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Abstract: In general, the ultimate bearing capacity (UBC) of shallow foundations on unsaturated
soils is characterized by the conventional shear strength (SS) parameters in which saturated theories
are applied. However, in this case, it is clear that the foundations designed using the obtained values
from the saturated cases not be economical. In recent years, procedures have been developed to
estimate the UBC of foundations on unsaturated soils, that take into account drained and undrained
loading conditions. However, these studies generally concentrate on sandy soils. The validity of the
results proposed in the literature should be tested for other soils. Therefore, this paper includes a
conventional direct shear box (DSB) test to determine the unsaturated SS of statically compacted
silty soil, and a series of model tests were performed to determine the foundation’s UBC. In the
experimental model setup, the UBC values of different types and sizes of model foundations on
silty soil layers with a different soil saturation degrees (SSDs)/matric suctions (MSs) and different
void ratio values were measured. In addition, the soil-water characteristic curves (SWCCs) and SS
parameters of unsaturated silt were obtained. Using the experimental results, a new equation is
proposed for the characterization of the UBC of shallow foundations on unsaturated silty soils. Using
this equation, the UBC of unsaturated soils can be determined based on the results of unconfined
compressive strength tests (UC) measured on unsaturated soil samples and based on the degree
of saturation and the fitting parameter. The results indicate that the measured bearing capacity
values obtained via the model footing test, shows a good consistency with those obtained by the
proposed equation.

Keywords: unsaturated soil; shallow foundation; silt; matric suction; soil–water characteristic curve

1. Introduction

The design of shallow foundations involves two main objectives: determining the
ultimate bearing capacity (UBC) and ensuring compliance with allowable settlement limits.
Traditional methods for determining UBC and settlement behavior on saturated soils
can be divided into two groups: the Effective Stress Approach [1] (ESA) and the Total
Stress Approach [2] (TSA). The ESA requires effective soil parameters and uses c′ (effective
cohesion) and ∅′ (effective internal friction angle), whereas the TSA is based on the ∅u = 0
analysis and is used for undrained conditions. Until recently, UBC values for footings on
unsaturated soil layers were determined based on the assumption of saturated soil [1–3].
However, this assumption is not always accurate and can lead to non-economical solutions.
To ensure a realistic design in unsaturated the soil environments, the effect of soil saturation
degree (SSD)/matric suction (MS) must be taken into account. MS, which is frequently
used as a measure of suction, is a critical characteristic that determines the behavior and
mechanical properties of unsaturated soil [4–6]. Therefore, in geotechnical applications,
the the MS value must be taken into account when calculating soil strength and volume
changes. Capillary tension is the ability of soil to absorb and retain water and is directly
related to water content [7].
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Research on the behavior of unsaturated soils, which make up a large portion of the
Earth’s land, has been important in recent years. The majority of shallow foundations are
found in areas of unsaturated soil, depending on the depth of the groundwater table. The SS
of unsaturated soils is important in the design of shallow foundations because the failure in
these foundations is usually caused by exceeding the UBC value [8–11]. Therefore, research
on the behavior of unsaturated soils has been prioritized over the last ten years. In the
literature, experimental studies have been conducted under both drained and undrained
conditions [12–29]. In general, research in this area has aimed to improve understanding
of the mechanical behavior of unsaturated soils and to develop appropriate methods for
assessing the bearing capacity of unsaturated soils. Studies have focused on factors such
as matric suction, soil structure, and soil water content and their effects on the bearing
capacity of unsaturated soils. Some studies have also investigated the use of various test
methods to assess the bearing capacity of unsaturated soils, such as triaxial tests, direct
shear tests, and plate load tests. Additionally, numerical models have been used to simulate
the mechanical behavior of unsaturated soils. These studies have shown that the UBC
values of foundations, calculated using traditional saturated soil mechanics concepts, are
quite far from the UBC values of foundations on unsaturated soil conditions. Studies
on the estimation of the UBC of foundations on unsaturated soil layers can be grouped
under two main groups, which are similar to traditional soil mechanics groupings. These
are the proposed approaches to estimate the SS of unsaturated soils under drained and
undrained conditions. There are various structural models and modeling techniques that
can be used for both approaches, but these models require a variety of soil parameters that
necessitate complex and extensive laboratory tests. On the other hand, there are various
numerical modeling techniques presented in the literature that are extended by modifying
the ESA and the TSA to take into account the effect of MS [11,12,30–37]. The approaches
introduced in the literature are called the Modified Effective Stress Approach (MESA) and
the Modified Total Stress Approach (MTSA). These methods, which can be estimated with
the test results obtained for unsaturated conditions for the MSEA and the MTSA in the
literature, are simple and fast. Additionally, these numerical techniques can be verified by
comparing the experimentally measured UBC values with the values obtained through the
proposed equations.

Previous studies have shown that the influence of MS on soil strength is not linear [38].
MS is considered to have a non-linear, hydrostatic suction profile. The MS value can change
due to changes in the water level or weather conditions, even when the groundwater level
is constant [39,40]. This means that foundations on soil layers above the groundwater level
may experience larger UBC values than calculations made assuming saturated conditions.

The focus of this research is to use model foundations of various forms and sizes
to investigate the UBC of shallow foundations on silty soil. Strength tests and model
foundation loading tests on samples with varied void ratios, saturation levels, and the MS
values were conducted in order to ascertain the effect of the MS on SS and the UBC values
for the unsaturated soil zone.

