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A stiffened raft is considered one of the efficient foundation systems for lightweight structures resting on expansive soils. Most
existing design methods of stiffened rafts require an analysis of the interaction between the raft and the distorted mound shape of
the expansive soil. In most design methods, the distorted mound shape is represented in 2D by the edge distance and the maximum
differential movement through a nonlinear equation. This study presents a rational method for estimating the climate-controlled
soil parameters that are used for estimating the 3D distorted mound shape of the expansive soil from the routine geotechnical tests’
results. These parameters include the equilibrium soil suction, the amplitude of surface suction change, the diffusion coefficient of
the soil, the suction compression index, and the active zone depth. The proposed method is explained through its application to
calculate the climate-controlled parameters for expansive soils in different locations throughout Saudi Arabia. A parametric study
is carried out using a suction diffusion and soil movements program called SUCH to investigate the effect of the climate-controlled
soil parameters and raft dimensions on the shape of the distorted mound, maximum differential movement, and edge moisture
variation distance. The results of the parametric study are used in a regression analysis to develop an equation for estimating the
edge moisture variation distance, which is considered a major barrier to using existing design methods of stiffened rafts as a
function of the climate-controlled soil parameters and the aspect ratio of the raft. The findings indicate that the aspect ratio of the
raft and the climate-controlled soil parameters have a significant effect on the shape of the distorted mound, its maximum
differential movement, and its edge moisture variation distance. Additionally, the proposed equation of the edge moisture variation
distance predicts comparable values to that estimated by the program SUCH.

1. Introduction

Expansive soil is one of the problematic soils that exist in the
Kingdom of Saudia Arabia, KSA, and in different countries in
the Middle East and the world. Expansive soils cause damages,
ranging from minor to severe cracks, in the lightweight struc-
tures after being constructed. The causes of such cracks include
the movements in the supporting expansive soils, the inappro-
priate identification and classification of expansive soils, as well
as the inappropriate selection and design of the foundation
systems. Millions of dollars have been lost due to the damage
to structures in countries around the world in which expansive

soils have existed, including the KSA [1—4]. Therefore, Jones
and Holtz [1] described the expansive soil in the United States
as “the hidden disaster.”

Lightweight structures constructed on expansive soils are
frequently subjected to severe movements (shrinkage or heave)
arising from nonuniform soil moisture changes, with conse-
quent cracking and damage related to the distortion. Damages
of lightweight structures caused by the movements of expansive
soil have been reported in many literature (e.g., [5-8]). In light
of the KSA’s vision-2030, urban development is rapidly
increasing and thus, the possibility of constructing lightweight
structures on expansive soils in different areas of the KSA
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increases. This highlights the crucial need for practical recom-
mendations to help civil engineers to mitigate or eliminate the
potential problems and damages to lightweight structures con-
structed on expansive soils and consequently reduce the loss of
millions of dollars.

The design strategy used to minimize the damage of light-
weight structures constructed on expansive soil is to design
the structure to be stiff enough to accommodate the soil
movements [9-11). The two foundation systems that are suc-
cessfully used in different countries in which expansive soils
exist (i.e., the United States, Australia, South Africa, and the
Middle East) to mitigate or eliminate the damage of light-
weight structures constructed on expansive soils are stiffened
raft and the inverted T-section strip footings [10-14].

Many design methods have been developed over the years
for the analysis and design of the stiffened raft resting on expan-
sive soil, such as the Lytton method [15], Walsh method [16],
Mitchell method [17], Swinburne method [18], Post-Tensioning
Institute method [19], Brauid method [14], and Shams et al.’s
method [11]. The approach used by most of the design methods
is divided into two successive stages: Stage 1 assumes a predefined
distorted mound shape for two worst conditions of edge heave
and edge shrinkage, and Stage 2 analyzes the interaction between
the stiffened raft and the distorted mound shape to obtain the
deflections and the internal forces in the stiffened raft. This
research is concerned with Stage 1 (i.e., predicting the 3D free
surface distorted mound shape using the climate-controlled
expansive soil parameters). The climate-controlled expansive
soil parameters have also been used by most of the existing design
methods of stiffened rafts resting on expansive soils, such as
Brauid et al.’s method (2016) and Shams et al.’s method [11].

