate

on the nature and determination of v� v is a function of soil

saturation and reflects the contribution of matric suction to

effective stress; it is an average weighing factor reflecting

the inter-particle capillary as well as physico-chemical

forces [33]. In an unsaturated state of the soil, v typically

varies between zero (in fully dry conditions) to unity (in

fully saturated conditions). Many relationships have been

reported by researchers to show the dependency of v on

soil saturation [14, 16, 19, 21, 24, 25, 31, 38, 48]. For

instance, it is suggested that v can be simply taken as the

degree of saturation, Sr, [4, 24, 43] or as the effective

saturation, Se, [14, 16, 19, 21].

In accordance with Eq. (2), effective horizontal and

vertical stresses can be attained by Eqs. (3a) and (3b),

respectively:

r
0

h ¼ rh þ v� ua � uwð Þ ¼ rh þ rs ð3aÞ

r
0

v ¼ rv þ v� ua � uwð Þ ¼ rv þ rs ð3bÞ

where rh and rv are the net horizontal and net vertical

stresses, respectively, that are conventionally controlled or

measured during unsaturated tests. Therefore, by knowing

the soil–water retention behavior (i.e., Soil–Water Char-

acteristic Curve, SWRC) and considering a suitable rela-

tionship for changing the effective stress parameter, v,
against the matric suction, w, it is possible to calculate the

coefficient of lateral soil pressure, k, for unsaturated soils

by implementing Eqs. (1) and (3).

2.2 Implementing the disturbed state concept
(DSC) for calculating k

The DSC was first introduced by Desai [6–8] and extended

by Geiser et al. [17] for constitutive modeling of unsatu-

rated soils. Details of the DSC are presented by Desai [9].

As a constitutive framework, DSC defines the overall

behavior of a deforming material in terms of the behavior

of component materials with regards to continuum and

disturbed states. The former is often denoted as Relative

Intact (RI) and the latter as Fully Adjusted (FA).

Accordingly, the mechanical response of the soil in an

intermediate state, PInt, can be determined by knowing the

two corresponding values in RI and FA states, namely PRI

and PFA. Hence, in accordance with DSC, the expression

for calculating PInt is:

PInt ¼ PRI � PRI � PFAð Þ � D ð4Þ

Equation (4) provides a continuous expression to define

PInt in terms of PRI and PFA, in which, PRI and PFA are soil

responses at RI and FA states, respectively, and D is a

disturbance parameter. The disturbance parameter, D,

defines the progression of degradation (softening) or

healing and coupling between the RI and FA responses and

varies between zero and unity during the RI toward the

ultimate FA state. D is typically defined in the form of an
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exponential function in terms of accumulative plastic vol-

umetric strain, fv, as shown by Eq. (5):

D ¼ Du 1� e �afzvð Þ
� �

ð5Þ

In Eq. (5), Du, a and z are model parameters that depend

on the type of material and the loading conditions. In

Fig. 1, variations of PInt, PRI and PFA versus typical

independent variable, x (e.g., a stress state parameter), are

shown schematically.

According to the basic concepts of DSC, the soil

experiences the most structural disturbance in the FA state,

in which the soil has the least stiffness. On the other hand,

in the RI state, the soil experiences a gradual structural

disturbance.

Unsaturated soils can be considered to be in the FA

condition when the matric suction of the soil is zero and the

soil is fully saturated. Moreover, since the soil stiffness is

relatively the highest (compared to other cases) under

maximum applied matric suction, unsaturated soils can be

considered to be in the RI condition when maximum matric

suction is applied to the soil.

In this research, the conceptual framework of DSC has

been implemented to demonstrate the variations of the

unsaturated coefficient of lateral soil pressure, k, in terms

of the effective vertical stress, r’v. Accordingly, by con-

sidering the coefficient of the lateral soil pressure at a given

matric suction, k w, as Pint and considering k values cor-

responding to the 0-kPa and the maximum applied matric

suctions as kFA and kRI in Eq. (4), respectively, a general

formulation for calculating k at a given matric suction, w, is
obtained, as shown by Eq. (6).

kw ¼ kRI � kRI � kFAð Þ � D ð6Þ

In Eq. (6), kFA and kRI are two input parameters, whose

variations against the effective vertical stress, r0v, must be

known. Also, the disturbance parameter, D, is a function of

three material parameters (namely, Du, a and z), as

previously denoted in Eq. (5). In this study, Du, a and z are

defined in terms of the applied matric suction to the soil, by

considering the experimental unsaturated test results.