Estimation of UBC of Foundations on Unsaturated Soils

Several methods have been proposed in the literature for estimating the UBC of foun-
dations on unsaturated soils. These methods mainly involve modifying the equations
proposed by Terzaghi [1] and Skempton [2] to take into account the effect of matric suc-
tion. Research has shown that foundations on unsaturated soils typically fail through the
punching shear failure mode [11,12,15,41]. In the case of cohesive soils, it is assumed the
a constant pore water pressure under undrained conditions can provide accurate results.
Tang et al. [42] also found that in-place plate bearing tests typically occur under constant
water content condition, and that assuming a constant value for the effective stress param-
eter does not lead to errors in the results. Oh and Vanapalli [18] proposed an equation
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(Equation (1)) for estimating the UBC of shallow foundations on the surface of unsaturated
fine-grained soil, based on the assumption of an undrained loading condition.

qult(unsat) = sunsat × ξ × Ncs (1)

where qult(unsat) = UBC of the foundation on fine-grained soil; sunsat = SS of unsaturated
soil based on unconfined compressive strength (UC); ξ = shape factor; and Ncs = UBC
factor under undrained loading conditions (i.e., 5,14). In the same study, Oh and Vanapalli
(2013) [18] have also demonstrated that the SS of an unsaturated soil is equal to the sum of
the saturated SS and the increase in SS produced by the MS (Equation (2)). In addition, it has
been reported that the total SS of the unsaturated cohesive soil (including the contribution
of the MS to the SS) can be obtained with the UC, so there is no need to measure the MS
value of the cohesive soils [18].

sunsat = [ssat + f (ua − uw)] =

[ qu(unsat)

2

]
(2)

where sunsat is the SS of the soil based on the UC; f (ua − uw) is the increase in strength with
MS contribution; and qult(unsat) is the UC of the soil.

Oh and Vanapalli (2013) [18] demonstrated that the UC of fine-grained soils, and
mainly of clay soils, can be used to predict the UBC of shallow square foundations
(Equation (3)). A shape factor, ξunsat = 1 + 0.2B/L (where B and L corresponds to the
foundation width and length, respectively) established by Meyerhof (1963) [43] and Vesic
(1973) [44] for undrained circumstances, was also employed in the proposed equation:

qult(unsat) =

[ qu(unsat)

2

]
×
[

1 + 0.2
B
L

]
× Nunsat (3)

where B is the width of the foundation; L is the length of the foundation; and Nunsat is
the UBC factor in unsaturated soils, which was obtained using back analysis by Oh and
Vanapalli (2013) [18].

In addition, for the estimation of the UBC of foundations on coarse-grained unsat-
urated soils under drained loading conditions, equations based on the modification of
the UBC equation (Equation (4)) proposed by Terzaghi (1943) [1] for strip foundations on
saturated soils is available in the literature [12,13,15,26,29,30,32,34].

qult = K1c′Nc + qNq + K2γBNγ (4)

where c′ is the effective cohesion; q is the effective vertical stress; B is the width of founda-
tion; K1 and K2 are shape factors; and Nc, Nq and Nγ are UBC factors.

Oloo et al. (1997) [12] modified Terzaghi’s (1943) [1] effective stress approach and
proposed a model that can be used to estimate the UBC of a shallow foundation on
unsaturated soils, taking into account the effect of MS (Equation (5)). The model covers the
situation in which both pore air and water pressure are effective during the loading phase.
The model employs a fixed ∅b for suction values greater than the air-entry value (AEV) of
the soil.

qult =
{

c′ + (ua − uw)btan∅′ + [(ua − uw)− (ua − uw)b]tan∅b
}

Nc +
1
2

BγNγ (5)

where c′ is the effective cohesion; ∅′ is the effective angle of internal friction; ∅b is the
angle indicating the rate of increase in shear strength relative to the MS; (ua − uw)b is the
AEV/bubbling pressure; (ua − uw) is the MS value; B is the width of the foundation; Nc and
Nγ are the UBC coefficients of Terzaghi (1943) [1] and Kumbhokjar (1993) [45], respectively.
Since the behavior of ∅b is non-linear beyond the AEV, this method can estimate the UBC
within an acceptable range depending on the suction range. A bilinear envelope [46] can
be used to simulate the nonlinear relationship between the SS and the MS, as shown in
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Figure 1. As can be seen from Figure 1, the contribution of MS to the SS is ∅b = ∅′ for
suction values less than the AEV. This region, where the SS increases linearly with the MS,
is called the linear region. Beyond the AEV, the contribution of ∅b gradually decreases
despite the increase in MS; therefore, ∅b is less than ∅′. In this region, which is called the
nonlinear region, the SS of unsaturated soils changes nonlinearly with the MS [46,47]. Such
a behavior is consistent with the reason explained using Figure 1 for the SS of unsaturated
soils. The red line here shows the contribution of ∅b, to the SS at MS values greater than
the AEV.

Figure 1. The effect of MS value on SS [46].

