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In this paper, a nonlinear deformation modulus method is proposed for foundation settlement calculation. In the proposed
method, the nonlinear deformation modulus under different stress levels is obtained from the load-settlement curve of in situ
loading test, which are then applied to the layerwise summation method for calculating foundation settlement. On this basis
and referring to the Duncan-Chang model, a variable modulus constitutive model suitable for numerical calculation of
foundation settlement is further proposed. The required parameters of this model are the same as those of the nonlinear
deformation modulus method and can be determined by the in situ loading test. The validity of the proposed calculation
methods of foundation settlement is verified by the in situ loading tests under different plate sizes. The results illustrate that
both the nonlinear deformation modulus method and the variable modulus constitutive model compare quite well with the test

results, and the deduced results can better reflect the nonlinearity of foundation settlement.

1. Introduction

The settlement calculation of foundation is a primary and
significant content in the field of soil mechanics. The com-
monly used settlement calculation methods are mainly
focused on soil sampling and laboratory compression test-
ing, and the deduced compression curve is used for settle-
ment calculation. Even though this method is relatively
simple and practical, there exists two major unneglectable
theoretical deficiencies: (i) soil sample disturbance can
occur during sampling; (ii) the stress and deformation
conditions of the laboratory compression test are quite dif-
ferent from the field conditions, which makes the calcula-
tion error estimation become difficult. Since the laboratory

test cannot reflect the actual deformation characteristics of
the in situ soil very well, it is difficult to deduce accurate
foundation settlement results even using modern advanced
numerical calculation methods. Thus, the better way is to
improve the acquisition of calculation parameters, namely,
calculating the foundation settlement based on parameters
obtained from in situ tests. This can improve the accuracy
of calculated foundation settlement, which can more accu-
rately reflect deformation characteristics of foundations.
Currently, some methods for calculating foundation settle-
ment based on in situ test results are reported [1-5]. For
example, Li [4] proposed a calculation method for founda-
tion settlement based on cone penetration test considering
different stratum conditions. Zhang et al. [5] proposed a
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nonlinear settlement calculation method based on the cal-
culation parameters obtained from the pressuremeter tests.
However, most of these methods are mainly provided by
experiences.

The in situ loading test is considered to be one of the
most reliable methods for determining the ultimate bear-
ing capacity of foundation. The simultaneous deduced
load-settlement curve can realistically reflect the deforma-
tion characteristics of the foundation during the loading
process. Moreover, the deformation modulus of the in situ
soil also can be determined, which can be effectively applied
to the settlement calculation of foundations [6-10]. In addi-
tion, the actual settlement process of foundation is nonlin-
ear, and the use of a single constant deformation modulus
cannot truly reflect the nonlinear deformation characteris-
tics of the foundation affected by loadings. Thus, in this
study, the nonlinear deformation modulus under different
stress levels is obtained from the load-settlement curve of
in situ loading test, which are then applied to the layerwise
summation method and numerical constitutive model for
calculating the settlement of foundations. Based on these
treatments, a calculation method of foundation nonlinear
settlement based on in situ loading test is established and
proposed. The validity of the proposed calculation method
is verified by the in situ loading tests under different plate
sizes.

2. Nonlinear Deformation Modulus Method for
Foundation Settlement Calculation

2.1. Nonlinear Deformation Modulus Method. Assuming a
soil layer with a thickness Ah; located at a depth h; is sub-
jected to a small incremental load Ap,, the deformation of
this soil layer can be approximately viewed as linear process
and given as follows.

=— (1)

where E;; is the deformation modulus of the soil layer at a
depth h; under an external loading p;; « is the stress distribu-
tion coeflicient, and Ap,« defines the stress increment gener-
ated by the incremental load Ap,.

Then, according to the layerwise summation method,
the total settlement of all layers under incremental load Ap,
can be summarized as

As; = Z Asyj, (2)

where n refers to the total numbers of soil layers.

