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Abstract Bearing capacity is one of the key properties
required in the design of shallow and deep foundations. In
conventional engineering practice, simple approaches are
widely used for determining the bearing carrying capacity
of foundations based on the shear strength parameters of
saturated soils. However, foundations are typically placed
in part or fully in the soil zone above the natural ground
water table, which is in a state of unsaturated condition.
The shear strength of unsaturated soils is significantly
influenced by the matric suction. The bearing capacity of
foundations cannot be reliably determined by extending
conventional soil mechanics principles for soils that are in
a state of unsaturated condition. This Companion Paper I,
introduces how the shear strength can be used as a tool in
the interpretation and prediction of the bearing capacity of
foundations in unsaturated soils. In addition, both theoret-
ical and experimental studies related to the bearing
capacity of unsaturated soils are succinctly summarized.
Numerical techniques that can be used for predicting the
stress versus settlement behavior used for the design of
shallow and deep foundations are summarized in Com-
panion Paper II. The succinctly summarized information in
the companion papers are valuable for geotechnical engi-
neers for understanding and implementing the mechanics
of unsaturated soils in the design of shallow and deep
foundations.
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Introduction

The behavior of geotechnical infrastructures such as
foundations, pavements and retaining structures are sig-
nificantly influenced by the shear strength of soils. Due to
this reason, in conventional engineering practice, simple
approaches are widely used for the design of shallow and
deep foundations based on the saturated shear strength
parameters. In many scenarios, foundations are placed
either in part or fully in the vadose zone, which is above the
natural groundwater table, where the soil is typically in a
state of unsaturated condition. However, the design of
foundations is based on conventional saturated soil
mechanics principles ignoring the contribution of matric
suction of soil in unsaturated conditions. Such an approach
contributes to unrealistic estimation of the bearing capacity
and the settlement behavior, which are key parameters
required in the design of foundations (i.e., both shallow
foundations and pile foundations).

Fredlund and Morgenstern [1] proposed a rational
framework for interpreting the mechanical behavior of
unsaturated soils in terms of two independent stress state
variables; namely, net normal stress, (6, — u,) and matric
suction, (1, — u,,). In 1978, Fredlund et al. [2] proposed a
shear strength relationship extending the Mohr—Coulomb
failure criterion for unsaturated soils in terms of two stress
state variables. Many experimental studies have been
conducted over the last few decades to determine and
interpret the shear strength of unsaturated soils (SSUS)
following this framework [for example, 3-6]. Equa-
tion proposed by Fredlund et al. [2] was found to be a
valuable tool for explaining the shear strength changes
from a saturated condition to unsaturated condition and
vice versa. However, experimental studies for determining
the SSUS need elaborate testing equipment that can be

@ Springer


http://orcid.org/0000-0002-3273-6149
http://crossmark.crossref.org/dialog/?doi=10.1007/s40098-021-00501-2&amp;domain=pdf
https://doi.org/10.1007/s40098-021-00501-2

98

Indian Geotech J (February 2021) 51(1):97-114

performed only with the assistance of trained professionals.
In addition, these tests are time-consuming. Due to this
reason, several researchers developed empirical and semi-
empirical methods for predicting the SSUS using the sat-
urated shear strength parameters and the soil-water char-
acteristic curve (SWCC) as a tool [for example, 5,7,8]. The
SWCC is defined as the relationship between the soil water
content (volumetric or gravimetric) or degree of saturation
and soil suction.

This paper provides a succinct theoretical background
information of how SSUS information can be used in pre-
dicting and interpreting the bearing capacity of shallow and
deep foundations. In addition, this framework is supported
using model and prototype tests performed in the labora-
tory and field, respectively. The developed theoretical
approaches are consistent with the conventional geotech-
nical engineering practice applications that are based on
saturated soil mechanics. The studies summarized in this
paper are encouraging for the geotechnical engineers for
implementing the mechanics of unsaturated soils in the
design of shallow and deep foundations.

Background

Bishop [9] extended the Terzaghi [10] shear strength
equation to describe the effective shear strength of unsat-
urated soil, which is given below.

1= + (o0 — tta) + (st — uy)] tan ¢’ (1)

where 1 is shear strength of unsaturated soil, ¢’ and ¢’ are
the effective shear strength parameters, y is parameter
related to the degree of saturation; terms (¢, — u,) and
(u, — u,,) are the stress state variables: net normal stress
and matric suction.

Fredlund et al. [2] proposed the shear strength equation
for unsaturated soil in terms of two independent stress state
variables, which is shown as Eq. (2)

T=c + (0 — ) tan @’ + (u, — u,,) tan ¢” (2)

where ¢” is the angle of shearing resistance relative to an
increase in matric suction. This equation is well established
in the literature and provides a rational interpretation of the
shear strength behavior of unsaturated soils.

Experimental determination of the SSUS however
requires expensive equipment, need trained professionals
to operate them and is time consuming to perform. For this
reason, several researchers [for example, 5,11-14] pro-
posed simple approaches for predicting or estimating the
SSUS, which typically have form of Eq. (1) or Eq. (2).
More comprehensive discussions on the SSUS are available
in Vanapalli and Fredlund [15] and Vanapalli [16].
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The simple approaches proposed by Vanapalli et al. [5]
and Fredlund et al. [14] for predicting the SSUS are widely
used in the literature. In these approaches, shear strength is
predicted using the effective shear strength parameters (i.e.,
¢ and ¢') and the SWCC (Eq. 3)

t=c + (0n —uy) tan ¢’ + (uy — uy)(S*) tan ¢’
tan ¢” = $* tan ¢’

(3a)

‘cC’Jr(anua)tan¢/+(uauw)<0_0r>tan¢'

Hs_er
tan ¢° = (H_Qr)tanqﬁ’

gs - Or
(3b)

where 0 is the volumetric water content of the soil, 6, and
0, are, respectively, the saturated and residual volumetric
water contents, S is degree of saturation. The fitting
parameter x varies for different soils and is strongly related
to the plasticity index, I, [15, 17, 18]. In Egs. (3a) and (3b),
[¢' + (6, — u,) tan ¢']) represents the saturated shear
strength. The terms, [(u, — uy) S* tan ¢'] and [(u, — uy)
(0 — 0)/(05 — 0,) tan ¢")], respectively, in Egs. (3a) and
(3b), represent the contribution of the matric suction
toward the shear strength.