Vanapalli and Mohamed (2007) [14] developed the original UBC equation for continu-
ous footings which was based on the Terzaghi (1943) [1] equation for unsaturated soils and
reference the UBC model of Oloo et al. (1997) [12], and the nonlinear shearing resistance
model proposed by Vanapalli et al. (1996) [48] (Equation (6)). Vanapalli and Mohamed
(2007) [14] also suggested that by using the measured shear strength angle value increased
by 10% (1.1φ′), a more accurate estimation of the UBC value can be obtained for both
saturated and unsaturated conditions.

qult =
{[

c′ + (ua − uw)btan∅′ − SΨtan∅′
]
+ (ua − uw)AVESΨtan∅′

}
Ncξc +

1
2

BγNγξγ (6)

where c′ is the effective cohesion; ∅′ is the effective angle of internal friction; S is the degree
of saturation; Ψ is the fitting parameter; (ua − uw)b is the AEV; (ua − uw)AVE is the average
MS value; Nc and Nγ = are Terzaghi (1943) [1] and Kumbhokjar (1993) [45] bearing capacity
coefficients, respectively, and ξc and ξγ = Vesic (1973) [44] shape factors.

Vanapalli and Mohamed (2007) [14] developed a correlation between the UBC fitting
parameter (Ψ) and the plasticity index (Ip) based on the results of the study performed
on five soils (Figure 2). All three of the sandy soils examined in the study had a fitting
parameter (Ψ) = 1; however, it was noted that other fine-grained soils needed greater values.
Equation 7 explains the link between the UBC fitting parameter (Ψ) and the Ip based on the
findings of the research conducted on five soils.

Ψ = −0.0031I2
p + 0.34Ip + 1 (7)
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Figure 2. The relationship between Ψ and Ip [14].

In this study, a new equation is proposed in which the UBC of foundations on unsatu-
rated silty soils is determined by adopting the total stress analysis philosophy presented
above, with a bearing capacity fitting parameter (SΨ) based on the SS determined via the
UCS tests and the SSD/MS value.

Various models have been proposed in the literature to estimate the UBC of unsat-
urated soils (see Table 1). Some of these proposed equations directly use the MS value,
whereas the other group indirectly uses MS.

Table 1. Bearing capacity models for unsaturated soil.

Authors UBC Equation Soil Type

Oloo et al. (1997) [12] qult =
{

c′ + (ua − uw)btan∅′ + [(ua − uw)− (ua − uw)b]tan∅b
}

Nc +
1
2 BγNγ -

Vanapalli & Mohamed
(2007) [14]

qult =
{[

c′ + (ua − uw)btan∅′ − SΨtan∅′
]
+ (ua − uw)AVESΨtan∅′

}
Ncξc +

1
2 BγNγξγ

Poorly graded sand

Oh & Vanapalli
(2013) [18] qult(unsat) =

[
qu(unsat)

2

]
×
[
1 + 0.2 B

L

]
× Nunsat Low plasticity clay

Vahedifard & Robinson
(2016) [32] Se =

(
1

1+{−ln(1+ q
ks )e−γwαz− q

ks }
n

)n− 1/n
-

Tang et al. (2017) [42] qult = [c′ + (χs)AVEtan∅′]Ncdc + qultqNqdq + 0.5γBNγdγ -
Garakani et al.

(2020) [37] qult = [c′ + cAVE]Ncξc + qNqξq + 0.5BγNγ + s(Ns)csttan∅bξs Poorly graded sand

Zhang et al. (2020) [17] qult =
[
c′ + (ua − uw)mtan∅b

]
NM

c + σ0NM
q

1
2 (Bγ− ua)Nγ NM

γ
Sand

2. Materials and Methods
2.1. Material

Soil samples taken from the city of Adapazarı were used in the experimental studies to
examine the change in the UBC of the shallow footings on unsaturated soils. The samples
were taken from the Yenigün District of Adapazarı (Turkey), at a depth of 3–4 m. The
properties of the silty soil sample used in this study according to ASTM D4318 [49] are
given in Table 2. The soil sample was classified as low plasticity silt (ML) according to the
USCS. Figure 3 shows the grain size distribution curve of the sample.



Appl. Sci. 2023, 13, 1308 6 of 22

Table 2. Physical properties of the soil used in the experimental study.

Property Value Symbol and Unit

No 200# 89 FC (%)
Liquid limit 35.8 LL (%)
Plastic limit 25.2 PL (%)

Plasticity index 10.6 IP (%)
Specific gravity 2.692 Gs

Clay ratio 17 C (%)
Silt ratio 72 M (%)

Sand ratio 11 S (%)

Soil class: Low Plasticity Silt (ML)
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The mineralogical composition of the silt used in this study was determined with
an X-ray diffraction analysis and is shown in Table 3. It indicates that elements such as
calcium oxide and magnesium oxide, which are the primary cementing agents in the soil,
are present in significant amounts in the soil sample [50,51]. However, studies in the
literature have demonstrated that the cementing bonds that are disrupted in remolded
samples do not re-form [50,52]. As a result, when compared to experiments carried out
on in situ or undisturbed materials, the cohesiveness of the remolded samples is lower.
Furthermore, research suggests that the shear resistance angle is less influenced than the
cohesion value [53].

Table 3. Mineralogical properties of the soil sample.