Details are discussed in the following sections.

3 Experimental data

In this research, the constitutive parameters of the proposed

DSC model are calculated in accordance with the experi-

mental data from Pirjalili et al. [41], who performed lab-

oratory tests on two different unsaturated soils (namely,

Firouzkouh Clay [CL] and Sand–Kaolin mixture [SC]),

using a developed unsaturated suction-controlled ring

device. Accordingly, reconstituted specimens of a Sand–

Kaolin mixture (with two different initial void ratios, eo, of

0.52 and 0.72) and a Firouzkouh Clay (with two different

initial void ratios of 0.71 and 0.92) were tested under five

different matric suctions (w = 10, 30, 50, 70 and 90 kPa)

to examine the dependency of the unsaturated coefficient of

lateral soil pressure on the void ratio and matric suction.

Further details about the experimental work are available in

[41, 42].

The soil water retention curves (SWRC) of the exam-

ined soil materials under wetting paths are shown in Fig. 2

along with the fitted curves and corresponding parameters

obtained from van Genuchten’s suggested model [18], as

presented by Eq. (7):

w ¼ Sro

1þ awð Þnð Þm ð7Þ

In Eq. (7), Sro is the degree of saturation of the soil at

zero matric suction, and a, m and n are fitting parameters

that are related to the pore size and pore size distribution of

the soil.

Figure 3 plots the variations of the net horizontal stress,

rh, versus the net vertical stress, rv, for different soil

specimens. In addition, the variations of the void ratio of

the soil, e, versus net vertical stress, rv, are shown in

Fig. 4. In this research, a series of complementary tests

were performed for all specimen groups under zero matric

suction to develop the proposed DSC model under fully

saturated conditions. Results from the complementary tests

under zero matric suction conditions are also plotted in

Figs. 2 and 3.

4 Calculation of model parameters

Based on the constitutive relationships mentioned in pre-

vious sections and the use of experimental data reported by

Pirjalili et al. [41], the following steps were followed cal-

culate the variations of the unsaturated coefficient of the
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lateral soil pressure, k, against the effective vertical stress,

rv’:
4.1 Step 1: Considering input data

The input data sets that were considered to determine the

parameters of the proposed DSC model are the SWRC of

the proposed unsaturated soil under the wetting path
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Fig. 2 SWRC of the examined soils: a Sand–Kaolin mixture and, b Firouzkouh Clay [41]
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(Fig. 2), variation of rh versus rv (Fig. 3), and variations of
e versus rv (Fig. 4).

4.2 Step 2: Calculation of effective vertical
and horizontal stresses (r0v and r0h)

Since the coefficient of the lateral soil pressure is generally

defined as the ratio of the effective horizontal stress to the

effective vertical stress (as previously shown by Eq. 1), the

variations of r0h versus r0v were calculated using Eqs. (2)

and (3) and considering net horizontal and vertical stress

data, as plotted in Figs. 2 and 3. In addition, the effective

stress parameter, v, was considered equal to the degree of

saturation of the soil, Sr, as suggested by Wheeler et al.

[4, 43, 48].

4.3 Step 3: Calculation of the coefficients
of lateral soil pressure at FA and RI states
(kFA and kRI)

As previously mentioned, the two upper and lower struc-

tural disturbance states of unsaturated soils, FA and RI

states, can be taken as the soils states at the minimum and

the maximum applied matric suction conditions, respec-

tively. Accordingly, in this research, data presented for w
= 0 kPa and w = 90 kPa were considered as FA and RI

data sets, respectively. Variations of r0h versus r0v (ob-

tained through Step 2) are used in Eq. (1) to calculate the

experimental values of kFA and kRI. Figure 5 illustrates

variations of kFA, and kRI versus r0v for the examined soils.

4.4 Step 4: Calculation of the disturbance
parameter, D

First, the four factors of fv, Du, a and z were calculated

based on Eq. (5):

• Calculation of accumulative plastic volumetric strain,

fv

To calculate the accumulative plastic volumetric strain,

fv, the total volumetric strain, fv, should be determined at

each net vertical stress increment (in accordance with the

data plotted in Fig. 4), and then, the share of the elastic

volume strains, fe, is subtracting from the total volumetric
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Fig. 4 Variation of the void ratio, e, versus net vertical stress, rv, for: a Sand–Kaolin mixture, eo = 0.52, b Sand–Kaolin mixture, eo = 0.72,

c Firouzkouh Clay, eo = 0.71 and d Firouzkouh Clay, eo = 0.92 [41]
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strains to obtain the plastic volumetric strain increments.

