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,e reasonable determination of ultimate bearing capacity is crucial to an optimal design of shallow foundations. Soils sur-
rounding shallow foundations are commonly located above the water table and are thus in an unsaturated state. ,e intermediate
principal stress has an improving effect on the unsaturated soil strength. In this study, the ultimate bearing capacity formulation of
strip foundations in unsaturated soils is presented by using Terzaghi’s theory. ,e unified shear strength equation of unsaturated
soils under a plane strain condition is utilized to capture the intermediate principal stress effect. Furthermore, two profiles of
matric suction are considered and a hyperbolic function of the friction angle related to matric suction (φb) is adopted to describe
strength nonlinearity. ,e validity of this study is demonstrated by comparing it with model tests and a theoretical solution
reported in the literature. Finally, parameter studies are conducted to investigate the effects of intermediate principal stress, matric
suction, and base roughness on the ultimate bearing capacity of strip foundations. Besides, the effect of strength nonlinearity is
discussed with two methods representing the angle φb.

1. Introduction

,e ultimate bearing capacity of a foundation denotes the
maximum load that foundation soils can withstand [1–3],
and its reasonable determination is one of the pivotal parts
in foundation designs. Numerous studies about the ulti-
mate bearing capacity of strip foundations are focused on
saturated soils [4–8]. However, foundation soils are
mostly in an unsaturated state on account of common uses
of waterproof and draining measures [9–12]. Using the
saturated soil mechanics to calculate the ultimate bearing
capacity of foundations in unsaturated soils neglects the
strength contribution from matric suction [9–17]. ,ere
are several attempts to account for the effect of matric
suction in the determination of bearing capacity for
shallow foundations within the context of the unsaturated
soil mechanics.

Based on Fredlund’s two independent stress state
variables theory, Oloo et al. [18] derived a formulation of
ultimate bearing capacity for strip foundations in

unsaturated soils by incorporating the effect of matric
suction. Vanapalli and Mohamed [19] performed model
tests to measure soil suction, and the result highlighted
that matric suction can significantly increase the ultimate
bearing capacity of rectangular foundations. Zhao et al.
[20] conducted an upper-bound analysis of the ultimate
bearing capacity for strip foundations in unsaturated
soils under uniform and linear suction profiles, whereas a
computer code was required to find optimal results. Oh
and Vanapalli [21, 22] revealed nonuniform variations of
matric suction with depth through a series of model tests
for square foundations and conducted an extended finite
element analysis by modifying the total stress approach
to investigate the ultimate bearing capacity of shallow
foundations in unsaturated soils. Vo and Russell [23]
presented a slip line solution of ultimate bearing capacity
for strip foundations in unsaturated soils where the
contribution of matric suction to the effective stress is
approximated as a function that varies linearly with
depth, while the solution was represented in a
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dimensionless form not the traditional superposition one
of three components. Tang et al. [24] established alter-
native equations of ultimate bearing capacity for strip
foundations in unsaturated soils with the effective stress
shear strength theory by assuming both uniform and
varied suction stress profiles. Mahmoudabadi and Rav-
ichandran [25] defined a coupled geotechnical-hydro-
logical model incorporating site-specific rainfall and
water table data to calculate the ultimate bearing capacity
of shallow foundations based on unsaturated soil prin-
ciples, yet the acquisition of site-specific historical hy-
drological data is difficult. Garakani et al. [26] proposed a
new analytical solution for the ultimate bearing capacity
of unsaturated soils by introducing a correction factor Cf,
which could satisfactorily predict the measured result of
various physical loading tests. However, the correction
factor Cf is achieved from fitting or backcalculating the
existing test results; that is, experimental data are firstly
demanded to use this solution.

Note that these above results are based on the
Mohr–Coulomb criterion, and hence the intermediate
principal stress effect cannot be considered. ,e ultimate
bearing capacity calculation of a strip foundation is often
taken as a plane strain problem [1–3]. ,e plane strain
condition signifies a true three-dimensional stress state
where soil strength is higher than that under a con-
ventional triaxial compression state. Extensive true tri-
axial test results of unsaturated soils [27, 28] and
predictions of the Drucker–Prager criterion [29] and the
unified strength theory [30, 31] have confirmed that a
conservative result is obtained by utilizing the
Mohr–Coulomb criterion without reflecting the influence
of intermediate principal stress. Meanwhile, the inter-
mediate principal stress has a marked impact on the
strength of saturated soils [32–34]. ,e unified strength
theory proposed by Yu [30] is a set of failure criteria
including or approximating various conventional ones,
and the intermediate principal stress effect can be rea-
sonably reflected. On the basis of the unified strength
theory [30] and the theory of two independent stress state
variables [35], Zhang et al. [36, 37] presented a unified
equation for the plane strain shear strength of unsatu-
rated soils to reasonably capture the effect of intermediate
principal stress. In addition, the relationship between the
unsaturated soil strength and matric suction is nonlinear
over a broad range of matric suctions rather than linear
ones, and the friction angle related to matric suction (φb)
varies nonlinearly with increasing matric suction
[38–43]. A hyperbolic function of the angle φb was in-
troduced to exhibit strength nonlinearity of unsaturated

soils. Moreover, there are two profiles of matric suction
commonly used in engineering practice [9, 10, 16, 40]:
one is the matric suction distributing uniformly with
depth, and the other is the matric suction decreasing
linearly with depth.

