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Abstract - The importance of unsaturated soil mechanics stems from the fact that the majority of geotechnical engineering projects are
taking place in unsaturated soil zones. Soil suction, especially matric suction, is controlling the unsaturated soil behavior. However,
measurements and determination of the soil suction is still a concern for geotechnical engineers and researchers regarding its accuracy,
practicality, cost, and reliability. In this study, the filter paper method (FPM) has been adopted as a secondary indirect measurement of
the suction. Both total and matric suction were measured for three different mixtures of coarse soil (sand) and fine soil (industrial
Bentonite/Montmorillonite) at two different saturation levels for each mixture. An extensive characterization has been conducted for
the soil samples and, thereafter, samples were prepared at 95% of the maximum dry density (MDD) on wet and dry sides of optimum
for suction measurements. The soil-water-characteristic/retention curve (SWCC/SWRC) was then completed for each sample using an
estimation method reported in the literature. A new prediction model has been developed, in this study to determine a fitting parameter
for estimating SWCC. Also, a review on the application of SWCC to design of shallow foundations has been presented in a simplified
manner. Finally, recommendations for future work and conclusions were reported.
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1. Introduction

The SWCC for soil is a relationship between the matric suction (chemical potential) and the water content (gravimetric
or volumetric) or the saturation degree (S). The first SWCC's were obtained by Edgar Buckingham in 1907 for six different
soils varying from sand to clay [1]. The SWCC is mandatory to evaluate the different behavior of unsaturated or partially
saturated soil in terms of strength, stiffness, conductivity, serviceability, etc. In order to obtain the SWCC, the matric
suction of soil should be measured, against the water content or saturation degree. Both direct and indirect measurements
of soil suction exist and have been highlighted in the literature. Typical examples include Thermocouple Psychrometers,
Transistor Psychrometers, Chilled-Mirror Psychrometers, Filter Paper Method, Thermal or Electrical Conductivity Sensor,
among others [2], [3]. The filter paper method, as a secondary indirect measurement technique, is used in this study due to
its capability in the determination of both total and matric suction [4], [5]. In geotechnical engineering, the matric suction
is of greater concern than total suction, which is defined as the pressure that tends to equalize the moisture content in a soil
block, and equal to the difference between pore air (us) and (negative) water (Uw) pressures.

2. Experimental Program

Tests were conducted on sand-montmorillonite mixtures with different percentages of montmorillonite (MMT), i.e.,
2%, 4%, and 6%. The sandy soil was collected from Half-Moon beach in the city of Khobar, Saudi Arabia, while the MMT
samples were acquired from a local manufacturer who provided the MMT for borehole-drilling applications. Both the sand
and MMT were characterized independently and as mixtures, as described in the following sections.

2.1. Characterization and Classification

All samples were oven dried at 110 + 5 °C until the equilibrium in the dry weight has been reached (almost 24 hrs.) so
as to unify the initial testing conditions among the samples. The specific gravity (Gs) of sand, MMT, and the mixtures were
obtained using ASTM standard method [6], as shown in Table 1. For MMT, the liquid limit (o) was determined using
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Casagrande device in accordance with ASTM standard [7]. In contrast, an appropriate correlation reported in the
literature (Eq. 1) is used to estimate the plasticity index (lp) for the MMT due to the practical difficulties associated
with carrying out a plastic limit (wp) test on highly plastic clays [8]. Furthermore, the grain size distribution of the
samples was obtained by conducting mechanical sieving and hydrometer analysis in accordance with ASTM standards
[9], [10], respectively, as shown in Figure 1. Moreover, the cation exchange capacity (CEC) for the MMT was
determined using EPA method [11]. The characterization results of the sand and sand-MMT mixtures are presented in

Table 2, while for MMT; the results are summarized in Table 3.

Table 1: Specific Gravity Results.