Finally, fv was obtained by adding the increments, dfv. The
elastic volume strain is the strain that is recorded at the net

vertical stress corresponding to the ko value for each soil

specimen. Using the experimental data plotted in Fig. 4, fv
is determined by Eq. (8):

ev ¼
De

1þ eo
ð8Þ

In Eq. (8), De is the changes in void ratio, e, during each

loading increment, and eo is the initial void ratio of the

examined soil specimen.

• Calculation of Du, a and z as suction-dependent

parameters

In this research, constitutive parameters Du, a and z are

defined in terms of soil matric suction. Actually, in

unsaturated soils, these parameters are dependent on the

hydromechanical responses of the soil and unsaturated

state variables, such as effective stress, degree of saturation

and matric suction [15]. Accordingly, Eqs. (9) to (11) are

proposed in terms of the soil SWRC and decadic (i.e., base

10) logarithm functions of matric suction, as:

Du wð Þ ¼ 1�
Sr RIð Þ
Sr wð Þ �

log 1þ wð Þ
log 1þ wRIð Þ

� �CDu

ð9Þ

a wð Þ ¼ ao �
Sr RIð Þ
Sr wð Þ �

log 1þ wð Þ
log 1þ wRIð Þ

� �Ca

ð10Þ

z wð Þ ¼ zo �
Sr RIð Þ
Sr wð Þ �

log 1þ wð Þ
log 1þ wRIð Þ

� �Cz

ð11Þ

In Eqs. (9) to (11), Sr(RI) is the degree of saturation of the

soil at a matric suction corresponding to RI condition, wRI

(wRI = 90 kPa for the soils examined in this research) and,

Sr(w) is the degree of saturation of the soil at a given matric

suction, w. In addition, ao, zo, CDu, Ca and Cz are fitting

parameters.

The form of the relationships presented in Eqs. (9) to

(11) for calculating Du, a and z guarantees the consistency

of the stress-deformation behavior of the examined soils

with the SWRC behavior of unsaturated soils and also

satisfies the fundamentals of the DSC model [15]. In other
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words, these equations show a continuous behavior at a

matric suction range from zero to the air entry suction

value of the soil (i.e., fully saturated soil conditions) and

also result in the maximum disturbance of the soil (with

D = 1), which is proportional to the FA state of the soil. In

addition, suction values higher than wRI in Eqs. (9) to (11)

result in a minimal disturbance in the soil structure and

lead to D = 0 in a continuous manner.

4.5 Step 5: Calculation of the unsaturated
coefficient of lateral soil pressure, k, in terms
of effective vertical stress, r0v

In the final step, considering data obtained from steps 1 to 4

and implementing Eq. (6), the variation of the unsaturated

coefficient of lateral soil pressure, k, at a given effective

vertical stress, r0v, can be calculated.

Note: The DSC model proposed in this study can present

the changes in the coefficient of lateral soil pressure in

unsaturated soils in the form of a continuous mathematical

function. Therefore, it provides a suitable platform for use

in numerical simulations. In addition, since the model is

conceptually based on changes in soil structure, it is

completely consistent with what occurs in the soil under

lateral loading from the at-rest to the active state. More-

over, in the proposed DSC model, the model variables are

defined as a function of effective stress variables coupled

with the unsaturated hydraulic parameters of the soil (i.e.,

SWRC). Accordingly, more complicated hydromechanical

stress paths can be considered to further develop the pro-

posed model.

5 Results

Suction-dependent DSC parameters (i.e., Du, a and z) were

calculated for different soils by considering the constitutive

relationships mentioned in the previous sections, using the

experimental data reported by Pirjalili et al. [41], and fol-

lowing Steps 1 to 4, and the results are plotted in Fig. 6. In

addition, values of parameters ao and zo, and variations of

CDu, Ca, and Cz against matric suction were calculated for

different soil conditions, and the results are presented in

Table 1 and Fig. 7, respectively. It should be noted that the

Least Squares Method was used in this study to calculate

the parameters of the DSC model to obtain the best fit

between the predicted and the experimental values of the

lateral pressure coefficients.