The key aspect of the above calculation method is
the reasonable determination of the deformation modulus
Ej. It can be seen from previous analysis that the load-

settlement curve obtained by the in situ loading test
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can more accurately reflect the deformation characteris-
tics of foundations during the loading process, and the
deformation modulus of the foundation soil can be
determined accordingly. Previous researches [11-14] indi-
cate that the load-settlement (p-s) curve obtained by the
in situ loading test is generally expressed by a hyperbolic
function.

s
a+bs’

p 3)

where a and b are unknown coefficients that need to be
determined. According to the characteristics of hyperbolic
function and the theory of elastic mechanics [11]

2
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where D is the side length or diameter of the in situ
loading test plate; p is the Poisson’s ratio of the soil; w
is the coefficient that reflects the shape and stiffness of
the plate, for rigid square and circular plates, and the
values of w respective are equal to 0.88 and 0.79; E, is
the initial deformation modulus of the soil; while p, is
the ultimate load.

In addition, the foundation settlement caused by the in
situ loading test can be calculated approximately by the
Boussinesq solution of elastic mechanics:

D-Ap-(1-p?
Asz%”).w, (5)

where E is the deformation modulus of soil at the bottom of
the plate corresponding to the applied loading p.
Transformation from the Equation (5) can be found that

E:%-D(l—yz)-w. (6)

From the Equation (3), the tangent derivative of p-s
curve, deduced from the in situ loading test, at any point
can be expressed as

dp _ (1-bp)’
LT a @)

Assuming that Ap/As = dp/ds and substituting Equations
(7) and (4) into Equation (6), the deformation modulus of
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the soil at the bottom of the loading plate is

E=<1—pﬁ>2-Eo. 8)

u

In the above equation, p/p, is the ratio of the load p to
the ultimate load p, of foundation soil at the bottom of the
loading plate, which reflects the influence of stress level on
the deformation modulus E of the soil. For soils at different
depths, the additional load p after diffusion decreases, and
the corresponding ultimate load p, increases with an
increase in the depth, which leads to an increase in the
deformation modulus E according to Equation (8). It con-
forms to the nonlinear deformation characteristics of foun-
dation. Then, applying the deformation modulus of soil at
different depths to the layerwise summation method,
namely, substituting Equation (8) into Equations (1) and
(2), the settlement calculation of the foundation is per-
formed, which is called as nonlinear deformation modulus
method in this paper.

2.2. Parameter Determinations Based on In Situ Loading
Tests. From above section, it can be concluded from Equa-
tion (8) that the nonlinear deformation modulus method
needs to determine the ultimate load p, of the soil and
the initial deformation modulus E,, wherein p, can be cal-
culated according to the cohesion ¢ and internal friction
angle ¢ of soil and the plate size. Therefore, three soil
parameters of soil (ie., ¢, ¢, and E;) are required to be
determined for the nonlinear deformation modulus
method. In order to overcome the shortcomings of the
parameters determination in the laboratory test, in this
study, these three parameters are obtained based on the
in situ loading tests.

Note that the load-settlement (p-s) curve can be readily
obtained from the in situ loading tests. Using the hyperbolic
function as an input to fit the p-s curve, the coefficients a and
b can be easily deduced, which can be directly applied to
inverse calculation of parameters ¢, ¢, and E, for the nonlin-
ear deformation modulus method.

The ¢ and ¢ values can be inversely calculated from
Vesic’s ultimate bearing capacity equation.

1
p,=cNS. +qN,S, + EyDNysy, (9)

where N, N, and N, are the bearing capacity coefficients
and can be obtained according to the ¢ value; S, S, and
S, are the plate shape factors of the in situ loading test; g is
the surcharge loading applied on both sides of the plate; y
is the unit weight of the soil, which equals to effective weight
when below the groundwater level.

It should be pointed out that, in Equation (9), there are
only two unknown parameters, namely, ¢ and ¢. For sand,
c¢=0 and ¢ can be inversely calculated from the ultimate
bearing capacity (p,) of foundation soils obtained from the
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FIGURE 1: The p - s curves of in situ plate loading test.

in situ loading tests. For clay, then, one of these two param-
eters is assumed empirically, and the value of the other
parameter can be inversely calculated from the ultimate
bearing capacity (p,).