Sample Specific Gravity, Gs
Sand (0% MMT) 2.653
100% MMT 2.353
Sand + 2% MMT 2.647
Sand + 4% MMT 2.640
Sand + 6% MMT 2.634
Ip(%) = [0.96 x w,(%)] — [(0.26 X CF (%)) + 10] )
Where: Ip= plasticity index; w.= liquid limit; CF= clay fraction, defined as the percentage of the particles size < 2 um.
Table 2: Characterization Summary for Sand and Sand-MMT Mixtures.
Passing 1 USCS
Sample Sievet 200 | 0| Do Dol B ez g | Classification | (oo TS
(%) (mm) | (mm) | (mm) | (mm) [12] Classification
Sand (0% MMT) 0.6 0.105 | 0.173 | 0.248 | 0.288 | 0.99 | 2.74 SP A-3 (1)
Sand + 2% MMT 3.0 0.098 | 0.167 | 0.243 | 0.284 | 1.00 | 2.90 SP A-3 (1)
Sand + 4% MMT 4.8 0.092 | 0.163 | 0.240 | 0.282 | 1.02 | 3.07 SP A-3 (1)
Sand + 6% MMT 6.8 0.086 | 0.159 | 0.239 | 0.282 | 1.04 | 3.28 SP-SM A-3 (1)
1: Dxx means the diameter where XX% of particles are finer/smaller.
2; Coefficient of Curvature
3: Coefficient of Uniformity
Table 3: Characterization Summary for 100% MMT.
Passing CEC
. oL p Ip USCS . . .. Potential of (meq
(%/F) Slzec\)/g # (%) | (%) | (%) | Classification Cgﬁ\si";:;_tci)on Pla[itsl(]:'ty Ac[tllX]'ty Expansiveness Na/
° (71 | [8] | [8] [12] [15] 100ml)
(%) [11]
98.3 | 100 |434.4 (5293815 CH A-7-5(a57) | VeY | Active |y High 90
: ' ' ' High Clay yHig

ICGRE 131-2




- ~
Grain Size Distribution
100.0 % * ” . »
: X g—"
0.0 % +
80.0 % +
70.0 % + //'

W 60.0% f

g :

2 500% 1 ——0%MMT ||

o, »

° 400% £ 2% MMT ||
1009% § / 4 4% MMT
U —=6% MMT
200% § ——100% MMT |’
100 % +
0.0% + i

0.000 0.001 0.010 0.100 1.000 10.000
Particle Size (mm)
N J

Additionally, the composition of sand and MMT was qualitatively studied using X-ray diffraction method (XRD). The
XRD was used to identify the materials because each material has a characteristic wavelength due to the diffraction based
on Bragg'’s law [16]. The diffractometer Rigaku MiniFlex 11® with a (Copper K-a) X-ray energy was used for this purpose,
as depicted in Figures 2(a) and 2(b). For sand, as shown in Figure 2(a), the peaks indicate the presence of quartz minerals
and a minority of calcite. While for MMT, as shown in Figure 2(b), the peaks are in good agreements with a typical MMT

Fig. 1: Grain Size Distribution for MMT, Sand, and Sand-MMT Mixtures.

minerals associated with some impurities.
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Fig. 2: XRD Results for (a) Sand and (b) MMT.
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Also, the scanning electron microscopy (SEM) technique was used to obtain high-quality images for sand and MMT
that show the particles size, shape, and surface conditions. Manfred von Ardenne invented the first SEM in 1937 [17]. The
SEM produces material images of high resolution and magnification (more than 1 nm) by scanning the surface of the
material using a focused beam of electrons, and it can detect distances less than 100 A [18]. The instrument used for this
study is Tescan Lyra-3%; a field emission dual beam (focused ion beam) electron microscope (FE-SEM) which uses
gallium ions as a source of the focused electrons, with a magnification up to 1,000,000X. The soil samples were coated
with gold for electrical charges insulation to enhance the image resolution, as shown in Figures 3(a) and 3(b) for sand and
MMT, respectively.