In this research, a rational method is presented for estimat-
ing the climate-controlled expansive soil parameters from the
results of the routine site geotechnical tests. These parameters
include the equilibrium soil suction, the amplitude of surface
suction change, the suction compression index, the diffusion
coefficient of the soil, the active zone depth, and the initial and
final soil suction profiles. The climate-controlled soil parameters
are used as input for the program SUCH to predict the 3D
distorted mound shapes. SUCH is used in a parametric study
to investigate the effect of the climate-controlled parameters on
the distorted mound shape underneath a flexible cover (i.e., raft)
of different aspect ratios for the case of edge shrinkage.

2. Computer Program SUCH

El-Garhy et al. [20-24] have been developed a program
called SUCH to calculate the 3D distorted mound shape
underneath a flexible impermeable cover due to the move-
ments in the expansive soil (shrinkage or heave). The SUCH
model has been described and validated in a series of pub-
lished papers. The program SUCH estimates the distorted
mound shape underneath a flexible impermeable cover slab
in 3D and overcomes the disadvantage which exists in all
design methods of stiffened rafts that consider the distorted
mound shape in 2D and analyze the raft as a beam in both
two directions separately. The program SUCH using the
finite difference method, FDM, to solve the suction diffusion
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equation in 3D to estimate the changes in soil suction within
the expansive soil underneath a flexible impermeable cover
with time and the associated movements (shrink or heave)
due to the changes in the climatic condition. Other edge
effects, such as vertical barrier, horizontal barrier, water col-
lects in a pond, and large trees, can be considered by the
program [22, 24]. The water movement in the expansive
soil mass was based on Mitchell’s suction diffusion equation
[25] and the soil movements (shrink or heave) calculation
was based on Wray’s model [26].

3. Methodology and Procedure

A rational procedure is presented and discussed in this section
for estimating the climate-controlled expansive soil parame-
ters that are used for predicting the 3D surface mound shape
beneath a covered area (i.e., stiffened raft). These parameters
include (1) the diffusion coefficient, a, (2) the equilibrium soil
suction, y,, (3) the amplitude of surface suction change, v,
(4) the depth of active zone, Z,, and (5) the suction compres-
sion index, SCI. Also, a recommendation for estimating the
initial state of soil suction in the expansive soil before foun-
dation construction and the worst expected boundary condi-
tions, which may cause the worst soil suction distribution
through the expansive soil under the raft foundation during
the lifetime of the structure, is presented. The proposed pro-
cedure is explained through its application to calculate the
climate-controlled soil parameters for expansive soil in differ-
ent locations in the KSA. However, the proposed procedure
can be used at any geographical location of expansive soils
around the world. The word climate in this study refers to the
climatic cycles (i.e., wetting and drying cycles during the year)
that control the change in soil suction (i.e., water content) at
the surface boundary of the expansive soil mass.

3.1. Climate-Controlled Soil Parameters in the KSA. A review
of the available technical literature pertaining to expansive
soils in the KSA showed that there are no measurements for
all of the climate-controlled expansive soil parameters at any
site. Therefore, the properties of expansive soils that are
routinely measured during the site investigation are used in
an attempt to determine these parameters.

Dhowian [27] performed a detailed investigation and doc-
umentation for the characteristics of the expansive soils in the
KSA. Expansive soils in the KSA mainly consist of two distinct
soils (i.e., sedimentary rocks and clayey soils). Expansive sed-
imentary rocks include shales, claystone, and siltstones. The
shales with various degrees of weathering prevail in a strip
adjacent to the west boundary of the Arabian Shield. The strip
starts around Al-Ghat and extends to the northwest, enclosing
the Tabuk and Tayma regions. Expansive clayey soils are
usually found in small areas scattered in the Arabian Shield
and Arabian Shelf, such as the Madina and Hofuf regions. The
properties of the silty shale and clayey shale soils have been
investigated by a number of researchers (e.g., [2-7, 28-33]).
The average geotechnical properties of both shale and clayey
soils are presented in Table 1.