,e primary objective of this study is to present a
formulation of the ultimate bearing capacity for strip
foundations in unsaturated soils under uniformly and
linearly distributed suctions. ,e unified shear strength
equation of unsaturated soils and a hyperbolic function of
the angle φb are adopted to account for the influences
from intermediate principal stress and strength nonlin-
earity. ,e validity of the proposed formulation is further
verified by comparing with two existing results reported
in the literature. Additionally, a parametric study is
carried out to study various effects of intermediate
principal stress, matric suction and its distribution,
strength nonlinearity, and base roughness on the ultimate
bearing capacity of strip foundations.

2. Basic Theories

2.1. Unified Shear Strength Equation of Unsaturated Soils
under Plane Strain Conditions. Shear strength τf for satu-
rated soils using the Mohr–Coulomb criterion is written as

τf � c′ + σ tanφ′, (1)

where c′ is the effective cohesion, φ′ is the effective internal
friction angle, and σ is the effective normal stress.

Shear strength of unsaturated soils based on the theory of
two independent stress state variables [35] and the
Mohr–Coulomb criterion is expressed as

τf � c′ + σ − ua( tanφ′ + ua − uw( tanφb
, (2)

where φb is the friction angle related to matric suction, ua is
the pore air pressure, uw is the pore water pressure, (ua − uw)
is the matric suction, and (σ − ua) is the net normal stress.
Equation (2) degenerates into equation (1) for saturated soils
when (ua − uw)� 0.

,e angle φb is usually predicted by two methods
[16, 40]. Method I: the relationship between unsaturated
soil strength and matric suction is assumed to be linear for
an overall suction range, which means that φb is a small
stable value. Method II is divided into two segments: when
matric suction is not larger than the air-entry value
(ua − uw)b, φb is a constant equal to φ′; when matric
suction is larger than (ua − uw)b, φb decreases continuously
as a hyperbolic function. ,e expression of φb for Method
II is written as

φb
� φ′, when ua − uw( ≤ ua − uw( b, (3a)

φb
� φ′ −

ua − uw(  − ua − uw( b
m + n ua − uw(  − ua − uw( b 

, when ua − uw( > ua − uw( b, (3b)
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where m and n are the two parameters representing the
intercept and slope when equation (3b) is transformed into a
linear equation, respectively, and n is further fitted as (1/n) �

− 2.4598 + 1.0225φ′ [37, 40].
,e unified strength theory was proposed by Yu [30] to

account for the intermediate principal stress effect. Shear
strength of saturated soils under plane strain conditions
from the unified strength theory is derived as

τf � ct′ + σ tanφt′ , sinφt′ �
2(1 + b)sinφ′

2 + b(1 + sinφ′)
, ct′

�
2(1 + b)c′ cosφ′
2 + b(1 + sinφ′)

1
cosφt′

, (4)

where ct′ is the unified effective cohesion, φt′ is the unified
effective internal friction angle, and b is the unified strength
theory parameter, 0≤ b≤ 1.

,e value of parameter b is expressed as

b �
σc + σt( τo − σtσc

σt − τo( σc
, (5)

where σc is the uniaxial compressive strength, σt is the
uniaxial tensile strength, and τo is the pure shear strength.

,e parameter b not only describes the effect of inter-
mediate principal stress, but also represents a choice of
different failure criteria. Limit loci of the unified strength
theory on a deviatoric plane are shown in Figure 1. Different

failure criteria are achieved with the variation of parameter
b. Moreover, the Mohr–Coulomb criterion is the lower
bound with b� 0, while the twin-shear stress criterion is the
upper bound with b� 1 [30].

,erefore, when b� 0, equation (4) becomes to equation
(1) with the Mohr–Coulomb criterion; when b� 1, equation
(4) reduces to that with the twin-shear stress criterion; when
0< b< 1, a series of new shear strength equations are in-
troduced from equation (4). ,e intermediate principal
stress effect is clearly presented by the parameter b varying
from 0 to 1. In addition, a specific value of parameter b is in
correspondence with the type of soils, and its calibration
needs true triaxial test results. ,e parameter b is not simply
a fitting parameter that can be obtained by three approaches:
(1) the value of b is calculated through equation (5) when an
unsaturated soil element fails in a pure shear stress state; (2)
the value of b is found by comparing limit loci of the unified
strength theory with true triaxial test results; (3) the value of
b is obtained by a comparison of estimated results with
measured ones of practical engineering problems such as the
slope stability and the bearing capacity of shallow
foundations.