The SEM image shown in Figure 3(a) was utilized to determine the particles sizes and shapes using digital image
analysis and processing. An open source package, namely ImageJ®, developed by the National Institutes of Health in the
USA, is used for this purpose. The 3D, and then 2D, images if analyzed and processed correctly, would yield the most
accurate particles size and shape as reported by [19]-[21]. The ImageJ® built-in shape descriptors of the particles were
used in this study; which are the projected area, projected perimeter, circularity, aspect ratio, roundness, and solidity as
summarized in Table 4. However, to confirm the image processing results, the projected perimeter was converted to an
equivalent diameter, and then the grain size distribution was obtained. The latter has been found to be in good agreement
with the mechanical sieve results, as shown in Figure 4. The processed SEM image is depicted in Figure 5. It is worthy to
be noted that Figure 3(b) shows an agglomerated particles image for MMT which may not represent the actual size or
shape of the particles and, therefore, this SEM image for MMT was not processed. In the conventional SEM, it is quite
difficult to obtain a dispersed particles image, but this might be possible through an environmental SEM.

« . = o
SEMHV:50kV | WD:10.32 mm | LYRA3 TESCAN SEM HV: 20.0 kV WD: 8.70 mm LYRA3 TESCAN
View field: 1.44 mm | Det: SE 200 pm SEM MAG: 2.00 kx Det: SE 20 pm
SEM MAG: 200 x | Date(m/dly): 04/17/17 SEM MAG: 2.00 kx | Date(m/dly): 11/20/17 CNT

Fig. 3: SEM Images for (a) Sand and (b) MMT.
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Fig. 4: Grain Size Distribution for Sand (0% MMT) by Sieve and Image Processing Methods.
F|g 5: Analysis and Processing of SEM Image for Sand (0% MMT)
Table 4: Image Processing Summary for Sand (0% MMT).
Number . .
of Average Projected | Average Projected Average Average Aspect Average Average
. Area (mm?) Perimeter (mm) Circularity Ratio Roundness Solidity
Particles
36 0.00992 + 0.00666 0.788 = 0.446 0.255 £ 0.142 2.176 £ 1.904 0.579+0.196 | 0.654 £0.113
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Finally, the maximum dry density (MDD) and optimum moisture content (OMC) for the sand-MMT mixtures were
determined by conducting the modified Proctor tests in accordance with ASTM standard [22]. The three sand-MMT
mixtures were prepared at 95% of MDD on both wet and dry sides of optimum for each mixture for the suction
measurements. The compaction curves for the three mixtures are shown in Figures 6(a), 6(b), and 6(c), respectively. The
summary of the compaction tests is shown in Table 5.

125 ASTM D1557-12el: Compaction of Soil Using Modified Effort 2% MMT ASTM D1557-12¢!: Compaction of Soil Using Modified Effort 4% MMT
-23 ‘ [ 2150 T T \‘ - T : 3[
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Fig. 6: Modified Compaction Curves for Sand + (a) 2% MMT, (b) 4% MMT and (c) 6% MMT.
Table 5: Summary of Compaction Tests for Sand-MMT Mixtures.
9506 MDD | Drv/Wet of OMC Volumetric” Initial
Sample (g/co) Oytimum (%) S (%) Water Content Void
g b (m3/m?) Ratio, o
Sand + 2% MMT 1.724 7.7 38.1 0.133 0.535
Sand + 4% MMT 1.768 Dry 9.5 50.9 0.168 0.493
Sand + 6% MMT 1.839 7.5 45.7 0.138 0.432
Sand + 2% MMT 1.724 15.6 77.1 0.269 0.535
Sand + 4% MMT 1.768 Wet 134 71.7 0.237 0.493
Sand + 6% MMT 1.839 135 82.3 0.248 0.432

“The volumetric water content is determined by multiplying the dry density (g/cc) and
gravimetric water content (as a fraction)
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2.2. Suction Measurements by Filter Paper Method (FPM)

The FPM is considered as the only method which can provide both total and matric suction [4]. However, and as
stated earlier, the matric suction has a more significant role in geotechnical engineering applications than the total
suction. The FPM is an economical method and more applicable for a matric suction range from 0.01 to 100 MPa,
while for total suction, the FPM usually provides smaller values compared with the total suction measured from the
other methods [2], [23]. The “chemical potential” term is sometimes used instead of “suction,” and indicates the
energy status of the soil water.