Symbol Element Value (%)

SiO2 Silicon dioxide 40.94
Al2O3 Alumina 11.09
Fe2O3 Iron oxide 5.36
MgO Magnesium oxide 4.48
CaO Quicklime 15.58
K2O Potassium oxide 1.72

Na2O Sodium oxide 2.09
TiO2 Titanium oxide 0.82

- Other 17.92
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2.2. Method

In this study, the ultimate bearing capacity (UBC) of shallow foundations on unsat-
urated soils was investigated. The basic physical properties of silt samples taken from
Adapazarı were determined and void ratios were selected for use in experiments. The
natural void ratios of silts in Adapazarı were examined [54], and samples with void ratios
of 0.65, 0.70, and 0.75 were used in the experiments. The sample SSDs were set at 65%,
70%, 75%, and 85% to account for seasonal groundwater level changes in Adapazarı. The
shear strength angle and cohesion values of the silt samples were obtained by using direct
shear tests.

The SS parameters of unsaturated soils can be measured using a modified MS-
controlled triaxial apparatus or a direct shear box (DSB) test [53,55–57]. However, these
methods can be costly and time-consuming, and the results are not as practical as those
from the saturated state. A more widely accepted method is to combine the application of
the targeted suction magnitude with a DSB test. Studies have shown that this method is con-
sistent with the results obtained using a modified DSB test capable of MS control [53,58–60].
In this study, the shear strength of unsaturated Adapazarı silt was determined using a
conventional direct shear test. The samples were prepared at the targeted SSD, and MS
values were measured using a pressure plate and filter paper. The shear box test was
carried out on a fully automatic direct shearing apparatus with a square shear box 6 × 6 cm
in diameter and 2.5 cm in height. During the test, the samples were carefully isolated
from air to maintain their saturation degree/suction values. The ∅b values of silt soil
were calculated from the test results and MS values, and the UBC was determined using
these values.

The relationship between the WC/SSD and MS is important in evaluating the behavior
of unsaturated soils. In this study, the MS values of the samples were determined using
the filter paper method and pressure plate method to create the SWCCs. The filter paper
method, which was proposed in the 1930s, is an economical but slow method for measuring
suction, and it can measure total and the MS values up to 30 MPa [61]. This method uses a
filter paper whose calibration curve is known and places it in full contact with the sample
to determine pore water flow. The measurement period is 6–8 days. After the moisture
balance is achieved, the wet and dry weight of the filter paper is weighed on a balance
with a sensitivity of 0.0001 g, and the corresponding MS value is found in the calibration
curve according to the filter paper water content. The SWCC of the sample is formed
by repeating these processes at different WCs from the saturated state to the air-dried
state [28,62]. In this study, the MS values were determined with the filter paper method by
using the calibration curve recommended for the Whatman No. 42 filter paper in ASTM
5298-92 [63].

The pressure plate method is used to apply suction using the axis translation tech-
nique [64]. Air pressure (ua) is applied to the samples placed on a ceramic with the high
AEV in the steel cell coming from the inlet at the top of the cell, and pore water pressure
(uw) is applied trough the inlet connected to the ceramic. This process must be continued
until the water flow is balanced [28,65]. When the water at the output reaches equilibrium
after the applied suction, the sample weight/volume is taken and the next suction stage is
started. The MS (ua–uw) values were applied in incremental steps from 5 kPa to 1500 kPa.
A 1500F1 pressure plate extractor with a 15-bar capacity was used to conduct the pressure
plate experiments.

The UBC of foundations on unsaturated silt soils was examined by model tests. Pre-
vious research and experimental studies have shown that the applied loads will have no
effect on the boundaries of the sample container if the soil model tank size is 6 or more
times higher than the model foundation size [14,66,67]. For this reason, of the soil tank
used in the current study was chosen to be greater than 6 times higher than the model
foundation dimensions. The model test used a cylindrical model test box with a height of
240 mm and a diameter of 310 mm filled with the soil sample at the desired void ratio and
soil saturation degree values. The foundation bearing capacity was investigated with the
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help of 50 mm diameter circle, 50 × 50 mm square, 42.3 mm circle, and 37.5 × 37.5 square
foundation models placed on the model test box. The 42.3 mm circle and 37.5 × 37.5 mm
square foundations were selected for further experiments as they have an equal base area.

Sample Preparation

The silty soil taken from the Adapazarı city center was first air-dried in the laboratory
environment. The air-dried sample was pulverized by hand. In order to prepare the
samples homogeneously at the desired water content, it was sieved through the No.10
(2 mm) sieve with for the maximum grain diameter, both to prevent lumping and to remove
organic substances. The sieved soil sample was divided into groups of 2 kg, which were
wetted by spraying deionized and deaired water for the desired degree of saturation was
reached and mixed with the help of a sample preparation mixer. This process was repeated
for each sample of different VR and SSD values. The prepared soil samples were placed in
airtight containers and left at room temperature for 24 h for curing. With this procedure,
a homogeneous soil-water mixture was obtained with no measurable difference between
the desired WCs. After the standard 24 h curing period was completed, three different
samples were taken from the different parts of each airtight container to check the WC and
it was confirmed that the WCs of the mixtures in all the bags were equal within a ±0.5%
evaporation/moisture change margin of error.

The prepared soil samples were compacted at a statically constant velocity in a model
tank specifically designed for hydraulic press equipment. A metal plate with a diameter of
305 mm and a thickness of 30 mm was used as the clamping apparatus. While preparing
the samples for the model experiments, they were statically compacted into two layers
to obtain a homogeneous void ratio. By creating scratches between the layers, adherence
losses that could occur between these layers were prevented. For each VR and SSD values,
a prepared and cured soil sample equal to the calculated sample weights by using the
volume-weight ratio of the soil was statically compacted in the model tank. After the UBC
tests were carried out, two specimens were taken out from the compacted sample using
50 mm diameter stainless steel thin-wall tubes for the UC test. With the help of a small
cylindrical sample mold that had a certain volume which was obtained from the model test
mold, the weight and the WC measurements of the samples taken from different depths, as
well as the VR and SSD were checked. In addition, the MS values were measured using the
filter paper method on samples with a height of 20 mm and a diameter of 50 mm, which
were taken from depths of 0.5B and 1.5B (Figure 4).