Zhang et al. [36, 37] have taken comprehensive effects of
matric suction and intermediate principal stress into ac-
count and then presented a unified equation for the shear
strength of unsaturated soils under plane strain conditions
by using the analogy method. ,e unified shear strength
equation of unsaturated soils under a plane strain condition
is formulated as

τf � ct′ + σ − ua( tanφt′ + ua − uw( tanφb
t � ctt + σ − ua( tanφt′, sinφb

t �
2(1 + b)sinφb

2 + b 1 + sinφb
 

, ctt � ct′ + ua − uw( tanφb
t , (6)

where φb
t is the unified friction angle related to matric

suction and ctt is the unified total cohesion.
When (ua − uw)� 0, equation (6) becomes to be equation

(4) for saturated soils with the unified strength theory; when
b� 0 or 1, equation (6) degenerates into equation (2) for un-
saturated soils with theMohr–Coulomb criterion and the twin-
shear stress criterion, respectively; when 0<b<1, equation (6)
corresponds to a series of new shear strength equations for
unsaturated soils.

2.2. Profiles ofMatric Suction. Two profiles of matric suction
are allowed for [9, 10, 16, 40]: the uniform suction (ua − uw)
in Figure 2(a) is a constant with depth, and the linear suction
in Figure 2(b) decreases linearly with depth from the surface
suction (ua − uw)0 at the ground surface and becomes zero at
the water table Dw. When the water table Dw⟶∞, the
change of matric suction along depth can be neglected and
linear suction becomes uniform suction.

2.3. Ultimate Bearing Capacity of Strip Foundations with
Terzaghi’s 6eory. Terzaghi’s ultimate bearing capacity of

strip foundations in saturated soils is provided by effective
cohesion, surcharge, and soil weight. ,e ultimate bearing
capacity qu is analyzed by limit equilibriummethod of a rigid-
plasticity body with the Mohr–Coulomb criterion. Figure 3
shows Terzaghi’s failure mode of a shallow strip foundation
[1], where B is the width of strip foundations and D is the
buried depth. ,e water table Dw is assumed to be located
below the sliding surface of strip foundations.

Conventional Terzaghi’s ultimate bearing capacity of
a strip foundation in saturated soils with equation (1) is
written as

qu �
1
2

cBNc + qNq + cNc, (7)

where c is the unit weight of foundation soils, q is the
surcharge equal to soil weights above foundation base,
and q is the cD; Nc, Nq, and Nc are the bearing capacity
factors of effective cohesion, surcharge, and soil weight
using the Mohr–Coulomb criterion, respectively, which
are expressed as
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Nc � tanψ +
cos ψ − φ′( 

cosψ sinφ′
× (1 + sinφ′)exp

3π
2

+ φ′ − 2ψ tanφ′  − 1 , (8a)

Nq �
cos(ψ − φ′)

cosψ
× exp

3π
2

+ φ′ − 2ψ tanφ′ tan
π
4

+
φ′
2

 , (8b)

Nc � 1.8 Nq − 1 tanφ′, (8c)

where ψ is the angle between the plane EG and foundation base
EF and ψ �φ′ for a completely rough foundation base, or
ψ � 45o+φ′/2 for a completely smooth one. Moreover, equa-
tion (8c) is a semiempirical equation proposed by Terzaghi [1].

Oloo et al. [18] established a formulation of ultimate
bearing capacity for strip foundations in unsaturated soils
with equation (2), and the formulation is given as

qu �
1
2

cBNc + qNq + c′ + ua − uw( tanφb
 Nc. (9)

,e contribution of matric suction to bearing capacities
of unsaturated soils is represented by (ua − uw) tanφb ×Nc in

equation (9). When (ua − uw)� 0, equation (9) becomes to be
equation (7) for saturated soils.

Fan et al. [44] applied the unified strength theory to
account for the effect of intermediate principal stress and
obtained a unified expression of ultimate bearing capacity
for strip foundations in saturated soils with equation (4).
,is unified expression is written as

qu �
1
2

cBNct + qNqt + ct′Nct, (10)

where Nct,Nqt, andNct are the bearing capacity factors based
on the unified strength theory, which are expressed as

Nct � tanψ +
cos ψ − φt′( 

cosψ sinφt′
× 1 + sinφt′( exp

3π
2

+ φt′ − 2ψ tanφt′  − 1 , (11a)

Nqt �
cos ψ − φt′( 

cosψ
× exp

3π
2

+ φt′ − 2ψ tanφt′ tan
π
4

+
φt′

2
 , (11b)

Nct � 1.8 Nqt − 1 tanφt′ , (11c)

where ψ �φt′ for a completely rough foundation base or
ψ � 45° +φt′/2 for a completely smooth one.

Equation (10) only includes the effect of intermediate
principal stress not considering matric suction. When b� 0,

Mohr–Coulomb
criterion
(b = 0)

Twin-shear stress
criterion
(b = 1)

0.5
0.4
0.3
0.2
0.1
0.0

1.0
0.9
0.8
0.7
0.6
0.5

New
criterion

New
criterion

b = = b

Unified strength theory
(0 ≤ b ≤ 1)

O

σ2′ σ3′

σ1′

Figure 1: Limit loci of the unified strength theory on a deviatoric plane [30].
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equation (10) reduces to equation (7) with the
Mohr–Coulomb criterion not accounting for the interme-
diate principal stress effect.