Six soil samples were prepared (as shown previously in Table 5) for the suction measurements. The
measurements were conducted in accordance with ASTM standard [5] using (Whatman No. 42) ash-free filter papers.
The filter papers were oven dried for at least 16 hours, because the calibration curves reported in the standard and
literature, which are used to obtain both the total and matric suctions against the filter moisture content, are valid for
the initially dried filter papers [24]. The effects and the hysteresis between the initially dry and initially wet filter
papers have been recently discussed by Leong et al. [23].

However, each of the prepared soil samples was, then, cut into two halves and an inner filter paper was placed
between two outer filter papers. The former has a diameter of 3 to 4 mm smaller. Then, the inner and outer filter
papers were placed in between the two halves in direct contact with the soil sample. To that end, the inner filter paper
was used to determine the matric suction of the soil. If a sample is not sufficiently moist, the direct contact between
the filter papers and the sample might not be achieved. Thereafter, the soil sample was placed into a jar covering at
least 75% of its volume to maintain the equilibrium time as minimum as possible. Then, a sharp-edges O-ring was
positioned atop of the soil sample in the jar, and two filter papers were placed on the ring with no direct contact
between the filter papers and the soil in order to measure the soil total suction. The filter papers should not be touched
with bare hands, but with tweezers and gloves, and nothing should be written on them.

As per the ASTM standard, the equilibrium time adopted in this study was seven days, but for a small range of
suction (< 100 kPa), it may require more than 30 days to reach the equilibrium [23]. The jars were sealed with
electrical duct tape and stored in a temperature-controlled container. After the equilibrium time was reached, three
cans with their lids were prepared for each jar, and their cold weights (T¢) were recorded using a balance of 0.0001 g
sensitivity. Once the jar was opened, the upper filter paper was placed into the can and closed by the lid and weighted
in the balance (M) within 5 seconds to prevent the moisture content loss and/or changes. The same was done for the
lower filter paper. The upper half of the soil was then extracted, and the outer filter papers were held by the tweezer to
extract the inner filter paper which was placed in a can and weighted within 5 seconds. The outer filter papers were
then disposed of. They should not be used again for any reason. After that, the cans were kept partially closed/sealed
in the oven for 2 hours, and completely sealed for 15 minutes. Subsequently, the cans were extracted from the oven
and placed on an aluminum block to cool them down for 20 seconds; and their weights were recorded accordingly
(My). Finally, the filter papers were disposed of, and the hot weights of the cans and lids were recorded (Tw). The
moisture content of each filter paper (o¢) was then calculated from Eq. 2.

(My — My + Ty — T,) X 100

%) =
wr (%) M, — Ty

Using the filter paper moisture content and the calibration curve, the total and matric suction values could be
obtained. According to Suits et al. [24], the best fit models using (Whatman No. 42) filter papers calibration curves for
both matric and total suction are given in Eqgs. 3(a and b) and 4, respectively. For total suction (), the average value
obtained from Eq. 4 for the upper and lower filter papers should be taken as the total suction if the difference between
the two values does not exceed (0.5 log kPa). Otherwise, the experiment should be repeated. The results of the FPM
experiments are summarized in Table 6, and Figure 7. Further details about the calibration curves are given by Bicalho
et al. [25].