As depicted in Fig. 6, similar trends for each DSC

parameter are observed against matric suction for all

studied soils. Accordingly, Du decreases as matric suction

values increase so that it has a value of unity in the FA state

(when w = 0) and then gradually decreases to zero in the

RI state (when w = 90 kPa). Similar trends are observed

for variations of a and z versus matric suction, as these

parameters have zero values in the FA state and then

gradually reached their maximum values (ao and zo,

respectively) in the RI state. Figure 6 also shows that for a

given soil type, larger a and z parameters are obtained for

specimens with the lower initial void ratios in comparison

with looser samples. In contrast, larger Du values were

obtained for specific soil type specimens with higher initial

void ratios than dense specimens, which implies a higher

structural disturbance potential in looser soil specimens.

Moreover, Table 1 suggests that the values of ao and zo
depend on the soil type and the initial void ratio of the soil.

Therefore, we deduce that for each type of soil, ao and zo
have greater values at lower initial void ratios in compar-

ison with the loose samples.

Data presented in Fig. 7 show that parameters CDu, Ca

and Cz decrease as the matric suction increases. In Ca and

Cz, this reduction continues until their values reach zero at

high matric suctions. In addition, it is observed that CDu, Ca

and Cz have greater values for the specimens with higher

initial void ratios in comparison with dense soil specimens.

The variation of the unsaturated coefficient of lateral

soil pressure, k, is calculated by considering experimental

data reported by Pirjalili et al. [41], implementing the

calculated values of kFA and kRI as shown in Fig. 5, con-

sidering values of CDu, Ca, Cz and Du, z, a, as presented by

Figs. 6 and 7, and following Step 5; it is illustrated in terms

of the effective vertical stress, r’v, in Figs. 8 and 9 for

Sand–Kaolin Mixture and Firouzkouh Clay specimens,

respectively. Corresponding experimental values of

k against r’v are also plotted for comparison in Figs. 8 and

9. Accordingly, very good agreement is observed between

the model predictions and the experimental data.

Note: Effective stress values recorded by implemented

sensors have shown irregular fluctuations and jumps during

the experimental work and at the beginning of the loading

stages, and this might be due to instrument errors at very

low stress values, inter-particle rearrangement within the

soil texture, and initiation of stress–strain mobilization.

These fluctuations were also observed in variations of the

lateral soil pressure versus effective vertical stress before

the soil reached its maximum lateral soil pressure (i.e., its

at-rest state). Since the mathematical description and con-

ceptual interpretation of these irregularities were not pos-

sible using the proposed DSC framework, the mentioned

jumps and fluctuations are replaced with vertical dashed-

lines according to their general trends in Figs. 8 and 9.

Data illustrated in Figs. 8 and 9 indicate that k grows

rapidly after increasing the effective vertical stress up to a

maximum in the early stages of loading and then decreases

to an asymptotic value. In Figs. 8 and 9, the maximum

value of k represents the unsaturated at-rest coefficient of

3820 Acta Geotechnica (2021) 16:3813–3830

123



the lateral soil pressure, ko. By further increasing the

effective vertical stress and surpassing the at-rest condition,

the lateral deformations within the soil mass increase, and

k continually decreases until the soil reaches its active limit

state of failure and k asymptotically approaches its corre-

sponding active value, ka.

6 Analysis and discussion

In this section, the validity of the proposed DSC model is

assessed by making a quantitative comparison between the

experimental and model-predicted k values. To this end,

the Root Mean Square Error (RMSE) and the Normalized

Root Mean Square Error (NRMSE) parameters are
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Fig. 6 Variations of Du, a and z versus matric suction, w, for the examined soils

Table 1 Suggested values for ao and zo for the examined soils

Parameter Sand–Kaolin mixture Firouzkouh Clay

eo = 0.52 eo = 0.72 eo = 0.71 eo = 0.92

ao 10 6 10 8

zo 1.2 1 1.2 1
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calculated for comparative data sets by implementing

Eqs. (12) and (13):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 kexperimental � kpredicted

� �2
N

s
ð12Þ

NRMSE ¼ RMSE

Max kexperimental

� �
�Min kexperimental

� � ð13Þ

In Eq. (12), kexperimental and kpredicted are the experi-

mental and model-predicted values of k, respectively, N is

number of data in each data set and i is the numeral. In

addition, in Eq. (13), Max(kexperimental) and Min(kexperimen-

tal) are the maximum and minimum values of the experi-

mental values of k, respectively. Calculated values of

RMSE and NRMSE parameters are shown in Table 2 for

the comparative data sets.