Equations (9) and (10) merely reflect the effects of matric
suction and intermediate principal stress, respectively. ,e
unified shear strength equation for unsaturated soils under
plane strain conditions as expressed in equation (6) is ca-
pable of describing comprehensive effects of matric suction
and intermediate principal stress. Hence, equation (6) can be
utilized to present a new formulation of ultimate bearing
capacity for strip foundations in unsaturated soils with
consideration of the intermediate principal stress effect.

3. Ultimate Bearing Capacity of Strip
Foundations in Unsaturated Soils

,e effect of intermediate principal stress and two profiles of
matric suction (i.e., uniform and linear suctions) would be
taken into account to derive the ultimate bearing capacity of
a strip foundation in unsaturated soils.

3.1. Uniform Suction with Depth. ,e assumption of a uni-
form suction profile is widely used in geotechnical engineering
problems of unsaturated soils [16, 36, 37, 40], such as the Earth
pressure on retaining walls, the slope stability, and the bearing
capacity of shallow foundations. ,e uniform suction profile is
preferred because theoretical solutions of geotechnical engi-
neering problems in unsaturated soils could be conveniently
extended from those of saturated soils. For the case of uniform
suction, strip foundations are in a general shear failuremodel, as
shown in Figure 3. ,e wedge EFG is always in an elastic state,
and EG is the inner boundary of a sliding zone with an angle ψ
between EG and the horizontal plane.

Unsaturated soils in the sliding zone are in a plastic
equilibrium state consisting of radial shear zone ② and
Rankine passive zone. ③ ,e sliding surface can be de-
scribed by a log spiral as

r � r0 exp θ tanφt′(  � r0 exp
θ[2(1 + b)sinφ′]�������������������������������

[2 + b(1 + sinφ′)]
2

− [2(1 + b)sinφ′]
2


⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
, (12)

where r0 is the initial radius (i.e., the length of EG or FG) and
θ is the angle between any radius r and the initial radius r0,
which are shown in Figure 3.

Figure 4 illustrates the force analysis of an elastic wedge
EFG, where Qu is the ultimate load of a strip foundation.
,en, vertical force equilibrium of the elastic wedge EFG is
written as

Qu � 2Pp cos ψ − φt′(  + cttB tanψ −
1
4

cB
2 tanψ, (13)

where Pp is the total passive Earth pressure acting on the
boundary surface EG (or FG).

,e total passive Earth pressure Pp given in equation (14)
resulted from the unified total cohesion ctt, the surcharge q,
and the soil weight c [1, 44], respectively. For a completely

Suction
(ua – uw)

0

Depth

Uniform

(a)

Suction
(ua – uw)0

0

Depth

Hydrostatic

Linear

D
w

(b)

Figure 2: Two profiles of matric suction. (a) Uniform suction. (b) Linear suction.
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rough base, Terzaghi regarded the elastic wedge boundary
EG as a retaining wall surface on the basis of the Earth
pressure theory to determine the passive Earth pressure Pp:

Pp cos ψ − φt′(  � Ppy � Ppc + Ppq + Ppc, (14)

where Ppy is the vertical component of Pp.
Ppy is calculated in three steps as follows:

(1) When q� c � 0, the passive Earth pressure Ppc only
caused by the cohesion ctt is obtained as

Ppc �
1
2

cttB tanψ × kpc,

kpc �
cos ψ − φt′( 

sinψ sinφt′
1 + sinφt′( exp

3π
2

+ φt′ − 2ψ tanφt′  − 1 ,

(15)

where kpc is the coefficient of passive Earth pressure
for cohesion.

(2) When ctt � c � 0, the passive Earth pressure Ppq only
caused by the surcharge q is calculated as

Ppq �
1
2

qB tanψ × kpq,

kpq �
cos ψ − φt′( 

sinψ
tan

π
4

+
φt′

2
 exp

3π
2

+ φt′ − 2ψ tanφt′ ,

(16)

where kpq is the coefficient of passive Earth pressure
for surcharge.

(3) When ctt � q� 0, the passive Earth pressure Ppc only
caused by the soil weight c is written as

Ppc �
1
2

c
1
2

B tanψ 
2
kpc �

1
8

cB
2tan2 ψ × kpc, (17)

where kpc is the coefficient of passive Earth pressure
for soil weight and kpc needs to be determined by a
trial method.
More detailed derivations of the above three passive
Earth pressure components can be found in Terzaghi
[1] and Fan et al. [44]. ,en, the vertical component
Ppy of total passive Earth pressure is brought by
superimposing equations (15)–(17) as

Ppy � Ppc + Ppq + Ppc �
B tanψ

2
cttkpc + qkpq +

1
4

cB tanψkpc .