The initial deformation modulus E,, of the soil is deter-
mined by the Boussinesq solution of the elastic mechanics.
When the hyperbolic function coefficient a is fitted accord-
ing to the p - s curve of the in situ loading tests, the expres-
sion for E; value is

Ey= 8¢ (10)

3. Variable Modulus Constitutive Model for
Foundation Settlement Calculation

Currently, the determinations of constitutive model
parameters of soils are mainly focused on laboratory tests.
However, for strong structural soils, the results from labo-
ratory tests may be greatly influenced due to the stress
release and disturbance caused by sampling, which leads
to a quite different results compared with the actual ones.
Thus, it is difficult to ensure the accuracy of calculated
results according to laboratory test parameters. Meanwhile,
as the constitutive properties of soils are quite complicate,
it is almost impossible to establish a constitutive model
that combines all characteristics of the soils. Under such
specific case, establishing a practical constitutive model
that reflects the main characteristics and parameters that
are easy to measure is more effective and of great
significance.

It should be mentioned that the main feature of founda-
tion settlement problem is that the deformation of soils is
nonlinear [15-17]. The Duncan-Chang model based on the
generalized Hooke’s law is widely used in practical
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TaBLE 1: Physical property test results of the laboratory tests.

Moisture . . Wet density . 3 . . . o
Depths (m) content (w) (%) Relative density (Gs) 0 (g Jem?) Dry density (p;) (g/cm”)  Void ratio (e) ~ Saturation (Sr) (%)
1.0 28.60 2.70 1.76 1.37 0.97 79.70
2.5 29.80 2.70 1.77 1.37 0.98 82.40
Axial strain &; (%)
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0 1 1 1 J
,t; —~
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(a) Soil samples at a depth of 1 m
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(b) Soil samples at a depth of 2.5m

FIGURE 2: Stress-strain curves of the conventional triaxial compression tests (different confining pressures).

engineering because it is easy to determine the required
parameters and can further reflect the most prominent
deformation characteristics (i.e., nonlinearity) of soils. How-
ever, as these require parameters are usually determined by
the conventional triaxial compression test in the laboratory,
it also has certain limitations especially for some strong

structural soils. In order to combine the advantages and
make up for the limitations in parameter determinations of
Duncan-Chang model, a simplified Duncan-Chang model,
called variable modulus constitutive model in this paper, is
proposed on the basis of the nonlinear deformation modulus
method and Duncan-Chang model. Hence, the constitutive
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model is
do, de,
dcry dsy
do, D) de, (1)
= s 11
dr, dyyy
dr,, dyyz
dTZ}C dYZX

where do,, do, do, dt

» 4T, and d7_, are the incremental

stress components; de,, de,, de_, dy,,, dy,,, and dy, are the

incremental strain components; [D] is the elastic matrix and
given by

S T A 0 0 ]
-y 1-u
B 0 0
1-u 1-p
% % 1 0 0 0
o= E1-#) oo
(Lrp)(1-24) | 0 1-2u 0
2(1-u)
1-2u
0 0 0 o
2(1-p)
1-2
0 0 o0 0 ¢
L 2(1-u)

(12)

where E and y define the deformation modulus and Pois-
son’s ratio of the soil, respectively. In the variable modulus
constitutive model, the simplified expressions of these two
parameters are as follows:

(0, =-03); (13)

H=Ht (l‘f‘/‘o>m-

In the above two equations, E, and ,, respectively, refer
to the initial deformation modulus and Poisson’s ratio of the
soil. yi is the Poisson’s ratio of the soil under ultimate failure
state and generally equal to 0.49. (0} - 03) is the ultimate
strength of soils based on the Mohr-Coulomb failure criterion
and expressed as

_ 2ccos ¢ +20; sin ¢

(0, _(73)f— 1—sin g (14)

From above analysis, it can be concluded that the basic
parameters of the variable modulus constitutive model include
cohesion ¢, internal friction angle ¢, initial deformation modu-
lus E;, and initial Poisson’s ratio y,. In general, y, is approxi-
mately set to 0.3, and other three soil parameters of soil (i.e., ¢,
¢, and E;)) can be determined by the in situ loading tests. There-
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F1GURE 3: The fitting relationship between s/p and s based on the
results of in situ loading test 2#.