Data presented in Table 2 indicate that the maximum

relative and normalized errors are (0.053 and 8.5%) and

(0.065 and 10.2%) for the Sand–Kaolin mixture and the

Firouzkouh Clay specimens, respectively.

By considering data summarized in Table 2 and taking

into account Figs. 8 and 9, we see excellent conformance is

obtained between the model-predictions and experimental

variations of k versus effective vertical stress, r0v. In

addition, the three distinct phases in variation of k versus

r0v, namely the at-rest, transition and active phases, are

shown to be well captured by the proposed effective stress-

based DSC model.

To display the accuracy and reliability of the proposed

DSC model, experimental and model-predicted values of ko
and ka are compared in Figs. 10 and 11, respectively, along

with the identity lines and corresponding R-squared values.

Figures 10 and 11 clearly show that predicted and experi-

mental data are mostly aligned with the identity lines,

which implies the proposed model can predict the at-rest

and active k values for the examined soils appropriately.

7 A prototype practical example

In order to demonstrate the practical functionality of the

proposed DSC model, a prototype example problem of

lateral soil pressure acting on a gravity retaining wall is

presented under unsaturated soil conditions. In this case,

soil properties were considered the same as the soil spec-

imens in this study, with a matric suction range of zero to

90 kPa. Then, the lateral soil pressure acting on the wall in

at-rest and active conditions was calculated by the pro-

posed effective stress-based DSC model. For comparison,

the corresponding values of the at-rest and active soil

pressures were also calculated utilizing conventional soil

mechanics concepts ignoring the unsaturated soil proper-

ties (namely Ordinary condition, in this section).

Note: In the prototype example problem, the exact

conditions adopted in the experimental laboratory tests by

Pirjalili et al. [41] have been taken into account. As in that

study, the implemented ring device (in which the tested soil

specimens were placed) was allowed to have lateral

expansion during the tests but was fixed against rotation.
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Fig. 9 Model-predictions and experimental values of k for Firouzkouh Clay specimens
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Table 2 RMSE and NRMSE parameters for model-predictions and experimental k values

Soil type Matric suction w (kPa) RMSE NRMSE (%) RMSE NRMSE (%)

Sand–Kaolin mixture eo = 0.52 eo = 0.72

10 0.041 8.0 0.052 8.4

30 0.026 5.4 0.050 8.1

50 0.035 7.8 0.053 8.5

70 0.038 7.9 0.049 7.9

Firouzkouh Clay eo = 0.71 eo = 0.92

10 0.051 7.4 0.031 4.5

30 0.06 8.2 0.065 10.2

50 0.029 4.6 0.035 5.2

70 0.035 5.4 0.021 3.2
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Accordingly, the gravity wall in this prototype example

was assumed to reach the active state by wall translation.

7.1 Example characteristics

The schematic of the proposed gravity wall is depicted in

Fig. 12 with the soil condition and water level (GWL)

location. As shown in Fig. 12, the GWL is located at the

level of the wall foundation. It is assumed that the soil

material above the ground water table is an unsaturated

backfill, in which, the matric suction varies linearly from

the ground water table (where w = 0) up to the ground

surface, in the form of negative hydrostatic pore water

pressure [32]. The wall height, hunst, and the water density,

cw, are considered 9 m and 10 kN/m3, respectively.

Accordingly, the maximum value of the matric suction

within the unsaturated backfill soil is 90 kPa, which is

consistent with the maximum amount of matric suction of

the soils examined in this study.

7.2 Soil properties

In this example, two different conditions are considered for

the backfill soil material: the Unsaturated condition and the

Ordinary condition.

• Unsaturated condition

In the Unsaturated condition, the matric suction within

the backfill soil is assumed to vary linearly in the form of

negative hydrostatic water pressure from the GWL up to the

ground surface. Accordingly, the degree of saturation of

the soil is determined from the data provided by Fig. 2, and

the soil density is calculated using conventional soil-phase

relationships in a soil mechanics context. In addition, the

coefficients of the lateral soil pressure in the at-rest and

active states are determined from the data presented in

Figs. 8 and 9, respectively.