(18)

Substituting equations (14) and (18) into (13), the
ultimate bearing capacity qu of strip foundations in
unsaturated soils for uniform suction can be rear-
ranged as

qu �
Qu

B
�
1
2

cBNct + qNqt + cttNct �
1
2

cBNct + qNqt + ct′ + ua − uw( tanφb
t Nct. (19)

,rough some mathematical transformations, Nct, Nqt,
and Nct are found to be the same as equations (11a)–(11c).

Equation (19) can represent comprehensive effects of
intermediate principal stress (0≤ b≤ 1) and uniform suction
(ua − uw). ,e unified strength theory parameter b depicts
the effect of intermediate principal stress as well as the
selection of different failure criteria. When b� 0, equation
(19) degenerates into equation (9) for unsaturated soils with
the Mohr–Coulomb criterion; when b� 1, equation (19)
becomes the ultimate bearing capacity for unsaturated soils
with the two-shear stress criterion; when 0< b< 1, equation

(19) generates a series of new ultimate bearing capacity
equations for strip foundations in unsaturated soils. Matric
suction (ua − uw)> 0 corresponds to an unsaturated state of
foundation soils. When (ua − uw)� 0, equation (19) reverts to
equation (10) for saturated soils with the unified strength
theory. When b� 0 and (ua − uw)� 0, equation (19) reduces
to equation (7) for saturated soils with the Mohr–Coulomb
criterion.

3.2. Linear Suction with Depth. For the case of linear
suction, matric suction decreases linearly with depth and

D

E F

B

G

qu
q = γD

ψ r0
r

θ 33
22

1

Figure 3: Failure mode of strip foundations based on Terzaghi’s theory.
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becomes zero at the water table Dw. As illustrated in
Figure 5, Oh et al. [21, 22, 45] defined the average matric
suction (ua − uw)m at the centroid of zone ① corre-
spondingly to the stress bulb within a depth of 1.5B
beneath foundation base as a representative matric
suction value. ,e value of (ua − uw)m can be adopted to
calculate the contribution of matric suction with a linear
profile to the ultimate bearing capacity of strip founda-
tions. ,e zone ① in Figure 5(a) is a trapezoid with a
height of 1.5B, a top side length of (1 − D/Dw) (ua − uw)0,
and a bottom side length of (1 − (D + 1.5B)/Dw) (ua − uw)0.
,e location of the centroid for zone ① is assumed at a
distance h from the bottom side. According to the the-
orem of area moment, h is obtained as

h �
3B Dw − D − 0.5B( 

4 Dw − D − 0.75B( 
. (20)

,en, (ua − uw)m is derived as

ua − uw( m � ua − uw( 0 1 −
D + 1.5B − h

Dw
 . (21)

By implementing similar derivations of uniform suction
with depth in Section 3.1, the ultimate bearing capacity of
strip foundations in unsaturated soils for linear suction is
written as

qu �
1
2

cBNct + qNqt + ct′ + ua − uw( 0 1 −
D + 1.5B − h

Dw
 tanφb

t Nct.

(22)

It is seen from equation (22) that the effect of linear
suction is accounted for by the surface suction (ua − uw)0 and
the water table Dw. When the water table Dw⟶∞, the
change of matric suction along depth can be neglected and
linear suction becomes uniform suction; then, equation (22)
reduces to equation (19) for uniform suction (i.e., equation
(19) is a special case of equation (22) for Dw⟶∞).

,e matric suction of unsaturated soils is more of a
nonlinear profile with depth that mainly depends on the
soil characteristics (such as the soil type, soil saturation
level, and saturated hydraulic conductivity) and different
environmental conditions (surface evaporation and rain-
fall) or man-made activities. Regarding shallow

foundations of buildings or roads, there are some pro-
tective measures existing on the ground surface.
,e unsaturation profile of near-surface soils is thus in a
steady state and is less affected by environmental condi-
tions and man-made activities. In the absence of measured
suction data in practice, the assumption of linear suction
above the water table can be made under a hydrostatic
pressure condition. ,is is a safe assumption as a con-
servative ultimate bearing capacity is obtained, and its
calculation process is simple and practical.

,is study merely addresses two simple suction profiles,
i.e., the uniform and linear suction profiles. For a measured
suction profile or nonlinear suction profile shown in
Figure 5(b), the average matric suction concept can be
extended based on similar procedures in this paper, and then
the ultimate bearing capacity of strip foundations in un-
saturated soils is easily obtained.

4. Validation of the Proposed Formulation

,e validity of the proposed ultimate bearing capacity
formulations as expressed in equations (19) and (22) is

B

W

FE

ctt ctt

Pp Pp

Qu

ψψ

φt′ φt′

ψ – φt′ ψ – φt′G

0.
5B

ta
nψ

Figure 4: Force analysis of an elastic wedge EFG.

Depth

(ua – uw)0

Linear

D
w

D

0

h

1.
5B

I

(a)

Depth

(ua – uw)0

Nonlinear

D
w

D

0

1.
5B

(b)

Figure 5: Average matric suction under the nonuniform suction
profiles. (a) Linear suction. (b) Nonlinear suction.
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verified by comprising with the results of Vanapalli and
Mohamed [19] and Zhao et al. [20].