For wg = 47%: log[ug, —uy, (kPa)] = 2.909 — [0.0229 X wr(%)]
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For wp < 47%:

Y (kPa) = 56180 x

2.361

Table 6: Summary of FPM Experiments.

loglug — u,, (kPa)] = 4.945 — [0.0673 X wp(%)]

0.44
() -

95% MDD | Dry/Wet of Initial Void Average y Ua - Uw
Sample (g/cc) Optimum S (%) Ratio, eg (kPg) (kPa)
Sand + 2% MMT 1.724 38.1 0.535 1366.0 5.3
Sand + 4% MMT 1.768 Dry 50.9 0.493 1354.1 16.4
Sand + 6% MMT 1.839 45.7 0.432 6293.6 863.6
Sand + 2% MMT 1.724 77.1 0.535 1151.2 2.5
Sand + 4% MMT 1.768 Wet 71.7 0.493 1907.8 4.6
Sand + 6% MMT 1.839 82.3 0.432 4906.3 14.0
FPM
0.600 -
2% MMT
4% MMT
0.500 - 29 MMT“\QO\‘
6% MMT
s 4% MMT
g 0.400 - 6% MMT
g
Z 0300
; ==Dry of Optimum
:‘5 0.200 #=Wet of Optimum
0.100
0.000 : :
1.0 100 100.0 1000.0

Chemical Potential, p (J.kg™)
Matric Suction, u, - u, (kPa)

3. Estimation of SWC

The SWCC of a soil requires the complete profile of suction vs. saturation degree or the water content, which requires
a lot of time and efforts to attain, therefore, obtaining the complete SWCC experimentally is not viable in many cases.
Several studies reported in the literature provided mathematical expressions to empirically describe and estimate the
SWCC [26], [27]. However, recent studies have more concerned with the validity of the provided models and aim to
suggest the best-fit parameters obtained from other soil properties, such as grain size distribution, the percentage of MMT,
Atterberg limits, among others [28]—[31]. The model provided by Fredlund and Xing [27] as shown in Eq. 5, is found to be
the most suitable for different types of soils and various ranges of matric suction [30], [32]. Chin et al. [30] provided
reliable and simplified models for fitting parameters a, n, and m based on the Dso and percentage of passing sieve No. 200,
as illustrated in Egs. 6(a, b, c and d) and 7(a, b, ¢ and d).

Fig. 7: Matric Suction Results Using FPM against VVoid Ratio.

C
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Ug — Uy

S=1[1 ln(l M (ua — uw)‘r) 1
N 106 % = (5)
In(1+ 50| [InCexp(m) + (*454))]

Where: S= saturation level as fraction; (u. - uw) = matric suction in kPa; (u. — uw)r = reference suction in kPa; a, n & m=

fitting paramters.
If the percent passing sieve No. 200 < 30%:

a = 0.53 X (Dgo(mm)) %% (6a)
n=x (6b)
m = 1.13 — (0.23 X In(x)) (6¢)
(ug —uy), (kPa) =100 (6d)
If the percent passing sieve No. 200 > 30%:
a=722—-(24x%xx) (7a)
n=0.07 x (x)%* (7b)
m = 0.015 x (x)°7 (7¢)
(ug — uy,), (kPa) = 914 X exp(—0.002 X (x)) (7d)

The parameter (x), which is shown in Egs. 6 and 7 for Chin et al. method [30], is obtained by trial and error until the
SWCC passes through the measured point. Considering the nature of the soil within this study, Eg. 6 was utilized to
estimate the SWCC’s. Although this method has been used to estimate the SWCC from usually a single measurement
point, in this study, two points (on dry and wet sides of optimum) were measured per each sample to validate the precision
and applicability of the method to fit the experimental data. For the three sand-MMT mixtures (2%, 4%, and 6% MMT),
with two points measured for each mixture, the fitting parameters are summarized in Table 7. The estimated SWCC for the
mixtures passes through all of the experimental data (except for the 4% MMT where one of the two points shifted slightly
from the SWCC), as shown in Figure 8. The air-entry suction values (AEV) are also shown in Figure 8.