Figure la shows drying SWCC for a typical fine-grained
soil. Three key stages, namely boundary effect zone (BEZ),
transition effect zone (TEZ) and residual zone of saturation
(RZS) can be identified in this SWCC. All the soil pores are
filled with water in the BEZ and the soil is in a state of
saturated condition, in spite of soil suction. The value of
matric suction at which air enters into the largest pores of
soil is referred to as the air-entry value. The soil water
content starts to reduce rapidly (i.e., desaturates) with a
further increase in the matric suction in the TEZ. The water
menisci area which is continuous within the soil particles
or aggregates in the BEZ becomes discontinuous during the
soil desaturation process in the TEZ as shown in Fig. la.
The desaturation phase in the TEZ is typically associated
with the movement of water in the liquid phase. In the
RZS, significantly large suction changes are necessary to
achieve even small changes in the water content. The water
content reduction in this zone is mostly in the vapor phase
as there are no continuous paths for the water to flow in the
liquid phase. The water menisci in the RZS is typically
small. As a stress state variable, suction contributes to
shear strength along the wetted area of contact of soil
particles or aggregates. Due to this reason, the shear
strength increases linearly in the BEZ (i.e., tan ¢” = tan ¢/)
when the matric suction is lower than the air entry value
shown in Fig. 1b. This is because matric suction is effec-
tively transmitted along the wetted area of contact, which is
100%. However, there will be a nonlinear increase in shear
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Fig. 1 Relationship between the SWCC and shear strength of
unsaturated soils (modified after Vanapalli [16]): a typical soil water
characteristic curve; b shear strength of unsaturated soils in various
zones

strength in the TEZ as the suction increases. The matric
suction acts along the discontinuous wetted area of contact
of soil particles within the TEZ. Therefore, the angle of
shearing resistance with respect to suction ¢” is less than
the angle of shearing resistance ¢’. The trends in the
variation of the bearing capacity of unsaturated soils prior
to RZS are consistent with the shear strength behavior [19],
which are discussed in greater detail in later sections. In the
RZS, for example, sand desaturates at a relatively fast rate
and has a low water content (i.e., low degree of saturation).
In other words, there is a limited wetted area of contact.
Due to this reason, suction in spite of being a higher value
compared to BEZ and TEZ, may not be transmitted
effectively to all the soil particles at their contact points [5].
Therefore, shear strength in coarse-grained soils typically
decreases. Such a behavior can be observed from experi-
mental results by Donald [20]. However, fine-grained soils
such as clays may not have a well-defined residual state.
Considerable water (in the form of adsorbed water) in clay
at residual stage may still be available to transmit suction

effectively. Due to this reason, the shear strength of clays
typically increases in the RZS. However, shear strength of
certain fine-grained soils such as silts decreases gradually
over a large suction range (Escario and Juca [21]). These
results suggest that the nonlinear shear strength behavior of
unsaturated soils should be considered in the rational
design of geotechnical infrastructure. The sections that
follow summarize experimental results of bearing capacity
of both shallow and deep foundations of unsaturated soils;
in addition, bearing capacity is also predicted using SWCC
as a tool similar to the SUSS as a tool.

Theoretical Studies
Shallow Foundations

Effective stress approach (ESA) and total stress approach
(TSA) are widely used in conventional geotechnical engi-
neering practice for interpreting the bearing capacity of
drained and undrained loading conditions, respectively, for
saturated soils. Similar approaches can also be used for
unsaturated soils and are referred to as modified effective
stress approach (MESA) and total stress approach (MTSA).

Modified Effective Stress Approach (MESA)

Terzaghi [10] proposed Eq. (4) for determining the bearing
capacity of strip foundations assuming general shear failure
condition. Vanapalli and Mohamed [22] extended the
Terzaghi [10] equation (Eq. 4) and proposed a bearing
capacity equation (Eq. 5a and 5b) for unsaturated soils.
Equation (5a) was originally proposed for surface square
footing. This equation can be modified as Eq. (5b) taking
account of the influence of overburden stress associated
with embedded foundation. There is a smooth transition
between Eqgs. (5a and 5b) and (4) used for unsaturated and
saturated soils. In other words, when the matric suction is
equal to zero, Eq. (5a and 5b) takes the form as the
Terzaghi’s equation (i.e., Eq. 4). Equation (5a and 5b) can
also be used as a tool to predict the nonlinear variation of
the bearing capacity with respect to matric suction using
the effective shear strength parameters of saturated soil
(ie., ¢ and ¢') and the SWCC. The term S* tan ¢’
describes the shear strength contribution with respect to
matric suction toward the bearing capacity.

Yult(sat) = ¢'Ne + yD¢Ng + 0.5ByN, (4)
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[ ¢+ (ta — )y (1 — $¥) tan ¢’ |
Gult(unsat) = " , N éc
I +(ua — ty) Ay S” tan ¢ |
+0.5ByN, &, (5a)
[ ¢+ (ta — )y (1 — $¥) tan ¢' |
Gult(unsat) = " ' N éc
I +(ua — ty) AygS” tan ¢ |
+ 9DNyEq + 0.5ByN,E, (5b)

where quigsar)s Quitunsary are the ultimate bearing capacity
for saturated soil and unsaturated soils, B is the width of
footing, 7 is soil unit weight, N., Ny, N, are the bearing
capacity factors [10, 23], (u, — u,,)p is the air-entry value,
e, &g» &, are shape factors [24], Dy is the footing embed-
ment depth. (4, — uy)ayr 1S the average matric suction
value.

The average matric suction value is defined as the value
at the centroid of the suction distribution profile within
depth of 1.5B or 2B (i.e., the predominant stress bulb zone
beneath the foundation). ¥ is the fitting parameter that is
strongly related to the /,. Vanapalli and Mohamed [22]
proposed an equation (Eq. 6) of ¥ with experiments results
of sands, Botkin Pit Silt and glacial till shown in Fig. 2.

¥ = —0.0031(,)” + 0.34(1,) + 1 (6)

Vanapalli and Oh [25, 26] suggested that ¥ can be
typically assumed to be 3.5 for fine grained soils with
plasticity index, I, values greater than 8% based on the
results of in-situ plate load tests. A value of ¥ equal to 1 is
suggested for coarse grained soils with I, = 0. They also
summarized that different rates of loading can influence
values of ?.