Figure 4. Schema showing the procedure used to determine the MC under the foundation.

The samples for the DSB test were statically compacted, the same as those used in
the model footing testing. The samples, prepared with the WC values corresponding to
the desired MS values from the SWCC curves, were insulated from the air with silicone
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grease so that there was no loss in the WC during rapid shearing and no change in the MS
value [53,58,68]. The shear rate applied in this study was determined to be 1.15 mm/min
after considering other studies in the literature [12,14,53,60]. Experiments on the model
load tests were run as displacement-controlled tests. According to earlier research on
compacted samples, soil specimens can reach drained conditions when loaded at a strain
rate between 0.0102 mm/min and 0.0132 mm/min [46,48]. In the current investigation,
undrained loading conditions were simulated using a reasonably quick loading rate of
1.15 mm/min. The DSB tests were conducted in accordance with the ASTM D3080-98 [69]
at normal stress levels of 59, 98, and 147 kPa. Due to the fast loading rate applied in the
direct shear tests, the undrained shearing conditions were assumed to prevail. In order to
confirm the assumption that there is no change in the gravimetric water content (GWC)
value of the samples during the DSB test process, the sheared samples were subjected to
MS and WC measurements directly after the test.

3. Results and Discussion

After the soil samples were created for the pressure plate tests and filter paper tests,
they were statically compressed, as was carried out for the other tests, and the samples
were taken with the help of metal rings with a diameter of 50 mm and a height of 20 mm.
The samples were fixed by placing porous stones on the samples in order to reach the SSD
and were kept in distilled water for 7 days. The samples taken from the model loading tests,
on the other hand, were placed immediately on the filter paper to start the equilibrium
stage and the MS values of the prepared samples were measured.

The SWCCs of the samples formed at three different void ratios were determined by
the pressure plate and filter paper method. In the experimental study, model tests were
conducted with soil samples compacted with targeted VRs (0.65, 0.7 and 0.75) and SSDs
(i.e., 65%, 70%, 75%, 85%, 100%) considering seasonal groundwater level changes. To reflect
this scenario, the samples were statically compressed with targeted VRs at four different
SSDs. Since experiments were carried out on samples with three different VRs, the samples
were prepared at these VRs for the SWCC experiments. Therefore, SWCC experiments
were carried out on three samples (0.65, 0.7 and 0.75 void ratios) and SWCCs have been
created according to the GWC. The most ideal curves of the experimental data were created
with the Van Genuchten (1980) [70] model, which is one of the SWCC generation models
available in the literature, for MS values ranges between 0 and 1,000,000 kPa (Figure 5).
Since the SWCC data at high MS range could not be determined with the pressure plate
(the suction was determined with the pressure plate up to 800 kPa), it was measured by
the filter paper method, and it was again found to be compatible with the curves obtained
from the Van Genuchten (1980) [70] model. The AEVs of the samples with 0.65, 0.70 and
0.75 void ratios have been determined as 12.4, 10.2 and 8.0 kPa, respectively.

Figure 5. SWCCs of silty soil prepared at different VRs.
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Samples with VRs of 0.65, 0.70 and 0.75 and SSDs of 65%, 70%, 75%, 85% and 100%
were created using static compression. The samples were saturated under water for 9 days.
The SS were recorded as a function of horizontal displacement up to the maximum value.
As seen in Figure 6, a clear peak is observed in the stress-strain graphs at each net stress
(59, 98 and 147 kPa) at MS values higher than the AEV in the samples with 0.65 VR. No
significant peak has been observed for the saturated state. A similar situation is observed
for the samples with VRs of 0.70 and 0.75.

Figure 6. Shear strain curves for silt sample with VR = 0.65 (from shear box tests): (a) SSD = 65%;
(b) SSD = 70%; (c) SSD = 75%; (d) SSD = 85%; (e) SSD = 100%.
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In each VR, the MS values taken from the SWCCs and the results of the shear box test
performed at 65%, 70%, 75%, 85% and 100% saturation degrees were combined, and the
MS—SS net normal stress (NNS) plots were drawn (Figure 7). The ∅b values calculated on
these graphs are presented in Table 4. When Table 4 is examined, it is seen that lower ∅b

values are calculated for the three different VRs at low NNS. The increase in the VR also
increases the ∅b value.

Figure 7. MS-NNS-SS variation for void ratios: (a) VR = 0.65; (b) VR = 0.70; (c) VR = 0.75.

Table 4. Angles showing the slope of the SS increase with respect to the MS.

e (σn − ua) kPa ∅b ∅b
average

0.65
59 4.6

6.598 7.6
147 7.2

0.70
59 5.7

7.398 7.1
147 9.0

0.75
59 5.6

8.198 8.8
147 10.0
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Figure 8 shows the failure envelopes formed by considering the maximum SS values
of the samples. Table 5 lists the SS parameters of the soils obtained from these failure
envelopes. With the increase of the SSD, a decreasing trend is observed in the cohesion
values and the SS angles of the samples with three different VRs. In the literature, it is a
known behavior that a decrease in the SSD/increase in the MS value will cause an increase
in the cohesion value [55]. In addition, the observation that the increase in the MS value
causes an increase in the angle of SS is compatible with the data of Wen and Yan (2014) [53].