Dhowian [27] reported that based on experimental stud-
ies on the expansive soils in the KSA shown that the
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TaBLE 1: Average properties for expansive soils at different locations in the KSA.
USCS Consistency pai‘iintl:trelrs Slope of SWRC  In situ water % Clay
i ' group limits (% kPa or p*) units content ’
No.  Location Soil type symbol (%) (bars) ( P)
LL PL PI A B B=(dh/dw) (%) (%)
1 Tayma Silty shale CL-ML 38 27 13 1.85 —0.057 =5.70 2.3 23
2 Tabuk Clay shale MH 61 27 34 161 —0.025 —2.50 4.5 45
3 Al-Ghat Silty shale CL 46 21 25 167 —0.017 -1.70 12 45
4 Al-Ghat Clay shale CH 65 30 35 2.1 —0.025 —2.50 19 72
5 Madina Green clay CH 105 39 66 228  —0.03 —-3.00 59.1 64
6 Madina White clay CH 82 37 45 234 —0.045 —4.50 33.1 68
7 Hofuf Calcareous clay CH-MH 60 24 36 216 —0.033 —-3.30 14 37
USCS, unified soil classification system; SWRC, soil-water retention curve.
relationship between the soil suction and the water content 7 Aoprosimate suction for sol in equilibrium with 1E+6
. . > | ,Approximate suction for soil in equilibrium with E 5
can be represented by a straight line as follows: & 6% e atmosphere (mean relative humidity = 50%) 11E+5 5
§ 5+ J1E+4 §
logy = A — Bw, (1) 2,0 ;1E+3 g
2 3t J1E+2 5
where y is the soil suction in bars, w is the water content, and E E 3
. . . 32 41E+1 =
A, B are the intercept and the slope of the straight line. A 2 Pumice soils 3 Z
similar linear relationship between the soil suction and the = 1r FIE+0 2
water content has been reported by others (e.g., [25, 34, 35]). I —— O OR |

3.1.1. Estimating the Equilibrium Soil Suction. If the equilib-
rium soil suction, y,, is not measured or known, it can be
predicted by one of the following techniques: (1) the equilib-
rium conditions beneath the center of the covered area (i.e.,
stiffened raft or pavement) or at the bottom of the active
zone depth will occur when the ratio of the water content
to the plastic limit, w,/PL, reaches a constant value less than
1.0 for arid climate areas [36]. Once the ratio of w,/PL is
known, the equilibrium water content is calculated from the
plastic limit, and the corresponding equilibrium soil suction
can be determined from the suction-water content relation-
ship or the soil-water retention curve (SWRC), and (2) the
equilibrium soil suction can also be calculated from the
Thornthwaite Moisture Index (TMI) if it is estimated or
known. The TMI is a dimensionless index varying from
+100 to —100, representing the climate conditions. A positive
value of TMI indicates an average annual runoff, whereas a
negative value denotes water deficiency. The TMI is an impor-
tant parameter to calculate the equilibrium soil suction and
the active zone depth [37, 38]. Relationships between the
equilibrium soil suction and the TMI have been presented
in the literature [19, 38, 39]. The relationship of Russam
and Coleman [39] for three soil types, including heavy clay
is shown in Figure 1. Vann and Houston [38] improved the
relationship between the TMI and the equilibrium soil suction
using more measured soil suction data and provided the fol-
lowing fitting equation to calculate y, in pf' unit.

. = 0.00002(TMI)? — 0.0053(TMI) + 3.9771. )

The first technique is used here to calculate the equilib-
rium soil suction using the equilibrium ratio, w,/PL, of 0.75

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
Thornthwaite moisture index

FIGURE 1: Variation of soil suction of road subgrade with TMI [39].

[23]. The measured plastic limits and the parameters of the
suction-water content relationship (i.e., A and B) presented
in Table 1 are used to calculate the equilibrium water con-
tent, w,, and the corresponding equilibrium soil suction
from Equation (1) for expansive soils at different locations
in the KSA, as shown in Table 2.