TaBLe 2: Calculated parameters of the nonlinear deformation
modulus method.

c/kPa o E,/MPa
25 25 30

fore, a variable modulus constitutive model based on in situ test
parameters can readily be established as a simple but practical
constitutive model for foundation settlement calculations.

4. In Situ Tests and Verifications

4.1. In Situ Tests. In order to verify both the nonlinear defor-
mation modulus method and variable modulus constitutive
model for foundation settlement calculation, the representa-
tive strong structural granite residual soil in Guangzhou
(China) was selected, and several series of in situ loading
tests with the size of square plates equal to 1 m* (1mx 1 m
) and 2m? (1.4m x 1.4m) were carried out. The obtained
p - s curves of in situ plate loading tests are shown in
Figure 1. It can be seen that test 1# was loaded by 50kPa
each stage, and tests 2# and 3# were loaded by 60kPa each
stage, and the p - s curves of the two in situ load tests 1#
and 2# with identical plate size (1 m?) are basically the same.
In addition, a rapid increase in the settlement indicates that
the loading applied to the test 2# almost reaches the ultimate
bearing capacity of the granite residual soil.

For comparison, laboratory tests, including soil physical
property tests and conventional triaxial compression tests,
also carried out soil samples. The sampling depths are
1.0m and 2.5m, respectively. The deduced test results are
shown in Table 1 and Figure 2.

4.2. Verifications

4.2.1. Verification of the Nonlinear Deformation Modulus
Method. According to previous analysis, the nonlinear
deformation modulus method requires three soil parame-
ters: ¢, @, and E,, and these three parameters can be readily
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(b) In situ plate loading test 3#

FiGUre 4: Comparison of calculated results of the nonlinear deformation modulus method and in situ test results.

obtained from the in situ loading test results. In present
study, the parameters ¢, ¢, and E, of granitic residual soil
are determined based on the results of in situ loading test
2# (as shown in Figure 1). The nonlinear deformation mod-
ulus method is then adopted to calculate the p - s curves,
which are compared with the results of in situ loading tests
1# and 3# and to validate the rationality of the nonlinear
deformation modulus method.

From the results of the in situ loading test 2# (as shown
in Figure 1), a rapid increase in the settlement was observed
when the applied loading increases from 780kPa to 840 kPa,
which indicates that this applied loading almost reaches the
ultimate bearing capacity of the granite residual soil. Taking
the average value of the two-stage loadings as the ultimate
bearing capacity, thus the value of p, equals to 815kPa,
and the parameters ¢ and ¢ can be inversely calculated after
substituting the p, values into Equation (9). According to
the empirical value of the soil parameters in Guangzhou, it
is assumed that the frictional angle of the granite residual
soil (¢) is equals to 25 then, the calculated cohesion of soils
(c) is 25 kPa.

After rewriting the Equation (3), the simplified expres-
sion of the form is

(15)

s
y=—=a+bs.
p

Using Equation (15) to fit the p - s curve of the in situ
loading test 2#, the fitted relationship is

y=—=0.0011s + 0.0261. (16)

p

Figure 3 displays the fitted relationship of results of in
situ loading test 2#. As can be seen from Figure 3, these
results can be extremely well expressed as hyperbolic func-

TaBLe 3: Calculated parameters of the variable modulus

constitutive model.

c/kPa o/ E,/MPa
25 25 30

tions, and the fitted hyperbolic function coeflicient « is
0.0261. Thus, the initial deformation modulus of the granite
residual soil can be obtained from Equation (10) and given
as follows.

_D(1-v*)  1x(1-03?%)
o= % o6

% 0.88 = 30MPa.