Figure 8. SS-SSD relations under different VR and NNS: (a) VR = 0.65; (b) VR = 0.70; (c) VR = 0.75.

Table 5. SS parameters of samples with different SSD.

e SS Parameters
SSD, %

100 85 75 70 65

0.65
c 5.5 29.1 32.9 38.8 45.1
∅ 27.4 27.8 28.3 30.8 31.5

0.70
c 7.1 31.7 39.1 38.9 45.9
∅ 24.2 22.6 23.8 26.9 27.6

0.75
c 9.6 30.9 35.1 36.8 41.5
∅ 21.1 17.8 18.8 22.4 23.5

Figure 9 shows how the SS of silt soils tested at three different VRs varies with both
the NNS and the SSD. The results show that the effect of the SSD on the SS decreases as
the NNS value increases. In the tests carried out under NNSs of 59 and 98 kPa, there was
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a peak/trough fluctuation between the SSDs of 70% and 75% SSDs. This shows that in
addition to the MS of the silty soil sample, a different void structure has the strongest or
weakest effect on the SS at a certain SSD [53,60].

Figure 9. Saturation-shear stress relationships: (a) VR = 0.65; (c) VR = 0.70; (e) VR = 0.75, Saturation-%
shear stress increase relationships: (b) VR = 0.65; (d) VR = 0.70; (f) VR = 0.75.

In the current work, model foundations experiments were conducted in a cylindrical
tank filled with statically compacted soils to examine the UBC of foundations on unsatu-
rated soils under undrained loading circumstances. The model foundations were loaded
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relatively quickly (1.15 mm/min) to avoid any changes to the suction value of the sample
during the loading process. Square and circular shallow foundation models were loaded
up to the peak failure conditions to determine the UBC. The dimensions of the glass fiber
reinforced polyester tank used are 310 mm in diameter, height of 250 mm and a thickness of
10.2 mm. Model foundations with the largest foundation width of 50 mm were employed
in the study. The dimensions of the model mold were selected large enough (>6D) that
stresses on the boundaries of the mold due to the loads applied to the model foundation
would have a negligible effect. It was confirmed by the control measurements carried out
during the tests that no deformation occurred in the mold (The deformation was checked
at three different measurement points on the outer surface of the mold.) during loading.
Model foundation loadings were performed by using a triaxial loading frame. The vertical
displacements of the model foundations were measured with the deformation gauges, and
the loads were measured using a load cell (Figure 10). In both measurements, the data were
recorded by taking their values at the predetermined deformations. Tests were terminated
until the settlements reached 20 percent of the foundation width.

Figure 10. Model test setup: (a) schematic; (b) experimental picture.

After the UBC tests were performed, two samples were taken from the compacted
soils using 50 mm diameter stainless steel thin-walled pipes. A total of 96 UC test were
performed on the samples taken. The average values of 12 different scenarios when
classified with similar VRs and SSDs are shown in Table 6.

Table 6. Angles showing the slope of the SS increase with respect to the MS.

SSD, %
VR = 0.65 VR = 0.70 VR = 0.75

qu (kPa) qu (kPa) qu (kPa)

65 116.05 71.88 54.31
70 94.68 65.19 37.99
75 75.58 58.89 31.23
85 68.2 36.57 29.31

The model footing test results for both saturated and unsaturated silt sample prepared
at the VR of 0.65 are shown in Figure 11. As seen, no clear failure point has been observed
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in the curves. Therefore, the UBC values have been evaluated by intersecting the tangents
of the initial and the final linear part of the curves.

Figure 11. UBC model test results (VR = 0.65 and 50 mm circular model foundation).

The state of the soil and punching shear failure after the model footing tests can be
observed from Figure 12. In the punching failure described by Vesic (1973) [44], which is
also valid in the current study:

1. A peak is not observed,
2. Except for where the load is applied, no soil heave is visible, and
3. It is defined that it is created by the vertical shear and compression of the soil immedi-

ately beneath the footing.

Figure 12. Soil settlement after loading test and cracks around model foundation: (a) 50 mm × 50 mm
square; (b) 50 mm circle.

In such cases where the peak is not observed, the UBC of the foundation (qult) is deter-
mined in accordance with ASTM (D1194) [71]. The UBC is defined by ASTM (D1194) [71]
as a stress value equal to one tenth (0.1B) of the foundation width. In addition, Steensen-
Bach et al. (1987) [72] and Costa et al. (2003) [13] graphically determined the UBC by
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expanding the elastic and plastic parts of the loading curves profile. In Figure 11, the UBC
values were calculated via both the graphical method (with the intersection point of the
two linear sections) and the stress value corresponding to the 0.1B settlement value. With
the use of the method valid in the literature, the UBC values corresponding to 0.1B have
been taken into account in the next evaluations.