3.1.2. Estimating the Amplitude of Surface Suction Change.
The amplitude of surface suction change, y,, is defined as the
difference between the equilibrium soil suction beneath the
covered area and the free field surface soil suction around
the covered area. The free field soil suction is dependent on
the climatic conditions; the maximum value occurs in sum-
mer (dry soil), and the minimum value occurs in winter
(saturated soil). The minimum soil suction at the saturated
condition of the soil is taken 2.0 p* by Lytton [35]. Based on
experimental works, Cameron [40] reported that the maxi-
mum soil suction value of 6.8 p for dry soil is true for some
Australian soils, but it cannot be a universally accepted value
for all soils. It was pointed out that the soil suction for dry
soil reaches a maximum value of 7 p [35, 41-43]. Therefore,
soil suction for dry soil should be verified for each soil type.
Several of the existing methods have recommended the value
of 2.0p" for the amplitude of surface suction change [14].
AS2870 [37] recommended the value of U, varies from 1.2 to
1.5 pf for different locations in Australia. The v, is consid-
ered one of the parameters controlling the moisture diffusion
and the volume changes (shrink/heave) in expansive soil
under the covered area.
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TasLe 2: Calculated w,, ., y,, and TMI for expansive soils at different locations in the KSA.
. we v, from Equation (1) Ve Yo TMI from
No. Location .
(%) (bars) (kPa) (r") (pH) (kPa) Figure 1 at y,
1 Tayma 20.25 4.97 497 3.70 1.70 5.01 —-15.00
2 Tabuk 20.25 12.71 1,271 4.10 1.90 7.94 —21.00
3 Al-Ghat 15.75 24.55 2,455 4.39 1.61 4.07 —27.80
4 Al-Ghat 22.50 31.62 3,162 4.50 1.50 3.16 -30.00
5 Madina 29.25 25.29 2,529 4.40 1.60 3.98 —28.00
6 Madina 27.75 12.33 1,233 4.09 191 8.13 —14.50
7 Hofuf 18.00 36.81 3,681 4.57 1.43 2.69 —31.60
30 which is the improved version of Equation (3) [47]. The
"ma ! I slope of the SWRC is different in the drying and wetting
VA Yaioo = 0096 Vhioo = 0-220 paths [48, 49]. Therefore, it is reccommended to use the slope
. Yh1oo = 0.033 ' of the wetting SWRC in the calculation of the soil heave and
=5 the slope of the drying SWRC in the calculation of the soil
S 10 | I shrinkage to estimate the SCI.
£ 1B Yhioo = 0163
§ L va Yh1oo = 0-096 oo dy
S Yhioo = 0.061 | SCI = -0.02673 ( =— | — 0.38704, (3)
2051 dw
£ IVB
E VB Yh1oo = 0.061 dy\ 2
5 rwwmoom SCI=-10 (_) , ()
g dw
S
where dy/dw is a negative value defined as the slope of the
. . . SWRC (i.e., the relationship between soil suction in pfunit
0'10.1 05 10 20 3.0 and the gravimetric water content as a percentage). It is

Activity, (Ac)

FIGURE 2: Chart for calculating SCI [45].

In the present analysis, the amplitude of surface suction
change, y,, can be considered the minimum of (6.0 —,) or
(w, —2.0) [23] and is calculated for the different locations in
the KSA, as shown in Table 2.

3.1.3. Estimating the Suction Compression Index. McKeen
[44] developed a chart to determine the SCI, as shown in
Figure 2. The chart is divided into mineralogical groups
according to clay activity, A.=PI/% Clay, and the cation
exchange activity, CEAc = CEC/% Clay. The soil properties
necessary to use the chart are the plasticity index, PI, the
percentage of clay (i.e., the percentage of the total soil sample
passing through No 200 sieve), and the cation exchange
capacity of the soil, CEC. The cation exchange capacity, if
not measured, can be calculated with a satisfactory accuracy
from the plastic limit, CEC = (PL)""!7 [26, 35, 45].

The values of SCI shown on the chart correspond to SCI
of soil with 100% clay content. Therefore, the actual value of
SCI is proportional to the actual percent of clay in the soil,
SCI = SCl 41t (% Clay).

The SCI can also be determined by two more regression
equations reported in the literature, Equation (3), which is
dependent on the slope of the SWRC [46], and Equation (4),

important to note that the SCI value calculated from
Equations (3) and (4) is negative.