Oh and Vanapalli [27] also proposed a methodology
using Eq. (5) to evaluate the stress versus settlement rela-
tionship. This method was developed by assuming the
stress and settlement relationship in the elastic and plastic
zones as two straight lines (i.e., linear). The slope of the
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Fig. 2 Relationship between the soil plasticity index and the fitting
parameter ¥
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elastic line is equal to the modulus of elasticity of the soil.
Oh et al. [28] proposed Eq. (7) for predicting the variation
of modulus of elasticity with respect to matric suction.

Euneat = Ee |1+ a% (s") (7)
where E,s.c and E,; are the elastic modulus of unsaturated
soil and saturated soil, respectively. P, is the atmosphere
pressure (101.3 kPa). o and f3 are fitting parameters, f§ = 1
for coarse grained soil [28] and f = 2 [29] for fine grained
soil. o value is related to the ratio of footing size to soil
particle size and the plasticity index, I, [28, 29]. The
proposed MESA approach has been validated with exper-
imental studies for both coarse- and fine-grained soil with
matric suction values lower than the residual suction. More
details about the experimental studies and the comparisons
between the variation of bearing capacity with matric
suction from experimental results and predicted values are
discussed in later sections.

Modified Total Stress Approach (MTSA)

Studies by Oh and Vanapalli [30] suggest that MESA may
not provide reliable results for large suction values in
unsaturated fine-grained (UFG) soils. This may be associ-
ated with bearing capacity converging close to residual
suction value. For such a scenario, drainage condition of
UFG soil may not be well-defined. Investigations suggest
that the MTSA provides a reasonable bearing capacity for
UFG soils at large suction values. Vanapalli et al. [31]
proposed the MTSA to interpret the bearing capacity of
foundation in UFG soils under undrained loading condi-
tion. The method was based on the equation proposed by
Skempton [32] shown as Eq. (8).

Gult = Cu(sal) X éc X NC (8)

where g, is ultimate bearing capacity of the saturated soil;
Cusan 18 the undrained shear strength for saturated soils; N,
is bearing capacity factor related to cohesion under
undrained loading condition.

Vanapalli et al. [31] replaced the undrained shear
strength in Eq. (8) with that of unsaturated soil cywunsa)-
Similar to saturated soil, it is assumed that cynsar) 1 equal
t0 Guunsan/2 from the unconfined compression (UC) test.
Therefore, the ultimate bearing capacity of UFG soil will
take the form as shown in Eq. (9)

QLI unsal B
Gult(unsat) = {%} |:1 +0.2 (Z):l Neunsat (9)

where Nunsat 1S the bearing capacity factor under unsatu-
rated condition, it is same with that in saturated condition
in this equation. L is the foundation length.
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The shear strength of UFG soil is derived from UC test
results because of two reasons. The first reason is related to
the failure mechanism of the foundations associated with
UFG soil under undrained loading condition. Several
research studies [30-34] suggest that the failure mecha-
nism of a shallow foundation in UFG soil is closely related
to the punching shear failure mode shown as Fig. 3. The
bearing capacity of the foundation therefore can be con-
sidered as a function of the soil compressive strength below
the foundation. The soil condition (pore air drained, pore
water undrained) can be realized in UC tests. The second
reason is UC test is a quick and conventional test compared
to other tests such as the constant water content (CW) tests
[30].

Oh and Vanapalli [35] proposed Eq. (10), which facili-
tates to estimate the variation of the undrained shear
strength, ¢yqnsary for UFG soils.

(Uy — Uy) | oy
u(unnsat) = Cu(sat) | 1 + 55 7rmn AN 10
Cutumsa) = Cusay | 1+ 7507 (7)1 (10)
where v and u are fitting parameters, v = 2 for fine grained
soil, p is related to the plasticity index, I, given in
Egs. (11a) and (11b).

p=9,80<I,(%) <155 (11a)

= 2.1088¢%3U) 155 <1 (%) < 60.0 (11b)

where e is Euler’s number. The above relationship was
derived from six sets of UC test results [15, 31, 36-39].
The results derived by the shear strength equation at suc-
tion close to the residual suction value should be carefully
interpreted [26]. The proposed approach is valuable;

Footing
Before Loading

Ground surface \ -

B
Soil

(a)

Footing Loading

Ground surface \ No obvious heave

Soil block movement |

beneath the footing I’ \ |
[ I

(b)

Fig. 3 Schematic of common punching failure mechanism in
unsaturated fine-grained (UFG) soils beneath the foundation: a before
loading; b during loading

however, more supporting data from field tests can provide
more credence for use in geotechnical design practice.

Pile Foundations

End-Bearing Capacity of Piles Embedded in Unsaturated
Sands

Theoretical approaches that have been developed for
determining the bearing capacity of shallow foundations
can be extended with modifications for estimating the end-
bearing capacity of pile foundations. For shallow founda-
tions, Vanapalli and Mohamed [22] proposed an approach
for predicting the bearing capacity of surface shallow
foundation with respect to matric suction, extending the
conventional approach used for saturated soils. In this
approach, the effective cohesion, ¢’ term is replaced with
total cohesion, ¢, for determining the variation of bearing
capacity of unsaturated soils taking account the influence
of matric suction. The same equation (i.e., Eq. 12) can be
also used for predicting the variation of total cohesion, c,
with respect to matric suction. The information of the
effective shear strength parameters and the SWCC is
required for extending this approach.

ca ="+ (ty — uy), (1 — 85) tan ¢’
+ (4, — uW)AVRS‘pBC tan ¢’ (12)

where, ¥pc = fitting parameter with respect to bearing
capacity (WYgc = 1 for nonplastic soil).

Vanapalli et al. [40] extended this approach to predict
the end-bearing capacity Qpws) of single piles in unsatu-
rated soils. Three conventional methods originally pro-
posed by Terzaghi [10], Hansen [41] and Janbu [42] for
estimating the end-bearing capacity of piles in saturated
soils were used in extending this approach. The soil above
the pile was assumed as an equivalent surcharge, ¢g. Limit
equilibrium conditions are used to determine the end-
bearing capacity based on failure patterns around the pile
tip. The conventional Terzaghi [10] and Hansen [41] /
Janbu [42] equations were modified as Eqs. (13) and (14),
respectively.