• Ordinary condition

In the Ordinary condition, the degree of saturation and

the density of the backfill materials were calculated simi-

larly to the Unsaturated condition. However, in this case,

the role of the matric suction on the coefficient of lateral

soil pressure of the backfill materials was ignored and the

coefficients of the at-rest and the active lateral soil pres-

sures (i.e., ko and ka, respectively) were considered for a

fully saturated state of the soil, with respect to the con-

ventional considerations in geotechnical engineering.

Using the data presented in Fig. 5, values of ko and ka were

extracted from the curves corresponds to the zero-suction

condition (i.e., the FA state of the examined soils).

Considered soil properties for the ordinary and unsatu-

rated conditions are shown in Table 3.

7.3 Results

Allowing for the geometrical aspects of the studied gravity

wall (as depicted in Fig. 12) and the soil properties (as

given in Table 3), Eqs. (2) and (3) were used to calculate

the variations of the suction-stress parameter, rs, net ver-
tical stress, rv, and the vertical profile of the unsaturated

backfill soil, the results are plotted in Fig. 13a, b, respec-

tively. As shown in Fig. 13b, the variation of the net ver-

tical stress of the unsaturated backfill soil versus soil height

has a nonlinear form. This is due to considering the

changes in matric suction of the soil versus height that has

led to different degrees of saturation and bulk density in the

height of the backfill soil mass.

By considering data presented in Figs. 8, 9, and 13,

implementing Eq. (3a), and following the proposed DSC

model, variations of the at-rest and active effective hori-

zontal (lateral) soil pressures, r0h, along the unsaturated

backfill soil height are calculated for the examined soils,

the results are illustrated in Fig. 14. For better visual

comparison, distributions of the at-rest and active effective

lateral soil pressures against the backfill soil height (cal-

culated for the ordinary state of the examined soils) are also

plotted in Fig. 14. As can be seen in Fig. 14, it is evident

that considering the unsaturated state for the backfill soil

led to less effective lateral pressures in comparison with the

corresponding ordinary cases.

From a practical point of view, the at-rest soil pressure is

commonly considered in the structural design of retaining

walls, while the active soil pressure is taken into account to

check the wall stability versus rotation and base sliding. In

this light, in the current example, the overall lateral forces,

Fh, in the at-rest and active states of the backfill soil are

calculated for the examined soils, and the results are

hw

hunsat = 9 m

Fully Saturated Zone

Water Table

Unsaturated Backfill

Fig. 12 Schematic of the examined gravity wall in the prototype

practical example
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plotted in Fig. 15 for both cases of unsaturated and ordi-

nary states.

With respect to the data plotted in Fig. 15, it is observed

that considering the unsaturated state for the backfill soil

resulted in an average reduction of 10.1% and 10.4% in

total lateral forces acting on the wall in the at-rest and

active states, respectively. This means that considering

unsaturated parameters for backfill soil results in more

economical and precise design procedures for retaining

walls.

8 Conclusion

In this paper, an analytical approach has been introduced

for calculating the unsaturated coefficient of lateral soil

pressure, k, based on the disturbed state concept (DSC) in

conjunction with an effective stress approach for unsatu-

rated soils. In terms of the soil matric suction, the param-

eters of the proposed model have been defined as SWRC-

compatible functions. Experimental data reported in [41]

for two different soil types, a Sand–Kaolin Mixture and

Firouzkouh Clay (each had two different initial void ratios

and were tested under five applied matric suctions), have

been used along with four complimentary fully saturated

tests to calculate the parameters of the proposed model.

The lower and upper boundaries for the structural dis-

turbance characteristics of the examined soils (i.e., fully

adjusted and relative intact conditions, respectively) have

been defined to calculate the disturbance parameter, D. The

proposed model was shown to be capable of properly

predicting the unsaturated coefficient of lateral soil pres-

sure values, k, under increasing effective vertical stress and

for different state variables and soil parameters (i.e., the

matric suction and initial void ratio). k values measured

under the minimum and maximum applied matric suction

(i.e., w = zero and w = 90 kPa) were used to calculate the

unsaturated coefficient of the lateral soil pressures at the

lower and upper structural disturbance boundaries. In

addition, the vertical and horizontal stress state parameters

have been defined in accordance with the single-phase

Bishop’s effective stress approach for unsaturated soils.