3.1.4. Estimating the Diffusion Coefficient. Jayatilaka and Lyt-
ton [50] developed an empirical equation relating the field
diffusion coefficient, a, to the slope of the SWRC, S, and the
suction compression index, SCI.

a = 0.0029 — 0.000162(S) — 0.0122 (SCI). (5)

Lytton et al. [51] reported that Equation (5) takes into
account the cracks present in the soil mass in the field, and
therefore, the diffusion coefficient obtained by Equation (5)
is higher than that measured in the laboratory for intact soil
specimens. McKeen and Johnson [45] reported that the soil
diffusion coefficient of the cracked soils varies from 1x 107*
to 4.2 10™*cm?/s in the field for various fine-grained soils.
Mabirizi and Bulut [52] measured the wetting diffusion coef-
ficients of nine soil specimens from Oklahoma and found
that the diffusion coefficient of a soil specimen with a signif-
icant crack was 5.3 X 10~*cm? /s, whereas the diffusion coef-
ficients of several intact (uncracked) soil specimens were
approximately 0.5 X 10~*cm?/s (i.e., the measured diffusion
coefficient of the cracked soil specimens is approximately
10 times larger than the diffusion coefficient of the intact
soil specimen). Based on a numerical analysis, Chen and
Bulut [53] concluded that the ratio of the cracked soil diffu-
sion coefficient over the intact one is from several times to
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TasLE 3: Calculated SCI, «, and Z,, for the expansive soils at different locations in the KSA.
a from Equation (5) Z, (m) from Equation (7)
No. Location A, CEAc SCI from Figure 2 AW ax
(cm?/s)

0.1 (pF) 0.05 (pF) 0.01 (pF)
1 Tayma 0.57 2.06 0.008 3.731E—-03 3.28 3.93 5.43
2 Tabuk 0.76 1.05 0.073 2.410E—-03 2.72 3.24 4.45
3 Al-Ghat 0.56 0.78 0.043 2.648E — 03 2.72 3.27 4.53
4 Al-Ghat 0.49 0.74 0.069 2.462E — 03 2.57 3.10 4.31
5 Madina 1.03 1.14 0.104 2.113E—-03 2.43 291 4.04
6 Madina 0.66 1.01 0.111 2.277E—-03 2.65 3.15 4.32
7 Hofuf 0.97 1.11 0.060 2.699E — 03 2.66 3.20 4.48

several tens of times when the intact diffusion coefficient is in
the order of 107> cm?/s, whereas it can reach several hun-
dreds or thousands of times when the intact soil diffusion
coefficient is in the order of 107 cm?/s.

The parameter S in Equation (5) is a negative value
(equal to dy/dw), and if the measurements of the soil suc-
tion are not available, the S value can be empirically esti-
mated from the Liquid limit, the plasticity index, and the
percentage of the clay content (% Clay).

S=-20.2940.1555 (LL%) — 0.117 (P1%) + 0.0684 (% Clay).
(6)

Thakur [54] reported that the S values estimated from
Equation (6) are in reasonable agreement with those
obtained from the laboratory curves.

In the present analysis, Equation (5) is used to calculate
the diffusion coefficient of the expansive soils at different
locations in the KSA, and the results are presented in Table 3.

3.1.5. Estimating the Active Zone Depth. The active zone
depth, Z, is estimated from the equation proposed by
McKeen and Johnson [45], Equation (7), in which the active
zone depth is a function of the amplitude of surface suction
change, the frequency number, the diffusion coefficient of
the soil, and the maximum suction change below which
the soil movements is considered insignificant. Equation (7)
has been recommended to calculate the active zone depth by
researchers (e.g., [22, 55]).

Z, = % (7)

\/@ ’
o

where v, is the amplitude of surface suction change (p*), n is
the frequency number (cycles/year), a is the field diffusion
coefficient of the soil (cm?/s), and Ay, is the maximum
suction change. The frequency number, #, is defined as the
number of cycles of wetting and drying that occur during the
year. A small n value means wetting or drying occurs over a
longer time interval.

For design purposes, the n value is taken 0.5 as recom-
mended by McKeen and Johnson [45], and the value of
Ay .y is taken <0.1pF [22, 55]. The calculated active zone
depths by Equation (7) for the different locations of the
expansive soils in the KSA at different values of Ay
are presented in Table 3. As illustrated in Table 3, the smaller
the value of Ay ,,, the greater the active zone depth.

3.1.6. Initial and Final Soil Suction Profiles. To estimate the
distortion mound shape by the SUCH program, the user has
to input the initial suction condition within the expansive
soil under the raft and the most severe expected environmen-
tal boundary conditions, which may cause the greatest dif-
ference in soil suction throughout the active zone depth. The
field soil suction profile just before the building construction
is considered to provide the initial soil suction. Field mea-
surements or laboratory measurements from undisturbed
soil samples taken at different depths can determine the
initial suction values. If soil suction measurements are not
available, the steady state initial soil suction profile (i.e., dri-
est, wettest, or equilibrium profile) can be predicted using the
suction diffusion equation [25].