4.1. A Comparison with the Result of Vanapalli andMohamed
[19]. Rectangular foundation model tests for estimating the
ultimate bearing capacity of unsaturated coarse-grained soils
were carried out by Vanapalli andMohamed [19].,e size of
a model tank is length×width× height� 900mm×

900mm× 750mm, and the size of a foundation is
B× L� 100mm× 100mm; soil parameters are c � 16.02 kN/
m3, c′� 0.6 kPa, and φ′� 35.3°. ,e rectangular foundation
was placed on the ground surface with D� 0. ,e air-entry
value (ua − uw)b equal to 3 kPa was obtained by the fitted soil-
water characteristic curve (SWCC). Vanapalli and
Mohamed [19] performed four model tests along with the
average matric suction (ua − uw)m of 0, 2, 4, and 6 kPa, and
the corresponding bearing capacity was 121, 570, 715, and
840 kPa, respectively. An equation was also presented for
estimating the ultimate bearing capacity of rectangular
foundations in unsaturated soils by incorporating the degree
of saturation and the SWCC. Figure 6 shows the comparison
of this study with the result of Vanapalli and Mohamed [19].
Additionally, the angle φb is determined by Method II with
m� 0.5 kPa and n� 0.0297. ,e ultimate bearing capacity
formulation of this study needs to be modified for a rect-
angular foundation with shape factors as

qu �
1
2

cBNctξc + qNqtξq + ct′ + ua − uw( m tanφb
t Nctξc,

(23)

ξc � 1 − 0.4
B

L
≥ 0.6,

ξq � 1 +
B

L
tanφt
′
, ξc � 1 +

B

L

Nqt

Nct
, (24)

where ξc, ξq, and ξc are Vesic’s shape factors of soil weight,
surcharge, and cohesion [3], respectively.

As can be seen from Figure 6, matric suction consid-
erably enhances the ultimate bearing capacity of shallow
foundations. When (ua − uw)m is increased from 0 to 6 kPa,
qu of model tests is increased by 5.94 times, so the contri-
bution of matric suction to the ultimate bearing capacity of
unsaturated soils is very remarkable. When b� 0.75, pre-
dictions of this study from equation (23) are in good
agreement with model test results of Vanapalli and
Mohamed [19]. Accordingly, the validity of equation (23) is
well demonstrated. On the other hand, Figure 6 suggests that
the strength of coarse-grained soils used in this model test
should be described by equation (6) with b� 0.75.

When b� 0, the prediction of equation (23) is distinctly
less than the result of this model test. It means that the
Mohr–Coulomb criterion (i.e., b� 0) underestimates actual
bearing capacities of unsaturated soils due to neglecting the
intermediate principal stress effect. Nevertheless, when b� 1,
the prediction of equation (23) is higher than model test
results and exaggerates the improving effect of intermediate
principal stress.

In addition, the result of this study with b� 0.75 is close
to the estimation of Vanapalli and Mohamed [19] for a
suction range from 0 to 6 kPa. However, the estimated ul-
timate bearing capacity of Vanapalli and Mohamed [19]
shows a reduction after matric suction reaches 6 kPa. It is
because that the degree of saturation in the equation of
Vanapalli and Mohamed [19] has a more reducing effect
than the strengthening effect of increasing matric suction on
the ultimate bearing capacity. In this study, the angle φb of
Method II decreases nonlinearly with increasing matric
suction, and the decrease of φb would reduce the ultimate
bearing capacity. ,ere are three cases of the relationship
between a strengthening effect of increasing matric suction
and a reducing effect of decreasing the angle φb on the
ultimate bearing capacity, and detailed analyses are dis-
cussed in Section 5.3. For the specific experimental condi-
tion of Vanapalli and Mohamed [19], the reducing effect of
φb is less than the strengthening effect of increasing matric
suction, and the reduction in ultimate bearing capacity is not
captured in this study while the increasing rate is decreased.
Furthermore, the reduction in ultimate bearing capacity of
Vanapalli and Mohamed [19] is only predicted not mea-
sured. Oh and Vanapalli [21] also revealed the decline in the
estimated ultimate bearing capacity of shallow foundations,
while there is no decrease in model test results.

4.2. A Comparison with the Result of Zhao et al. [20].
Based on the Mohr–Coulomb criterion, Zhao et al. [20]
derived upper-bound solutions of the ultimate bearing ca-
pacity for strip foundations in unsaturated soils with uni-
form and linear suction profiles. Figure 7 shows the
comparison between the results of Zhao et al. [20] and this
study with equations (19) and (22) for B� 0.5m, D� 0.5m,
Dw � 4m, c � 18.3 kN/m3, c′� 5 kPa, φ′� 20°, and φb � 15°.
,e parameter b takes three values (i.e., 0, 0.5, and 1).

It is indicated from Figure 7 that predictions of this
study with b � 0 not incorporating the intermediate
principal stress effect are reasonably consistent with the
upper-bound results of Zhao et al. [20] using the
Mohr–Coulomb criterion. Furthermore, if the effect of
intermediate principal stress is taken effectively, i.e.,
b � 0.5 and 1, the prediction of this study is larger than
that of the upper-bound method, particularly for the
uniform suction profile in Figure 7(a).