Quantitative comparisons made between the model

predictions and experimental values of k revealed the

Table 3 Soil parameters in the prototype practical example

Analysis

type

Soil type eo Gs w (kPa) Sr c (kN/

m3)

ko ka

Unsaturated Sand–Kaolin

mixture

0.52 2.66 Negative hydrostatic

pressure

Variable

(Fig. 2a)

Variable Variable

(Fig. 7)

Variable

(Fig. 7)0.72

Firouzkouh Clay 0.71 2.75 Variable

(Fig. 2b)

Variable

(Fig. 8)

Variable

(Fig. 8)0.92

Ordinary Sand–Kaolin

mixture

0.52 2.66 - Variable

(Fig. 2a)

Variable 0.60 0.36

0.72 0.70 0.36

Firouzkouh Clay 0.71 2.75 Variable

(Fig. 2b)

0.78 0.31

0.92 0.82 0.32
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excellent validity of the proposed effective stress-based

DSC model for predicting the continuous variations of the

unsaturated coefficient of lateral soil pressure against

increasing effective vertical stress, from the at-rest to the

active state of the examined soils. Accordingly, NRMSE

values ranging from 3.2% to 10.2% have been obtained for

the model-predicted and experimental data sets. Moreover,

it has been found that the disturbance parameter, D, of the

examined unsaturated soils is considerably affected by the

soil matric suction and initial void ratio.

Finally, in order to evaluate the performance of the

proposed model for engineering problems, a practical
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example of calculation of lateral soil pressures act on a

gravity wall (under conditions and specifications corre-

sponding to the properties of the soils studied in this

research) has been solved, and the values of the lateral

forces acting on the wall in the at-rest and active states of

the backfill soil have been calculated. Accordingly, two

different conditions, namely, unsaturated (for the proposed

model) and ordinary conditions (for conventional

geotechnical engineering), were considered for the backfill

soil materials. Quantitative comparisons between the

obtained results indicate that the proposed DSC model not

only led to more precise values of the lateral forces acting

on the retaining walls (due to the use of more realistic soil

conditions) but also reduced the project costs since it has

resulted in lower values for design loads.

Acknowledgements The experimental work that is referred in this

research was performed at Tarbiat Modares University, as a part of

the MSc thesis of the second author. The authors of this paper deeply

acknowledge the supports of Tarbiat Modares University. In addition,

the first author would like to appreciate the Niroo Research Institute

for providing him with the opportunity to contribute in this research.

Also, the authors would like to thank Mrs. Shari Holderread for her

diligence proofreading of this paper.

Funding This research received no specific grant from any funding

agency in the public, commercial, or not-for-profit sectors.

Data availability The datasets generated or analyzed during the cur-

rent study are available from the corresponding author upon reason-

able request.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no known

competing financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

References

1. Abrantes LG, Pereira de Campos TM (2019) Evaluation of the

coefficient of earth pressure at rest (K0) of a saturated-unsatu-

rated colluvium soil A. In: Tarantino, Ibraim E (eds) E3S web of

conferences, vol 92, p 07006. https://doi.org/10.1051/e3sconf/

20199207006

2. Bishop AW (1959) The principle of effective stress. Teknisk

ukeblad 39:859–863

3. Bishop AW, Henkel D (1957) The measurement of soil properties

in the triaxial test. E. Arnold, London

4. Borja RI (2004) Cam-clay plasticity. Part V: a mathematical

framework for three-phase deformation and strain localization

analyses of partially saturated porous media. Comp Met Appl

Mech Eng 193(48–51):5301–5338. https://doi.org/10.1016/j.cma.

2003.12.067

5. Chu J, Gan C (2004) Effect of void ratio on ko of loose sand.
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(ed) Continuum models for material with microstructure, vol 8.

Wiley, London

9. Desai CS (2001) Mechanics of materials and interfaces: the

disturbed state concept. CRC Press, Boca Raton. https://doi.org/

10.1201/9781420041910.ch2

10. Desai CS (2015) Constitutive modeling of materials and contacts

using the disturbed state concept. Part 1: background and anal-

ysis. J Comput Struct 146:214–233. https://doi.org/10.1016/j.

jrmge.2016.01.003

11. Desai CS (2015) Constitutive modeling of materials and contacts

using the disturbed state concept. Part 2: validations at specimen

and boundary value problem levels. J Comput Struct

146:234–251. https://doi.org/10.1016/j.jrmge.2016.01.003

12. Desai CS (2016) Disturbed state concept as unified constitutive

modeling approach. J Rock Mech Geotech Eng 8(3):277–293.

https://doi.org/10.1016/j.jrmge.2016.01.003

13. Fathipour H, Siahmazgi AS, Payan M, Chenari RJ (2020) Eval-

uation of the lateral earth pressure in unsaturated soils with finite

element limit analysis using second-order cone programming.