In the design of stiffened rafts, two types of distortion
mound shapes of expansive soils (i.e., edge heave and edge
shrinkage) are considered to produce the maximum values of
the internal forces and deflections [56], Braiud et al. 2016,
[11]. Wray [26] pointed out that both severe climatic condi-
tions of extended drought and extended wet must be consid-
ered in the design of a stiffened raft because it is impossible to
know if the raft will be subjected to one or both of these
severe conditions.

In the present study, the distortion mode of edge shrink-
age is simulated by a 4-month dry spell following an equilib-
rium suction condition under the raft, and the distortion
mode of edge heave is simulated by a 4-month wet spell
following an equilibrium suction condition in the soil under
the raft. The time of 4 months was found enough to predict
the dry and wet suction distribution through the expansive
soil for the two cases of extended draught and extended wet
for expansive soils in the KSA. The boundary values of the
free surface soil suction outside the domain of the covered
area (i.e., stiffened raft) are assumed to be 6.0 and 2.0 p* for
dry and saturated soils, respectively [26].
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mass.

4. Parametric Study

The realistic mound shape predicted by SUCH that would be
formed beneath a flexible cove slab in the two cases of edge
heave and edge shrinkage depends on the interaction
between the climate and the expansive soil. The parameters
that affect the distorted mound shape include the amplitude
of surface suction change, y,, the equilibrium soil suction,
v, the active zone depth, Z,, the diffusion coefficient of the
soil, a, the suction compression index, SCI, the initial soil
suction within the soil, the boundary conditions of surface
soil suction outside the domain of the covered area, and the
dimensions of the covered area (i.e., dimensions of the raft).

First, the effect of the soil mass dimensions under the
flexible impermeable cover shown in Figure 3 on the dis-
torted mound shape for the case of edge shrinkage is investi-
gated to select the optimal dimensions of the soil mass to use
in the present study. The soil mass is discretized into a grid of
nodes to apply the FDM to solve the 3D suction diffusion
equation to obtain the changes in suction within the expan-
sive soil and the associated movements due to different sur-
face boundary conditions. Boundary values or boundary
gradients can be used to express any of the engineering
boundary conditions. El-Garhy and Wray [22] describe a
series of typical common problems that result in a change
in suction in expansive soils and various types of boundary
conditions, as illustrated in Figure 4. Three rafts of sizes 8 X
8m, 8 X 12m, and 16 X 28 m are studied, and four soil masses of
different dimensions under each raft are considered. In all the
studied cases, the advantage of symmetry is considered, and the
values of the input parameters are a=0.07776 m*/day,
SCI=0.02, . =4.0p", Z,=5.0m,y, =2.0pF.

Figures 5-7 show the effect of the soil mass dimensions
on the mound shape represented by the soil movements
along the y-axis for the different covered area dimensions.
As illustrated in Figures 5-7 for the covered areas 8 X 8 m,
8% 12m, and 16 X 28 m the soil movements along the y-axis
for the soil masses of 12X 12m, 12X 16m, and 24 X 36 m,
respectively, are identical with the soil movements along the
y-axis for the soil masses of larger dimensions. Therefore, it is
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FIGURE 4: Various types of boundary conditions considered in the
program SUCH [22].
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—A— Soil mass dimentions =14 x 14 x 5m

FIGURE 5: Effect of the soil mass dimensions on the soil movements
along the y-axis of the covered area (8 X8 m).

quite enough, in the present study, to consider a limited soil
region around the perimeter of the raft equal to or greater
than the one-fourth width of the raft.

The existing design methods of slab foundations resting
on expansive soil assume the interaction to be between the
slab foundation and an already distorted mound shape (i.e.,
center lift or edge lift) and require an estimation of the initial
distorted mound shape. The initial distorted mound shape is
defined by the edge moisture variation distance, e,,, and the
maximum differential movement, y,,.