Qpus) = Ap ([¢" + (tta — 1), (1 — §Y5¢) tan ¢’
(g — tty,) Ay S”™ tan @'|Nese + ¢'Ng + 1/2ByNys,)
(13)
Opus) = Ap([¢' + (tta — uy)y (1 — 8¥5¢) tan ¢’
ity — 1)y S5 tan ¢'|Nde + g/ Nidy + 1 /2ByN;)
(14)

where A}, is pile base area, q' is vertical effective stress at
the level of pile base, y is unit weight of soil beneath the

@ Springer
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pile, B is pile diameter, s, s, are shape factors with respect
to cohesion and unit weight of soil, respectively (s. = 1.3
and s, = 0.6 for round pile foundation). N¢, Ny, N,, N¢, Ny,
N, are bearing capacity factors that are functions of soil
friction angle, d., d are depth factors. More details about
the information related to the determination of bearing
capacity factors are available in Vanapalli et al. [40].

Pile Shaft Carrying Capacity in UFG Soils

Vanapalli and Taylan [43] modified three conventional
semi-empirical approaches (i.e., « method proposed by
Skempton [44], f method proposed by Burland [45], 4
method by Vijayvergiya and Focht [46] for saturated soils)
to predict the variation of shaft carrying capacity of pile
foundations in UFG soils.

Modified o. method The o« method was originally proposed
by Skempton [44] to determine the shaft resistance of piles
placed in saturated cohesive soils extending the total stress
approach (TSA) (i.e., ¢ = 0 concept). In this conventional
method, the average shaft friction that develops for carry-
ing the load is related to the mean undrained shear strength
by an empirical coefficient «, which is typically less than
unity. Extending the same approach, the shaft carrying
capacity of pile O under undrained loading conditions in
UFG soils can be estimated using Eq. (15).

Or = f; X Ay = acymdL

(ta — uw)
(P,/101.3)

(15)

= tCy(sar) | 1 + S’/ u|mdL

where d is the pile diameter and L is the length of pile.

Modified § method Burland [45] proposed f method to
calculate shaft carrying capacity by extending effective
stress approach (ESA). The total stress approach (TSA) is
suitable for clayey soils; however, ESA can be used for all
soil types. When the displacement between piles and clay
is relatively large, the pile shaft friction is mainly influ-
enced by lateral effective stress. Vanapalli and Taylan [43]
proposed a modified f method to determine pile shaft
resistance in unsaturated soils. The ultimate shaft capacity
of a single pile in unsaturated soils Qs consists of the
contribution from matric suction Qa—,w) and conventional
shaft resistance Qr under saturated conditions.

Qf(us) =Qr+ Q(uufuw) (16)
For fine-grained soils, the apparent cohesion ¢’, under
drained loading condition is due to the contribution of the

shaft carrying capacity. Thus, the ultimate shaft capacity of
single pile in unsaturated soils Qg can be written as:

Or(us) = [ch + B(0}) + (ua — uy)(S¥)(tan &) | mdL (17)

@ Springer

where S is the degree of saturation, « is fitting parameter
used for shear strength. The fitting parameter x can be
obtained from the relationships proposed by Vanapalli and
Fredlund [15]. ¢’, is the horizontal effective stress acting
on the pile and ¢’ is the effective friction angle of the pile-
soil interface, f§ is Burland-Bjerrum coefficient is equal to
K, tan ¢', where Ky is earth pressure coefficient. For bored
piles, the angle ¢’ is commonly assumed to be equal to the
angle of shearing resistance of the surrounding soil, ¢’, for
practical purposes.

Modified . method Vijayvergiya and Focht [46] sug-
gested A method to predict pile shaft carrying capacity,
which combines TSA and ESA. This method assumes that
the unit skin friction has a relationship with both vertical
effective stress and the undrained shear strength. The shaft
resistance per unit area fy.yvg) can be estimated by the fol-
lowing equation:

Frtave) = 4 (a;(avg) + 2cu) (18)

where ¢'yyg) is the mean effective stress along the pile
shaft, 4 is frictional capacity coefficient which is a function
of entire embedded depth of pile. The 4 method was
modified by Vanapalli and Taylan [43] to estimate the shaft
carrying capacity of single pile Oy, with respect to matric
suction.

= ) ! (l/la B MW) v
Qf(us) =4 |:O-v(avg) + 2Cu(sat) (1 + ms /,u)} ndL

(19)

Also, when matric suction (u, — uy,) equals to zero,
Eq. (19) is the same as Eq. (18) for saturated soil
conditions.

All the modified approaches (i.e., o method, § method,
and A method) provide a smooth transition of pile shaft
carrying capacity from unsaturated to saturated soil con-
ditions. In other words, these equations (i.e., Eqs. 15, 17,
19) take the form of conventional equations used for sat-
urated soils, when matric suction equals a value of zero.

Experimental Studies
Laboratory Tests on Shallow Foundation

Table 1 provides a summary of the experimental studies
information along with the proposed equations for inter-
preting the bearing capacity and settlement of shallow
foundations. Laboratory tests on model shallow founda-
tions using the MESA and MTSA methods are introduced
in this section. In addition, in-situ tests such as the standard
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Table 1 Summary of the experimental studies related to the bearing capacity of shallow foundations in unsaturated soils

Experiments and equation validation

Modified total stress Indian Head till

approach (MTSA)
Suitable for fine grain soil

Bearing capacity
and settlement

Residual cohesive soil

Modified effective stress
approach (MESA)

Suitable for coarse and fine
grained soils
Huston sand

Indian Head till

In-situ tests

- Poorly graded fine sand
(according to USCS)

Lateritic soil deposit

Unimin (7030) sand

Dark-gray silty sand
underneath the septic sand

Unconfined compression (UC) test Vanapalli et al. [31]

Model footing test

Validation: in-situ plate load test ~ Vanapalli and Oh
(PLT) [25]

Costa et al. [47]

Validation: PLT Oh and Vanapalli

Consoli et al. [48] (301

Model footing test Mohamed and
Vanapalli [49, 50]

Vanapalli and
Mohamed [22, 51]

Model footing test for plain strain Lins et al. [52]

condition

Model footing test Oh and Vanapalli

[30]
PLT Mohamed and
Standard penetration test (SPT), Vanapalli [54]
CPT
In-situ foot loading test validation
[53]

PLT (modified UOBCE), Cone
penetration test (CPT)

Vanapalli and
Mohamed [51]

penetration test (SPT) and plate load test (PLT) are also
summarized with the site details and their results. Finally,
comparisons between the predicted results from the pro-
posed approach and the measured data from experiments
are summarized.