Table 7: Summary of Fitting Parameters for Fredlund and Xing [26] Eq. 5.

95% MDD
Sample (g/cc) Gs a n m
Sand + 2% MMT 1.724 2.647 2.06 3.00 0.88
Sand + 4% MMT 1.768 2.640 2.09 0.44 1.32
Sand + 6% MMT 1.839 2.634 2.09 96.65 0.08
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SWCC by Chin et al. (2010) Method
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Fig. 8: Estimated SWCC’s by Chin et al. (2010) Method.

For the fitting parameter (n or x), it was noticed that it has a clear correlation with both the specific gravity and the
95% MDD (the experimental dry density of the samples). Therefore, a stepwise multiple linear regression analysis was
conducted by IBM SPSS Statistics® and the model summary is shown in Table 8. The correlation coefficient (or R-squared)
of 1.0, as shown in Figure 9, indicates a powerful correlation between the regressors and the dependent variable (parameter
n). Using Minitab®, the normal probability plot of the parameter (n) and the surface plot of the statistical model are
generated, which are shown in Figures 10(a) and 10(b), respectively. At a confidence level of 95% (i.e., level of
significance of 0.05), the probability of 0.09 as shown in Figure 10(a) indicates that the parameter (n) follows a normal
distribution. Therefore, the proposed parametric regression model is applicable. The model is shown in Eq. 8. However, it
should be noted that the model is valid only for the tested materials and under the same conditions, in which the samples
were prepared, and the experiment was conducted.

Table 8: Summary of Fitting Parameter (n) Regression Model.

R-Squared Adjusted R- Durbin Regression Sum | Residual Sum Regression
q Squared Watson of Squares of Squares Mean of Square
1.000 1.000 0.001 12022.160 0.000 6011.080

n = (2956.352 X (95%MDD(g/cc))) + (18948.498 x Gs) — 55250.425

Where: n= fitting parameter; MDD= maximum dry density at which the samples were prepared; Gs= specific gravity

ICGRE 131-11
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Fig. 9: Correlation Coefficient of Fitting Parameter (n) Regression Model.
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Fig. 10: Fitting Parameter (n): (a) Normal Probability Plot and (b) Regression Model Surface Plot.
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4. Application in the Design of Shallow Foundations

Due to the sophistication and high cost associated with testing unsaturated soils, the concept of unsaturated soil
mechanics and matric suction is not fully utilized practically by the geotechnical profession in many places. However,
FPM accompanied by an estimated SWCC (from FPM) can facilitate and enhance the practicality of this concept. One of
the applications in which SWCC is involved, is the design of shallow foundations because the majority of the geotechnical
projects in arid and semi-arid areas are taking place in the unsaturated zones of the soil [33]. The research being carried out
on this topic is highly needed. Recently published work has been reported by [34]-[38]. The effective stresses in the
unsaturated soil (6’) can be expressed in terms of the matric suction and net normal stresses (6-Ua), as shown in Eq. 9 [39].
However, Vanapalli and Mohamed [36] provided a simplified approach to calculate the ultimate bearing capacity for
shallow foundations in saturated and unsaturated sandy soils, using a form of Terzaghi’s bearing capacity equation [40] for
saturated soil combined with matric suction and effective stresses concepts on unsaturated soils. Their proposed equations,
as shown in Eqgs. 10(a) to 10(j), were based on lab model of a shallow foundation. The authors investigated the effects of
matric suction, overburden pressure, and the dilatancy angle.