5. Parametric Studies

Influence characteristics of intermediate principal stress,
matric suction, strength nonlinearity from nonlinearity in
the angle φb, and base roughness on the ultimate bearing
capacity of strip foundations in unsaturated soils are
investigated herein for input parameters of B � 4m,
D � 3m, Dw � 12m, c � 19.5 kN/m3, c′� 20 kPa, and
φ′� 30°. ,e angle φb of Method II is only considered to
discuss the effect of strength nonlinearity, while φb � 20° of
Method I is used for the other three influence factors. In
addition, a completely rough foundation base is adopted
in Sections 5.1–5.3.
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5.1. Effect of Intermediate Principal Stress. ,e effect of in-
termediate principal stress is described by the parameter b in
the unified strength theory, and a larger b value represents a
more significant effect of intermediate principal stress.
Figure 8 illustrates the variation of ultimate bearing capacity
with the change of parameter b.

Figure 8 displays that the ultimate bearing capacity qu
has a nearly linear increase with b. When b is changed from 0
to 1, qu for the case of uniform suction is increased by 92.7%
for (ua − uw)� (ua − uw)0 � 30 kPa, which is roughly identical

to that of linear suction (increased by 93.4%). ,erefore, the
effect of intermediate principal stress should be taken into
account to calculate the ultimate bearing capacity of strip
foundations in unsaturated soils, and the result without
incorporating the intermediate principal stress effect is
conservative. Additionally, qu in case of linear suction is
smaller than that of uniform suction, especially for
(ua − uw)� (ua − uw)0 � 90 kPa. A reasonable profile of matric
suction is necessarily estimated in practical engineering.
Meanwhile, comparisons of Figures 8(a) and 8(b) indicate
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Figure 7: Comparisons with the result of Zhao et al. [20]. (a) Uniform suction. (b) Linear suction.
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that larger matric suctions will yield a more conspicuous
difference in the results between uniform and linear
suctions.

5.2. Effect of Matric Suction. Matric suction is a unique
property of unsaturated soils, and its influence on the ul-
timate bearing capacity of unsaturated soils lies in two as-
pects: suction magnitude and profile pattern. Figure 9 shows
the relationship between the ultimate bearing capacity of
unsaturated soils and matric suction under uniformly and
linearly distributed suctions with b� 0 and 1, and matric
suction ranges from 0 to 150 kPa.

Figure 9 indicates that qu increases approximately lin-
early with matric suction. When b� 1 and matric suction
increases from 0 to 150 kPa, qu in case of uniform suction is
increased by 54.6%, which is much larger than that of linear
suction (increased by 29.6%). Ignoring the change of matric
suction along the depth, qu of uniform suction is rather
larger, and then foundation designs based on this as-
sumption may be unsafe. Moreover, the effect of suction
profile on the ultimate bearing capacity of strip foundations
cannot be neglected. Comparisons between Figures 9(a) and
9(b) suggest that the difference between two suction profiles
is larger for b� 1 than b� 0. Hence, the influence of matric
suction including the suction magnitude and suction prolife
is significant, and the profile of matric suction in different
situations should be monitored in situ.

5.3. Effect of StrengthNonlinearity. Sections 5.1 and 5.2 have
demonstrated that the result of linear suction is similar to
that of uniform suction. Accordingly, only uniform suction
is considered herein to explore the effect of strength non-
linearity. ,e air-entry value (ua − uw)b is assumed to be
90 kPa, b takes 0 and 1, and matric suction ranges from 0 to
240 kPa. Figure 10 presents the effect of strength

nonlinearity on the ultimate bearing capacity of a strip
foundation in unsaturated soils.,e angle φb ofMethod I is a
small constant with φb � 20°. For Method II, when
(ua − uw)≤ (ua − uw)b, φb �φ′� 30°; once (ua − uw)
> (ua − uw)b, φb is calculated from equation (3b) with
n� 0.0354, and m is taken as 1, 5, and 20 kPa, respectively.

It can be seen from Figure 10 that qu of Method I in-
creases linearly without a turning point. However, the result
of Method II is divided into two stages: when
(ua − uw)≤ (ua − uw)b � 90 kPa, qu increases linearly with
(ua − uw); when (ua − uw)> (ua − uw)b � 90 kPa, qu is closely
related to the parameter m. A comparison between the
predictions of Method I and Method II implies the result of
Method II is larger than that of Method I in the low suction
region of (ua − uw)≤ (ua − uw)b � 90 kPa.,is is because φb of
Method I is smaller than that of Method II in the low suction
region. In the high suction region of (ua − uw)
> (ua − uw)b � 90 kPa, relative magnitude of the predictions
fromMethod I andMethod II is dependent on the parameter
m.