Laboratory Tests on Coarse-Grained Soil

Mohamed and Vanapalli [49], Vanapalli and Mohamed
[51] conducted model footing tests in coarse grained sand
with the Ottawa Bearing Capacity Equipment (UOBCE,
shown in Fig. 4) and the modified UOBCE. The features of
the modified UOBCE are similar to UOBCE; however, its
test box size and its loading capacity is twice to that of
UOBCE. The UOBCE is designed to perform the bearing
capacity of both model footing tests in both saturated and
unsaturated soils. The UOBCE constitutes of an aluminum
tank with dimensions of 900 mm x 900 mm x 750 mm.
The front face of the tank is constructed with a transparent
acrylic plate. This transparent plate is helpful for the
examination of the thickness of the soil layer during
installation and for the observation of water table changes.
Stiffeners (Fig. 4, Item 14) were set along the tank side to
prevent lateral bending or bulging. First, 50 mm layer of
clean aggregate (Fig. 4, Item 16) was placed at the bottom
of the test tank with a thin geotextile sheet (Fig. 4, Item 7)

on the top. The geotextile sheet is a porous barrier between
the soil and the aggregate. Gradual free movement of water
is assured through the bottom aggregate and geotextile
sheet layer. The sand was then allowed to fall freely from a
1 m height with a V-shaped hopper (Fig. 4, Item 3) to
achieve the maximum relative density. The hopper which
is able to hold 25 kg soil can be monitored to move hori-
zontally and vertically using a side motor with horizontal
chain and the side crank with cables on four rollers on the
top of the frame (Fig. 4, Item 1). The soil was further
compacted using a 5 kg compactor after achieving a uni-
form relative density of 55% by allowing the soil spread
with the V-shaped hopper. An average relative density
value of 64% was achieved after compaction of soil; which
was verified by collecting soil samples at various depths in
the tank with an aluminum cups. The sand was then satu-
rated by raising the water level from the bottom of the tank
using the water supply valve in Fig. 4 (Valve A). The water
supply pipe has a diameter of 20 mm which branches into 4
small pipes with a diameter of 12.5 mm to assure the sat-
uration process is gradual and uniform from the base to the
surface of the soil. The water level in the tank can be
adjusted by inspecting the piezometers (Fig. 4, Item 5).
The water supply valve was closed when the water level
reached the soil surface. After saturation, the water could
be controlled with the drainage valve in Fig. 4 (Valve B) to
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Fig. 4 University of Ottawa Bearing Capacity Equipment (UOBCE) (modified after Vanapalli and Mohamed [51])

reach the target water level and the corresponding target
matric suction. The target matric suction was the average
matric suction in the stress bulb beneath the foundation
(i.e., 2, 4 and 6 kPa). The matric suction was measured
using four tensiometers placed at different depth levels in
the tank.

The model footing test was conducted after achieving
equilibrium conditions with respect to target matric suction
value. Mohamed and Vanapalli [49] conducted model
footing test with two square model footings with sizes of
100 mm x 100 mm and 150 mm x 150 mm. The dis-
tance between the model footing edge and the tank sides
was four times of the footing width to alleviate boundary
effects. Linearly Variable Displacement Transducer
(LVDT) was used to measure the displacement of the
footing and was connected to the data acquisition system
(DAS, Fig. 4, Item 6). The LVDT tip was placed directly
on the surface of the model footing. A load cell which was
also connected to the DAS was mounted on the loading
arm. The bearing capacity of the footing was measured by
loading the footing with a rate of 1.2 mm/min.

Figure 5 provides comparisons between the measured
bearing capacity and the predicted results using Eq. (5a).
The effective shear strength parameters required for bear-
ing capacity estimation using Eq. (5a) are derived from
direct shear tests. The average matric suction method has
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Fig. 5 Comparison between the measured bearing capacity and
predicted bearing capacity of sand using Eq. (5)

been used in estimation of the bearing capacity. The value
of average matric suction is the centroid of the matric
suction distribution profile in the stress bulb zone (shown
in Fig. 4), which was discussed earlier. The degree of
saturation corresponding to the average matric suction used
for Eq. (5a) was derived from the SWCC of the soil. Good
agreement has been found in Fig. 5 between the experi-
mental results and the predicted values. The bearing
capacity of footing was found increase until reaching the
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average matric suction value of 6 kPa, which is approxi-
mately, the residual suction value. It is important to note
that the measured data were restricted to matric suction
range 0—6 kPa because of the limitations with respect to the
depth of test box. The reductions in predicted bearing
capacity values for matric suction values greater than 6 kPa
can be explained with the discontinuous water phase shown
in Fig. 1. For such a scenario, sand desaturates and the
discontinuous water phase in soil leads to changes in both
stress state and soil-air—water particle contact area, which
is typically limited. As a result, suction may not be trans-
mitted effectively to all the soil particles which leads to
reduction both in the shear strength and bearing capacity,
extending the arguments discussed earlier with Fig. 1b.
Cone penetration test (CPT) results are also widely used
in conventional engineering practice for estimating bearing
capacity of soils. Besides model footing tests, Mohamed
et al. [55] conducted CPT within the UOBCE discussed
earlier to investigate the bearing capacity of sand taking
account of the influence of matric suction. The test
equipment for the CPT is shown in Fig. 6. The test cone
was fabricated with harden steel with a tip angle of 60°. A
diameter of 40 mm was chosen following the recommen-
dations by ASTM D 5778 [56]. Two horizontal aluminum
channel sections and a shaft (Fig. 6, Item 6) were set to
prevent deformation of the loading rod to achieve vertical
penetration of the cone. The water table in the tank was
controlled with the water supply valve and drainage valve
(Fig. 4, Valve A, Valve B). Tensiometers (Fig. 6, Item 2)
are placed at different depths above the water table for the
matric suction measurement. Similar to the model footing

Fig. 6 CPT equipment for
determining the bearing
capacity of unsaturated soils
(modified after Mohamed [19])

test, the cone resistance g. was determined using a strain
rate of 1.2 mm/min in four different suction profiles (i.e.,
average matric suction: 0, 1, 2, 6 kPa).