(Ug — Uy)
6’ —u,) + [( aAEV )705% X (ug — ) 9)
qy(kPa) = [c’ + (AEV X (tan ¢’ — S¥E¢ tan ‘1”)) + ((ug — Uw)avgS¥EC tan ‘1”)] Ncscd,
+YD;N,5,dq + 0.5YBNysy (102)
eZ(O.75T[ ¢180 )tan ¢’
Ng = Py (10b)

2 X cos?(45 + )
N. = (N; — 1) cot®’

(10c)
VYac = 1.0 + (0.34 X [,(%)) — (0.0031 X I5(%)) (10d)
10+ g X5 1.0 tri ti
sc=1. No XL’ = 1.0 for strip footing (106)
dc = 1.0+ 0.4k (109
k (radians): fi &< =L >1 = tan~!
radians): for { & = for = tan ( ) (109)
B X tan?®
Sq =1.0+ —L (10h)
dy =10+ 2tan?® (1 —sin®)%k (10i)
0.4xB
sy =10—-—7— 206 (10))

Where: g,= ultimate bearing capacity; ¢’= effective cohesion (kPa); ®’= effective friction angle (degree); S= saturation
degree (%); (Ua — Uw)avg= average matric suction value defined by Vanapalli and Mohamed [36] (kPa); Y= unit weight
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(kN/m?); Ds = depth of foundation (m); B: width of foundation (m); Ny= bearing capacity factor obtained from
Kumbhojkar tables [41]. Furthermore, Vanapalli and Mohamed [36] provided new correlations for the modulus of
elasticity (Es) with the relative density (D) and cone tip resistance in CPT (qc) for both saturated and unsaturated soils, as
shown in Egs. 11(a) to 11(e). The (Es) can then be used in Schmertmann settlement equations [42] to determine the
immediate settlement of the foundation. It has been noticed that the calculated bearing capacity values were underestimated
for both saturated and unsaturated soils, especially for surface footings. The ultimate bearing capacity increased linearly
with the matric suction up to AEV. Then, a non-linear increment occurred until the residual saturation zone, at which the
bearing capacity decreased. While for the settlement, their proposed correlations proved a good agreement between the
calculated and measured settlement values.

2
For saturated soils: Eg (kPa) = |1.5 x D, (%) +3 || x g.(kP

or saturated soils: Eg a) =|1. 100 q.(kPa) (11a)
For unsaturated soils: Es (kPa) = f, X q.(kPa) (11b)

o £ —| LECONNPNERY
For D, <50%: f, =[1.2 X 100 + 3.7 (110)

' Dr(%)\’ '
ForD, >250%: f, = [1.7 x < 100 > + 3.75 (11d)

Where: Es= elastic modulus; D,= relative density; q.= cone tip resistance; f,= fitting parameter.

4. Conclusions and Recommendations for Future Work
Based on the results presented in this investigation, it could be concluded that FPM is a viable technique to obtain the
matric suction profile for soils over a wide range of suction. The estimation of SWCC can be based on a single FPM
measurement point, but at least two points are recommended to validate the estimation precision. The fitting parameter (n)
can be predicted using the experimental dry density (95% MDD in this study) and the specific gravity through the
correlation provided in this study instead of using the trial and error technique. However, it is recommended that the
provided correlation is to be further studied for various types of soils and conditions. It was noted that the matric suction is
dramatically affected by the pore size distribution within a soil sample. Also, estimating SWCC allows utilizing and
considering the effect of the matric suction in the design of foundations regarding bearing capacity and immediate
settlement as shown in the reported equations. The matric suction can be utilized as a soil improvement technique by
maintaining the subsurface soil beneath the foundation in unsaturated conditions.
The following may be recommended for future work:
- Extend the study of the provided correlation of the fitting parameter (n) to cover a wider range of soils.
- Develop and calibrate a numerical model for SWCC to yield SWCC for different types of soils [43].
- Validate the reported bearing capacity and settlement equations with unsaturated soil database reported in the
literature.
- Investigate the effects of vegetation, plant roots, salinity, contaminations, among others, on the matric suction and,
subsequently, on the bearing capacity of the foundation considering those effects in the bearing capacity equations.
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