,e value of m can describe the dual-effect of high
suction on the ultimate bearing capacity through the rela-
tionship between a strengthening effect of increasing matric
suction and a reducing effect of decreasing the angle φb.
,ere are three cases of this dual effect. Case 1: when the
reducing effect of φb is more pronounced than the
strengthening effect of matric suction, qu decreases non-
linearly with matric suction and approaches a constant
value, which is in accordance with the result of m� 1 kPa.
Case 2: when the reducing effect of φb is slightly weaker than
the strengthening effect of matric suction, qu increases
somewhat with matric suction corresponding to that of
m� 5 kPa. Case 3: when the reducing effect of φb is much less
than the strengthening effect of matric suction, qu increases
markedly with matric suction, and the result of m� 20 kPa
belongs to this case.
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Figure 8: Effect of intermediate principal stress. (a) (ua − uw)� (ua − uw)0 � 30 kPa. (b) (ua − uw)� (ua − uw)0 � 90 kPa.
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Consequently, high suction has a complex dual effect
and m can be referred to as an index to characterize the
changing velocity of φb with matric suction. Variation laws
of the ultimate bearing capacity for strip foundations under
high suction values are in fact attributed to strength
nonlinearity of unsaturated soils in terms of a decreasing
angle φb.

5.4. Effect of Base Roughness. ,e roughness of foundation
base affects the ultimate bearing capacity of strip

foundations through directly influencing the angle ψ be-
tween the elastic wedge① and the horizontal plane EF. ,e
ultimate bearing capacity for two limits of base roughness
(i.e., a completely rough base and a completely smooth base)
under uniform and linear suctions is shown in Figure 11
with (ua − uw)� (ua − uw)0 � 90 kPa.

From Figure 11, it can be seen that base roughness has a
remarkable influence on the ultimate bearing capacity of
strip foundations and qu of a completely rough base is larger
than that of a completely smooth base. In the case of uniform
suction, qu of a completely rough base is increased by 82.3%
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Figure 9: Effect of matric suction. (a) b� 0. (b) b� 1.
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Figure 10: Effect of strength nonlinearity. (a) b� 0. (b) b� 1.
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when b varies from 0 to 1, while that of a completely smooth
base is increased by 79.4%. As a result, the intermediate
principal stress effect is more pronounced for a completely
rough base. Measures should be taken to improve the
roughness of foundation base avoiding adverse impacts on
foundation safety.

6. Conclusions

(1) ,e ultimate bearing capacity formulation of strip
foundations under two suction profiles is presented
by incorporating the intermediate principal stress
effect. ,e ultimate bearing capacity equations of
strip foundations in saturated soils using the
Mohr–Coulomb criterion and using the unified
strength theory are both special cases of the proposed
formulation. Furthermore, the proposed formula-
tion can degenerate into that of unsaturated soils
based on the Mohr–Coulomb criterion. Meanwhile,
the validity and wide applicability of this study are
confirmed by comprising with model test results and
an upper-bound solution available in the literature.

(2) ,e ultimate bearing capacity of strip foundations is
found to be sensitive for improving the effect of
intermediate principal stress and increases distinctly
with the unified strength theory parameter b. ,e
result with b� 0 not including the intermediate
principal stress effect is conservative. Consequently,
the effect of intermediate principal stress should be
appropriately considered to achieve more potenti-
alities of unsaturated soils and reduce project costs.

(3) Matric suction and its profiles can significantly en-
hance the ultimate bearing capacity of strip foun-
dations in unsaturated soils. ,e ultimate bearing
capacity increases linearly with matric suction and
the effect of uniform suction is more obvious. Field

monitoring of matric suction at shallow depths is
preferred to accurately model a suction profile. Base
roughness is able to markedly affect the ultimate
bearing capacity of strip foundations, and reasonable
measures are taken to increase the roughness of
foundation base.

(4) ,e effect of strength nonlinearity was investigated
by comparing Method I with Method II. Method I
with a small and stable value of the angle φb has
simple calculation steps but its results are not precise
enough. Method II with a hyperbolic function of the
angle φb is more consistent with practical conditions,
but its calculation is more complicated due to the
difficulty in obtaining an interceptm. ,e dual effect
of high suction on unsaturated soil strength (and
thus on the ultimate bearing capacity of strip
foundations) should be well addressed.

,e matric suction of unsaturated soils has nonlinear
variations with depth that is highly dependent on the soil
characteristics and different environmental conditions.
,is study merely addresses uniform and linear suction
profiles, and nonlinear profiles of matric suction versus
the depth to develop an accurate and general framework
for calculating the ultimate bearing capacity of strip
foundations will be implemented in future works. On the
other hand, this paper mainly conducts theoretical re-
search studies on the design of strip foundations con-
sidering the effect of matric suction. Although some
simplified assumptions are made, it is useful for many
readers and researchers due to the fact that closed-form
equations of the ultimate bearing capacity concerning the
intermediate principal stress effect and strength non-
linearity are obtained. ,e finite element analysis, labo-
ratory model tests, and in situ investigations will be
performed in future studies.
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Figure 11: Effect of base roughness. (a) Completely rough. (b) Completely smooth.
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