Mohamed et al. [55] proposed two equations (Egs. 20a
and 20b) for estimating the bearing capacity of foundations
using CPT results by correlating them with the model
footing test results

Gusat — e (qcsat)y 0= 0'15/30'63
Yu(unsat) = Q (‘IC(unsat))7 Q= 0~19/BO.68

where qysac and guaunsary are bearing capacity for saturated
sand and unsaturated sand, @ and Q are correlation factors
related to the footing width B, gcsae and Geunsary are the
average cone resistance in saturated and unsaturated soil.
The average cone resistance is similar to the average matric
suction method discussed earlier in the paper; the influence
zone for the average calculation is set as 1.5B from the
footing base level.

Results summarized in Fig. 7 suggest a good agreement
between the measured bearing capacity from the model
PLTs (i.e., model footing), in-situ footing load tests (FLTs)
[53, 57] and that estimated with Eq. (20). The coefficient of
determination R” is equal to 0.95. Equation (20) provides a
reasonable estimation of the bearing capacity from the CPT
results. However, more studies are required with various
sizes of footings and soils in the field such that they can be
used by geotechnical engineers for practice applications
with greater degree of confidence.

(20a)
(20b)

1. Cone Penetrometer

2. Tensiometer

3. Water supply

4. Test tank

5. LVDT (Linear variable
displacement transducer)
6. Vertical shaft
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Fig. 7 Comparison between the measured data from laboratory
surface PLTs, in-situ footing load test (FLTs) and estimated bearing
capacity using Eq. (20)

Laboratory Tests on Fine-Grained Soil

Vanapalli et al. [31] performed a series of model footing
tests on a glacial till from Indian Head under undrained
loading conditions. Figure 8§ provides details of the
experiment setup. The glacial till was compacted in a high
strength plastic tank (HSPT) (Fig. 8, Item 5) with dimen-
sions of 300 mm x 300 mm x 12.7 mm (Diame-
ter x Height x Thickness) to perform model footing tests
with 50 mm x 50 mm footing dimensions. The ratio of the
diameter of the HSPT to the footing width was set as six
based on the published studies to alleviate the influence of
boundary conditions [58-61]. Three clamps were placed
around the HSPT to alleviate strain during the test. A metal
plate (Fig. 8, Item 4) was positioned at the top of the tank
to place LVDT to measure the displacement of the footing.
The soil was prepared with an initial water content of
13.2% and was compacted to a dry density of 14.4 kN/m?

Fig. 8 Equipment for used for
determining the bearing
capacity of model footing in
unsaturated fine-grained (UFG)
soil (modified after Oh and
Vanapalli [30])
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prevent soil swelling. The HSPT was then submerged into
the water for 3 days to ensure the soil was fully saturated.
After removing the HSPT from water, four tensiometers
were installed at different depth levels in the tank (10, 40,
80, 120 mm) (Fig. 8, Item 7). The soil was then subjected
to air drying for several days to achieve the target matric
suction profile which were monitored using the tensiome-
ters. Due to the air drying, the top soil layer would have a
rather high matric suction. The HSPT was wrapped tightly
and put in a humidity controlled box for more than 14 days
to achieve equilibrium conditions with respect to matric
suction profile. The model footing test was conducted after
taking the HSPT out from the box. Five suction profiles had
been considered in the experiments (with average suctions
in stress bulb of 0, 55, 100, 160, 205 kPa). The bearing
capacity of model footing under each suction profile was
determined by applying a rate of loading equal to 1.14 mm/
min.

Figure 9 shows good agreement with R* = 0.93 between
the estimated bearing capacity from Eq. (9) and measured
bearing capacity from the model footing test. The shear
strength used in Eq. (9) is derived from UC test. The soil
specimens prepared for UC test were extracted from the

Load cell

LVDT (Linear variable displacement transducer)
Model footing

. Metal plate to place LVDT

. HSPT (High strength plastic tank)

. Data acquisition system

. Holes for conventional tensiometers

. Compactor with holes for drainage
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Fig. 9 Comparison between the measured and predicted bearing
capacity of square model footing with width of 50 mm

compacted soil outside of the stress bulb below the foun-
dation in the tank. The soil sample may therefore have a
similar suction distribution with that in model footing test.
Unlike coarse-grained soil, the bearing capacity of footing
on fine-grained soil increases with an increase in matric
suction for the current study range. This can be explained
with Fig. 1b which highlights the shear strength or the
bearing capacity of fine grained soil will increase after the
air entry value and keep increasing or stay constant beyond
the residual suction value.

In-situ Tests on Shallow Foundations

In conventional engineering practice, the in situ bearing
capacity of soils is typically determined from PLT, CPT or
SPTs [54]. Mohamed and Vanapalli [54] conducted in-situ
tests to determine the bearing capacity of sand taking
account of the influence of matric suction. The tests were
conducted at Carp region in Ottawa, Ontario, Canada. The
test site and SPTs, PLTs and tensiometers location are
shown in Fig. 10. The site has a sloping terrain with a
difference of 2.4 m between the upper and lower levels.
Dark-gray silty sand was found underneath the 4.7 m depth
of gray sandy soil (known as septic sand) from the upper
level surface.

SPT-01 results in Fig. 10b represent saturated condition
since it was close to natural ground water table (GWT).
The other three SPTs were conducted that represent
unsaturated conditions in the upper level region. Each of
the three tests had a distance about 12 m between them as
shown in Fig. 10a. The SPTs were conducted with a truck
mounted equipment following the ASTM D1586 [62] up to
depth of 3.5 m from the natural soil surface. The SPT
energy efficiency was equal to 60%. More details about the
SPT and blow counts are discussed in Mohamed and
Vanapalli [54]. A steel plate of 0.2 m x 0.2 m had been

used in the PLTs. Two PLTs were conducted at lower level
in different zones of varying matric suction values. PLT-01
was conducted in a saturated condition with zero matric
suction recorded on tensiometer. PLT-02 was carried out
on a soil suction of 2 kPa. PLT-03 was conducted at upper
level with a uniform suction of 8 kPa. All of the three tests
were conducted at a depth of 0.15 m. The tensiometers
measured the matric suction at the mid-height depth of the
stress bulb zone.