In this study, a total stress-based approach was employed. The most crucial part of
the paper is introducing a new relationship that can estimate the UBC of foundations on
unsaturated silty soils from the UC test and also estimate the UBC fitting parameter (SΨ)
depending on the soil saturation (Equation (8)).

qult(unsat) =

[ qu(unsat)

2

]
×
[

1 + 0.2
B
L

]
× Ncs × SΨ (8)

where qult(unsat) is the UBC of the foundation on silty soil; qu(unsat) is the SS of unsaturated
soil-based on UC; B is the width of the foundation; L is the length of the foundation; Ncs is
the UBC; S is the degree of saturation; and Ψ is fitting parameter.

At the end of the experimental studies, the model tests performed on silty soil (72% silt
content) showed that the UBC of the foundations was different from that of the foundations
on sand or clay soils studied in the literature. As it is known, the behavior of silts is
neither exactly similar to clays nor sands, and nor is it the average of the reactions of
two neighboring soil types. Silt soils are not under fully undrained conditions as clay soils
are, nor are they under drained conditions as sandy soils are. Therefore, a critical part of the
unsaturated soil mechanics must be studied to better understand the characterization of the
unsaturated silty soils. The results obtained were also plugged into the equations proposed
by Oloo et al. (1997) [12] and Vanapalli and Muhammed (2007) [14] for the estimation of a
foundation’s UBC of unsaturated soils and the results were compared.

Table 7 summarizes the measured the UBC values for all model foundations, including
those estimated using the MTSA (i.e., Equations (3) and (8)), and those estimated using
MESA (i.e., Equations (5) and (6)). The mean SΨ values, which were back calculated by
using the Equation (8) suggested in this paper, have been found to be −2.89 and −1.33
when the UBC values were determined using 0.1B settlement and graphical methods,
respectively. As can be seen from Table 6, although the difference between the calculated
UBC values and the measured UBC values is small, the difference between the measured
UBC values and the UBC values calculated with Equation (3) [i.e., that estimated using the
value Nc(unsat) = 5.14 as suggested by Oh and Vanapalli (2013) [18] and the modifications of
Skempton (1948) [2] is large.

Equation (6), which is one of the models that estimate the UBC using the MESA,
estimated very high UBC values compared to both the graphical method and the UBC
values corresponding to the 0.1B settlement. However, Equation (5), which calculates the
UBC by using the SS parameters, ∅b values, and MS values, gives reliable results for the MS
values equivalent to an SSD of 85%, 75% and 70%, according to the UBC values calculated
with 0.1B method. In cases where the MS value is high, the model gives very high values
according to the test results. The main reason for this is that the model proposed by
Oloo et al. (1997) [12] takes into account the increase in SS after high MS values are reached
and as the residual WC approaches saturation. It is seen that there are great differences
between the UBC values estimated via Equation (5) and the UBC values calculated by using
the graphical method on the model test data. In addition, there are significant differences
between the UBC results obtained with the test data (and proposed with Equation (8)) and
the method produced by Oloo et al., (1997) [12].
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Table 7. Model test results and estimated bearing capacity values.

Model
Footing VR SSD

%
WC
%

MS
kPa

Oloo et al.,
1997

(Equation (5))

Vanapalli &
Muhammed

2007
(Equation (6))

Oh &
Vanapalli

2013
(Equation (3))

0.1B
Settlement
Method

(Exp)

Grap.
Method
(Exp.)

UBC
(Equation (8))

Ψ
0.1B

Method

Ψ
Grap.

Method

50 mm
Circle

0.651 64.2 15.69 284.1 1300 1501 348 899 648 826

−2.89 −1.330.647 70.1 16.90 165.96 939 1318 292 762 550 597
0.648 74.4 18.00 91.90 712 1121 233 658 470 415
0.656 83.8 20.41 21.54 497 767 210 445 300 291

0.696 64.3 16.70 229.09 983 934 222 588 385 526

−2.89 −1.330.699 68.6 17.80 141.25 752 857 201 499 345 411
0.701 74.5 19.40 63.10 547 679 182 372 280 323
0.702 83.2 21.70 15.61 423 521 113 213 140 156

0.749 64.7 17.99 157.28 645 587 167 424 320 397

−2.89 −1.330.75 70.5 19.67 82.54 484 522 117 346 210 240
0.756 75.5 21.19 28.18 367 426 96 255 180 171
0.75 84.4 23.51 14.02 336 413 90 187 110 125

50 mm
× 50 mm

Square

0.652 64.8 15.70 284.01 1294 1255 348 905 625 826

−2.89 −1.330.650 69.4 16.80 174.16 958 1136 292 773 560 597
0.655 73.9 18.00 91.90 706 946 233 595 410 415
0.647 84.1 20.22 23.99 498 567 210 425 290 291

0.699 63.7 16.60 241.73 1016 890 222 548 375 526

−2.89 −1.330.701 68.4 17.80 141.25 752 812 201 503 355 411
0.706 75.2 19.70 56.67 531 663 182 360 250 323
0.706 83.6 21.90 13.28 417 485 113 210 160 156

0.751 64.7 18.05 149.05 620 538 167 398 305 397

−2.89 −1.330.749 70.4 19.63 82.54 477 502 117 327 215 240
0.748 74.4 21.19 28.18 360 440 96 250 165 171
0.751 82.6 23.04 18.38 338 410 90 187 112 125

42.3 mm
Circle

0.651 64.9 15.70 284.01 1294 1255 348 946 630 826

−2.89 −1.330.651 69.3 16.70 157.28 906 1076 292 749 500 597
0.644 74.9 18.10 87.10 692 922 233 486 345 415
0.652 83.1 20.09 28.18 511 699 210 406 245 291