Comput Geotech 125:103587. https://doi.org/10.1016/j.compgeo.

2020.103587

14. Garakani AA (2013) Laboratory assessment of the hydro-me-

chanical behavior of unsaturated undisturbed collapsible soils—

case study: Gorgan loess. Dissertation for Doctoral Degree,

Sharif University of Technology, Tehran, Iran

15. Garakani AA, Haeri SM, Desai CS, Seyed Ghafouri SMH,

Sadollahzadeh B, Hashemi Senejani H (2019) Testing and con-

stitutive modeling of lime-stabilized collapsible loess. II:

Modeling and validations. ASCE Int J Geomech 19(4):04019007.

https://doi.org/10.1061/(ASCE)GM.1943-5622.0001386

16. Garakani AA, Haeri SM, Khosravi A, Habibagahi G (2015)

Hydro-mechanical behavior of undisturbed collapsible loessial

soils under different stress state conditions. Eng Geol 195:28–41.

https://doi.org/10.1016/j.enggeo.2015.05.026

17. Geiser F, Laloui L, Vulliet L, Desai CS (1997) Disturbed state

concept for constitutive modeling of partially saturated porous

materials. In: Proceedings of the 6th international symposium on

numerical models in geomechanics, Balkema, Rotterdam,

Netherlands, pp 129–134

18. van Genuchten MT (1980) A closed-form equation for predicting

the hydraulic conductivity of unsaturated soils. Soil Sci Soc Am J

44(5):892–898. https://doi.org/10.2136/sssaj1980.

03615995004400050002x

19. Haeri SM, Garakani AA, Khosravi A, Meehan CL (2014)

Assessing the hydro-mechanical behavior of collapsible soils

using a modified triaxial test device. ASTM Geotech Test J

37(2):190–204. https://doi.org/10.1520/GTJ20130034

20. Haeri SM, Garakani AA, Roohparvar HR, Desai CS, Seyed

Ghafouri SMH, Kouchesfahani KS (2019) Testing and constitu-

tive modeling of lime-stabilized collapsible loess. I: Experimental

investigations. ASCE Int J Geomech 19(4):4019006. https://doi.

org/10.1061/(ASCE)GM.1943-5622.0001364

21. Haeri SM, Khosravi A, Garakani AA, Ghazizadeh S (2017)

Effect of soil structure and disturbance on hydromechanical

Acta Geotechnica (2021) 16:3813–3830 3829

123

https://doi.org/10.1051/e3sconf/20199207006
https://doi.org/10.1051/e3sconf/20199207006
https://doi.org/10.1016/j.cma.2003.12.067
https://doi.org/10.1016/j.cma.2003.12.067
https://doi.org/10.1680/geot.2004.54.4.285
https://doi.org/10.1680/geot.2004.54.4.285
https://doi.org/10.1016/0148-9062(95)90125-o
https://doi.org/10.1016/0148-9062(95)90125-o
https://doi.org/10.1201/9781420041910.ch2
https://doi.org/10.1201/9781420041910.ch2
https://doi.org/10.1016/j.jrmge.2016.01.003
https://doi.org/10.1016/j.jrmge.2016.01.003
https://doi.org/10.1016/j.jrmge.2016.01.003
https://doi.org/10.1016/j.jrmge.2016.01.003
https://doi.org/10.1016/j.compgeo.2020.103587
https://doi.org/10.1016/j.compgeo.2020.103587
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001386
https://doi.org/10.1016/j.enggeo.2015.05.026
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.1520/GTJ20130034
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001364
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001364


behavior of collapsible loessial soils. ASCE Int J Geomech

17(1):04016021. https://doi.org/10.1061/(ASCE)GM.1943-5622.

0000656

22. Jacky J (1944) The coefficient of earth pressure at rest. In:

Hungarian (A nyugalmi nyomas tenyezoje), J Soc Hung Eng

Arch (Magyar Mernok es Epitesz-Egylet Konzlonye),

pp 355–358

23. Jacky J (1948) Pressure in Soils. Proceeding of the 2nd Interna-

tional Conference on Soil Mechanic and Foundation Engineering.

Rotterdam, Netherlands, pp 107–130

24. Khalili N, Khabbaz MH (1998) A unique relationship for v for

the determination of the shear strength of unsaturated soils.
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