Results of the in-situ SPTs showed that the blow count N
under unsaturated soil condition was much higher than that
of saturated soil. The in-situ PLTs also showed that the
bearing capacity of the plate on soil with a suction value of
8 kPa was about three times higher than that on saturated
soil [54]. Correlations of the SPTs results and PLTSs results
have been proposed by Mohamed and Vanapalli [54] as
Egs. (21a) and (21b). The equations are based on the CPT
and PLT correlation equations proposed by Mohamed et al.
[55] that were discussed earlier.

0.15

G = goer | 037 Wi)*”| > 1000 (21a)
0.19

Gall(unsat) = W {045 (N(unsat))o'%] x 1000 (21b)

where ganr (san a0d Ganunsar) are allowable bearing capacity
for footings on saturated sand and unsaturated sand. The
allowable bearing capacity was determined at a settlement
of 6 mm of PLT. N and Nynsay are the average cor-
rected SPT blow count value in the influence zone (i.e.,
stress bulb zone within depth of 1.5B beneath the footing).
Comparisons between the bearing capacity predicted with
Egs. (21a), (21b) and that from different published in-situ
test [53, 63] are shown in Fig. 11. Results show a good
agreement between the predicted and measured values for
various plate sizes. The measured and estimated values of
bearing capacity are within the £ 20% deviation line. The
proposed equation is promising for use in geotechnical
engineering practice.

Laboratory Tests on Deep Foundation
Laboratory Tests on Coarse-Grained Soil

Vanapalli et al. [40] carried out experimental studies to
investigate the load versus displacement behavior of single
piles in an unsaturated coarse-grained soil (i.e., Unimin
Sand). The details of test program are presented in Fig. 12.
The soil container was 300 mm in diameter, 700 mm in
height and 8 mm in thickness. The model pile used in the
tests was stainless steel piles with three different diameters
(i.e., 38.30, 31.75, and 19.25 mm) with a length of
350 mm. Three tensiometers were installed at different
depths (i.e., 50, 200, 250 mm) from soil surface to measure
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Fig. 10 Test site details
(modified after Mohamed and
Vanapalli [54]): a test terrain
and SPT, PLT and tensiomenter
locations; b side view of the test
site and location
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»
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® (& —=—— Tensiometers for measuring matric suction

Ground surface
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Fig. 11 Comparison between the measured allowable bearing
capacity from various test sites and that from estimation using
Eq. (21)
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plastic film facilitates to prevent the connection between
the pile base and soil surface in order to reliably measure of
pile shaft bearing capacity. Two different matric suction
distribution profiles were achieved by setting one water
level at 450 mm deep and the other at 650 mm deep from
soil surface in the compacted sand (Fig. 12). The water
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Fig. 12 Details of test program: a details of the test setup for determining the load carrying for model pile b Cross-sectional schematic of testing
program with the water level at 450 and 650 mm from the soil surface (modified after Vanapalli et al. [40])

level was raised from the bottom of the sand to slightly
above soil surface to achieve saturated soil conditions. The
elevation of water level was adjusted using a pulley system
through a thin plastic tube connected to the water con-
tainer. After an equilibrium time period of 2448 h, the
fully saturated soil condition was ensured. For the purpose
of convenience, the average matric suction values of 2 kPa,
4 kPa were used in this study which were achieved main-
taining water levels at 450 mm and 650 mm deep from the
soil surface, respectively. After achieving equilibrium
conditions with respect to targeted matric suction values,
the load was applied to the top of the model pile at a rate of
0.7 mm/min to ensure a drained loading condition.

The experiment results showed that the end-bearing
capacity of single piles in unsaturated sands was between 2
and 2.5 times higher than that in saturated sands. These
results motivated to propose theoretical approaches [22],
which were discussed earlier (i.e., Eqs. 13 and 14), for
estimating pile carrying capacity taking account of the
influence of matric suction in unsaturated soils. Figure 13
shows a good agreement with less than 10% deviation
between the measured end-bearing capacity values and
those calculated by the modified methods. Relatively high
R square values for all cases are also shown in this study.
Among three methods, the modified Terzaghi [10] method
provides results that are closer to the measured values
compared to the other two modified methods.

Al Khazaali and Vanapalli [64] conducted experimental
studies to investigate the behavior of single model piles and

~ 15 %
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8 ——1: 1line
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Calculated end-bearing capacity (kN)

Fig. 13 Comparison between measured end-bearing capacity values
and those estimated using the three different modified end-bearing
capacity equations (Eqgs. 13 and 14) (D = 38.3 mm)

2 x 2 pile groups in saturated and unsaturated sands in the
modified UOBCE equipment, which was succinctly dis-
cussed earlier. Model piles of 38.1 mm diameter and
300 mm embedded length with smooth and rough shafts
with three different pile center-to-center spacing (i.e., 3D,
4D, and 5D) for the pile group, were used in the tests, to
investigate the influence of matric suction, roughness of
soil-shaft interface, dilation and group effects. A total of 40
tests were performed by varying the water table levels (i.e.,
0, 300, 400, 550, and 850 mm deep from the sand surface)
to achieve different matric suction profiles. The test setup
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Fig. 14 Test setup for model
pile group test (modified after
Al Khazaali and Vanapalli [64])

and preparation for pile groups performed in modified
UOBCE are shown in Fig. 14. First, a square pit was dug in
the middle of soil container in Fig. 14c. Then, the model
pile or pile group was placed in this pit. The sand sur-
rounding the pile was manually compacted to optimum
moisture content while model piles or pile group was
supported by wooden frame in Fig. 14b. The water supply/
drainage valve connected to the soil container was used to
control the saturation and desaturation procedures in the

. Loading frame
. Actuator
. Actuator load cell (LACT)
. Loading ram
. Two LVDTs
. Four Tensiometers
. Data cables
. Piezometer
. Water supply/drainage valve
10. Data cable sleeve
11. Pile cap
12. Wooden frame

O 00NN AW -

)

sand. The load of 0.5 mm/s rate was applied at the top of
model pile or pile groups to simulate a drained loading
condition.