0.698 64.0 16.70 229.09 983 870 222 561 365 526

−2.89 −1.330.693 69.4 17.90 133.86 733 795 201 494 345 411
0.698 73.9 19.20 70.25 566 703 182 347 200 323
0.706 84.1 22.10 11.93 413 478 113 201 120 156

0.754 64.7 18.13 141.25 604 530 167 444 335 397

−2.89 −1.330.751 70.7 19.68 82.54 477 502 117 367 220 240
0.748 73.8 20.84 50.89 409 480 96 252 160 171
0.749 84.7 23.60 12.59 326 392 90 176 105 125

37.5 mm
× 37.5 mm

Square

0.644 64.9 15.72 279.46 1285 1244 348 887 570 826

−2.89 −1.330.657 68.2 16.50 194.98 1026 1211 292 778 510 597
0.648 74.3 17.90 92.29 712 948 233 460 330 415
0.665 84.4 20.23 23.99 503 664 210 335 225 291

0.701 63.6 16.60 241.73 1014 890 222 519 360 526

−2.89 −1.330.699 68.5 17.90 133.86 731 796 201 460 320 411
0.699 74.3 19.30 68.25 559 697 182 314 180 323
0.703 84.6 22.10 11.93 412 534 113 184 100 156

0.747 63.8 17.70 165.96 655 554 167 477 345 397

−2.89 −1.330.753 70.6 19.58 82.54 475 502 117 335 210 240
0.747 74.0 20.53 56.67 419 491 96 253 155 171
0.769 84.7 24.48 9.12 317 408 90 161 108 125

Figure 13 compares the estimated ultimate bearing capacity obtained with Equation (8)
and the measured the ultimate bearing capacity obtained through the model footing tests.
When these graphs are examined, it is seen that the UBC, which is sometimes measured
with model tests and sometimes estimated using the proposed equation, is slightly higher
than the estimate value, but it is understood that these differences are within a small margin
of error. It is also understood that the UBC measured at an SSD of 70% and 75% is slightly
higher than the estimated value. This situation is similar to the undulating behavior of the
SS both mentioned above and presented in the literature [53]. Considering the contribution
of the MS values to the SS, although the MS value of the sample with an SSD of 70% is
lower than the MS value of the sample with an SSD of 60%, its contribution to the SS is
higher. It also appears that the size of the model foundations (i.e., 50 mm × 50 mm square;
50 mm circle; 42.3 mm circle; and 37.5 mm × 37.5 mm square) rather than the foundation
shape has a limited effect on the UBC under MS.

The variation in the UBC measured according to the MS values corresponding to the
SSD of 65%, 70%, 75%, 85% and 100% at three different VRs with a 50 mm diameter circular
model foundation is shown in Figure 14. The results show a significant increase in UBC due
to the contribution of MS in the range of the MS values corresponding to the decreasing
SSD. In addition, as the VR increases, the contribution of the MS to the UBC begins to be
relatively low compared to the smaller MS values.
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Figure 13. Comparison of the bearing capacity values found using the proposed Equation (8) and
those found using the 0.1B technique: (a) 50 mm × 50 mm square; (b) 50 mm circle; (c) 42.3 mm circle;
(d) 37.5 mm × 37.5 mm square.

Figure 14. Graphs of 50 mm circle UBC: (a) MS (kPa); (b) SSD %.
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4. Conclusions

In this study, an equation was proposed to determine the UBC of shallow foundations
on unsaturated silty soil layers. In an experimental model setup created for this purpose,
the UBC values of different types and sizes of model footings on silty soil layers with
a different SSD/MS and VR values were measured. In addition, the SWCCs and SS
parameters of unsaturated silt were determined. The conclusions obtained as a result of
these experimental studies and analyses can be listed as follows:

1. Although the SS parameters of the unsaturated silty soil sample changes depending on
the MS and the VR values, the failure behavior (punching failure) remains the same.

2. An increase in cohesion values in accordance with the literature was observed due to
the increase in MS for all silt samples with different VRs. However, an increase was
observed in the SS angle value due to the MS magnitude.

3. It was observed in the literature that the values calculated with the equations for
the UBC of shallow foundations on unsaturated soils do not comply with the results
of the model tests carried out on silty soils. Within the scope of this study, a new
equation that gives suitable results for shallow foundations on unsaturated silty soils
is proposed (Equation (8)).

4. It was determined that the foundation’s UBC value for unsaturated silty soils can be
estimated by using the unconfined compression test result and the fitting parameter
depending on the SSD.

5. To evaluate foundations on unsaturated silty soils, the UBC can be estimated by
considering the 0.1B method (ASSHTO method) by using the proposed equation in the
current paper and by taking the fitting parameter (Ψ) as−2.89. If the graphical method
is taken into account, the estimation can be made by taking the fitting parameter as
−1.33 due to the generated relationship.

6. As the foundation size becomes smaller, the values of the foundation’s UBC values
measured in the model tests and calculated from the proposed equation become closer
to each other. In addition, it was observed that the model foundation dimensions, and
the variation in the foundation type causes changes to the measured UBC value.

7. In future studies, UBC tests can be performed on silt soils with different plasticity
indexes and a relationship can be derived between the plasticity index and the fitting
parameter (Ψ).
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