(17)

Table 2 presents the calculation parameters ¢, ¢, and E,
of the nonlinear deformation modulus method that are
obtained according to the results of the in situ loading test
2#. The calculated results of the p - s curves with identical
loading conditions as in situ tests 1# and 3# by the nonlinear
deformation modulus method are shown in Figure 4. The
associated in situ test results are also included. It can be seen
that the p - s curves calculated by the nonlinear deformation
modulus method compare very well with the in situ test
results, which primarily verifies the rationality of the nonlin-
ear deformation modulus method.

4.2.2. Verification of the Variable Modulus Constitutive
Model. For the variable modulus constitutive model, the
three parameters ¢, ¢, and E,, are also required, and they also
can be obtained according to the in situ loading test results.
Similarly, the values of ¢, ¢, and E; of the granite residual
soil are determined based on the results of in situ loading
test 2# and presented in Table 3. In this section, the rational-
ity of the variable modulus constitutive model is verified by
comparisons of numerical results using the FLAC®” and
the results of in situ loading tests 1# and 3#. The calculation
mesh is shown in Figure 5, and the associated comparisons
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FIGURE 5: Mesh divisions for numerical analysis using the variable modulus constitutive model.
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FIGURE 6: Comparison of numerical results using the variable modulus constitutive model and in situ test results.
TaBLE 4: Calculated parameters of the Duncan-Chang model.
are shown in Figure 6. The p - s curves calculated by numerical P ; /kPa I R D G F
analysis based on the variable modulus constitutive model L4 f

match well with the in situ test results, which verify the ratio-
nality of the proposed variable modulus constitutive model.
It is known that the Duncan-Chang model can reflect the
nonlinear deformation characteristics of foundation soils,
but the required parameters are primarily obtained from
conventional triaxial tests. In order to compare with the cal-
culated results of the variable modulus constitutive model,
the associated numerical results of the Duncan-Chang
model are also included in Figure 6. The calculated parame-
ters of the Duncan-Chang model are shown in Table 4.

115.7 0.4 25.2 31.2 0.7 3.1 0.2 0.1

As can be seen from Figure 6, the numerical results of
the Duncan-Chang model based on conventional triaxial test
parameters are quite different from in situ loading test
results and numerical results of the variable modulus consti-
tutive model. The main reason may be that the granite resid-
ual soil has strong structural characteristics [18-21], and the
effects of stress release and disturbance caused by sampling



lead to large differences between laboratory test parameters and
actual ones. Even though the variable modulus constitutive
model is a simplified model based on the Duncan-Chang
model, it can reflect the nonlinear deformation of the founda-
tion soil, and its parameters are obtained from in situ test. Com-
paring the numerical results with the in situ loading test results,
the variable modulus constitutive model based on the in situ test
parameters for calculation of foundation nonlinear settlement
has some advantage over the Duncan-Chang model based on
the conventional triaxial test parameters.

5. Conclusions

In this study, a nonlinear deformation modulus method and
a variable modulus constitutive model for foundation settle-
ment calculation based on in situ loading test are proposed.
The validity of these two calculation models are verified by
the comparisons of calculated results with in situ loading test
results under different plate sizes. The main conclusions can
be summarized as follows:

(1) The calculation parameters, which can reflect the
undisturbed nature and the deformation nonlinearity
of the soil under the actual stress state, are the key fac-
tors that directly affect the calculation accuracy of foun-
dation settlement. The nonlinear deformation modulus
method and variable modulus constitutive model pro-
posed based on in situ loading test in this paper can bet-
ter take these two key factors into account

(2) The results calculated from both the nonlinear defor-
mation modulus method and the variable modulus
constitutive model proposed in this study compare
very well with the in situ loading test results under
different plate sizes, which can also better reflect
the nonlinearity of foundation settlement

(3) The required parameters of both the nonlinear
deformation modulus method and the variable mod-
ulus constitutive model are the cohesion c, the inter-
nal friction angle ¢, and the initial deformation
modulus E of soils, which are common parameters
for practical engineering and can be readily deduced
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