The results of tests showed that the bearing capacity of
both single piles and pile groups were significantly
improved due to the contribution of matric suction to shear
strength and stiffness of unsaturated soils. The ultimate
bearing capacity Py, was observed to increase linearly in
the BEZ until suction reached AEV. Then P, increases

Data acquisition system _

tt

1. Loading frame ——>]

2. Load cell

| E———

3. Model pile

300 mm
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—— 4. LVDT

D =20 mm

—— 5. Tank
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—— 6. Piston

Compaction
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Fig. 15 Test setup for single model pile loading test (modified after Han and Vanapalli [68])
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nonlinearly in the TEZ and reduced in the RZS. Based on
the tests on model piles fabricated with smooth and rough
surfaces, the results indicated that the shaft roughness has
significant effect on pile shaft resistance since threaded
shaft have more notable influence on behavior of a single
pile in comparison with smooth shafts. The results also
showed that the stress bulb zone generated by pile groups is
several times deeper than it generated by individual piles.
The stress state in the unsaturated bulb zone changes due to
group action effects, which contribute to variation of
moisture regime. Such changes will influence both shear
strength and stiffness of soil which in turn influence the
bearing capacity of pile groups in unsaturated soils. More
comprehensive information is summarized in Al Khazaali
and Vanapalli [64].

Laboratory Tests on Fine-Grained Soil

Vanapalli and Taylan [43] have conducted a series of
single model pile tests to study the contribution of matric
suction on the pile carrying shaft capacity in UFG soils
under undrained and drained loading conditions. A glacial
till, IHT was used for performing model pile tests. The
schematic of the model pile test is shown in Fig. 15. The
soil was placed in a 300 mm depth and 300 mm diameter
cylinder tank. It was compacted statically under 350 kPa
stress using a specially designed compaction plate. The soil
samples were compacted at four different initial water
contents: (i) w = 13% (i.e., as-compacted condition,
referred as ASCOMP-13%), (ii)) w = 16% (ASCOMP-
16%), (iii) w = 18% (ASCOMP-18%), and (iv) w = 13%
in fully saturated condition (SAT-13%). The SAT-13%
condition was achieved by allowing the water to flow
downward into the ASCOMP-13% soil sample through the
apertures of compaction plate. Axis-translation technique
with a modified null pressure plate [65] was used to mea-
sure matric suction of soil samples.

After the soil was compacted, a thin wall sampling tube
of 18.7 mm was used to drill a vertical hole down to
220 mm deep from the soil surface. Model piles used in
this test were stainless steel piles with 20 mm diameter,
which was slightly larger than the diameter of sampling
tube in order to obtain a good contact between model piles
and surrounding soils. The model pile was loaded using a
triaxial test loading frame. LVDT was used for measuring
the pile displacement and load cell was for measuring the
applied load at the top of pile. Model piles were installed to
a depth of 200 mm after the borehole drilling was done. A
20 mm depth gap under the base of pile was set up to
eliminate the end bearing resistance while loading the
model pile. After the preparation of tests, model piles were
subjected to a strain rate of 0.0120 mm/min loading to
simulate drained loading conditions. This loading rate is
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Table 2 Comparison between the measured and estimated undrained shear strength

Sample Matric suction (kPa) S (%) Measured ¢, (kPa) Estimated c, (kPa) o from [66] Back-calculated o
SAT-13% 0 100 11.5 11.5 0.9 0.71
ASCOMP-18% 55 83 58 60 0.82 0.7
ASCOMP-16% 110 65 68 71 0.67 0.57
ASCOMP-13% 205 44 80 62 0.75 0.79

consistent with the tests performed by Gan et al. [3] and
Vanapalli et al. [S] on the same soil under drained condi-
tions. A relatively faster loading rate of 1.4 mm/min was
controlled to simulate undrained loading conditions.

The comparison between the measured from model tests
and estimated shaft carrying capacity using the modified o,
f and 1 methods for UFG soil was shown in Fig. 16. The
measured matric suction was 205 kPa, 110 kPa and 55 kPa
for ASCOMP-13%, ASCOMP-16%, ASCOMP-18%,
respectively. Table 2 shows the comparison between the
measured and estimated undrained shear strength of IHT
using Eq. (12). The determination of o values obtained
from the correlation charts [66] and back-calculated from
experimental results was also summarized in Table 2. The
coefficient, f = 0.3 was used for both the saturated and
unsaturated soils based on the value of soil-pile interface
friction angle ¢'. Vanapalli and Taylan [67] suggested a
relationship between / and the ratio of pile diameter to pile
length d/L. A value of 4 = 0.32 was used in the study. The
results show significant increase in shaft carrying capacity
due to the influence of matric suction. Also, the results
calculated by the modified o, f# and 1 methods provide a
good agreement with those measured results in model pile
tests.

Summary

The bearing capacity and settlement behavior are two key
properties required in the design of shallow and deep
foundations. There is a strong relationship between the
shear strength and the bearing capacity of soils. Due to this
reason, geotechnical engineering pioneers have developed
several approaches for determining the bearing capacity of
shallow and deep foundations under drained and undrained
loading conditions using the shear strength properties of
the soils. These approaches are widely used in conventional
engineering practice because they are simple and provide
valuable information required for the design of founda-
tions. However, the bearing capacity of foundations cannot
be reliably determined by extending conventional soil
mechanics principles for soils that are in a state of unsat-
urated condition. Significant research has been undertaken
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during the past three decades for determining the shear
strength of unsaturated soils. This paper summarizes the
research that has been undertaken at the University of
Ottawa, Canada during the past 15 years for determining,
interpreting and predicting the bearing capacity of unsat-
urated soils in which shear strength of unsaturated soils has
been used as a tool. The required information for extending
these approaches includes the saturated shear strength
parameters and the soil-water characteristic curve. The
modified approaches for interpreting and predicting the
bearing capacity of unsaturated soils are consistent with the
approaches used for saturated soils in conventional
geotechnical engineering practice. There is a good com-
parison between the predicted or estimated results from the
proposed modified approaches and the experiments
undertaken both in the laboratory and field for both shallow
and deep foundations. The approaches proposed in this
Companion Paper I are promising for implementing our
present understanding of the mechanics of unsaturated soils
into geotechnical engineering practice for determining the
bearing capacity of unsaturated soils. More studies on
different unsaturated soils that include large-scale field
tests are necessary to better understand the strengths and
limitations of the proposed modified approaches for use in
the design of foundations in unsaturated soils. In future,
foundation bearing capacity should also be determined in
unsaturated soils to understand the influence of soil ani-
sotropy. Additional studies that focus on the foundation
under different loading conditions (e.g., dynamic loading)
are necessary to improve the current understanding of the
behavior of foundations in unsaturated soils.
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