The effect of the different parameters on the distorted
mound shape is investigated for a cover (i.e., raft) of different
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FIGURE 6: Effect of the soil mass dimensions on the soil movement
along the y-axis of the covered area (8 X 12 m).
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FiGUre 7: Effect of the soil mass dimensions on the soil movement
along the y-axis of the covered area (16 X 28 m).

TasLE 4: Range of the parameters for the parametric study.

Z4(m) wept (kPa) wopt (kPa) a(m?/day) SCI
1.0 2.5 (31.623) 0.5 (0.316) 007776  0.005
2.0 3.0 (100.000) 1.0 (1.000) 0.02592 0.010
3.0 35(316228) 15 (3.162) 0.00864  0.020
4.0 3.75 (562.341) 1.75 (5.623) 0.00259 0.030
5.0 4.0 (1000) 2.0 (10.000) 0.000864 0.040

dimensions. The studied raft dimensions are 8 X 8 m, 12 X
16m, 16 X28m, and 20 X 40 m, which represents different
aspect ratio, L/B, of 1.0, 1.33, 1.75, 2.0. The values of the
investigated parameters are shown in Table 4.

The parameters are selected to cover the range of the
climate-controlled parameters for the expansive soils at dif-
ferent locations in the KSA presented in Tables 2 and 3. In
the parametric study, only one parameter is changed, and all
other parameters are kept constant at the maximum values,
according to Table 4.

4.1. Effect on the Shape of the Distorted Mound. Figures 8—11
show the effect of the climate-controlled parameters and the
dimensions of the cover, L/B, on the shape of the distorted
mound represented by the soil movement, y/y,,, along the
y-axis of the studied covered slabs. For all the climate-
controlled parameters, the increase in the L/B ratio of the
cover results in an increase in the flatter intermediate area of
the distorted mound; in other words, the initial contact area
between the distorted mound and the cover increases, as
shown in Figures 8-11. The initial contact area is considered
an important parameter in the analysis of the interaction
between stiffened rafts and the distorted mound of the
expansive soil ([11]). For each L/B ratio, the increase in
the diffusion coefficient or the active zone depth causes a
decrease in the intermediate flatter area of the distorted
mound, as shown in Figures 8 and 11, whereas there are
no effects for the increase in the suction compression index
or the amplitude of surface suction change on the shape of
the distorted mound, as shown in Figures 9 and 10.

4.2. Effect on the Maximum Differential Movement. The
effect of the different parameters on the maximum differen-
tial movement, y,,, for rafts (i.e., covers) of different aspect
ratios is investigated. Figures 12-15 show the effect of the
climate-controlled parameters on the y,/B of the edge
shrinkage mound shape for different cover aspect ratios.
As illustrated in Figures 1215, the following findings may
be observed: (1) the y,, increases nonlinearly as the diffusion
coefficient and the active zone depth increase for all the
studied covers of different aspect ratios, as shown in
Figures 12 and 15, respectively, (2) the y,, increases linearly
as the suction compression index and the amplitude of sur-
face suction change increase for all the studied covers of
different aspect ratios, as shown in Figures 13 and 14, (3)
as the diffusion coefficient increases the rate of increase in
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Ficure 8: Effect of the diffusion coefficient on the shape of the
mound shape underneath a flexible cover slab of different aspect
ratios (SCI=0.04, U, =4pF,y,=2.0 pF, Z, =5.0 m).

the y,, decreases up to a certain value after which the y,,
reached a constant value.

4.3. Effect on the Edge Moisture Variation Distance. The
reliable determination of the edge moisture variation dis-
tance or the edge distance, e, is regarded as a major concern
[35]. The different methods of calculating the edge moisture
variation distance have been presented, discussed, and com-
pared by El-Garhy and Wray [22]. The magnitude of the
edge moisture variation distance, sometimes called the
edge penetration distance or the edge distance, depends
mainly on the climate-controlled parameters and the cli-
matic conditions.

The results of the parametric study were used to investi-
gate the effect of the different climate-controlled parameters
and the dimensions of the covered area (i.e., raft dimensions)
on the edge moisture variation distance, e,,. The e,, is deter-
mined from the predicted mound shape as the distance from
the edge of the raft to the point at which the soil movement,
¥, is equal to 0.05y,, (where y,, is the maximum differential
mound movement at raft mid edge point) along the x-axis

FiGure 9: Effect of the suction compression index on the mound
shape underneath a flexible cover slab of different aspect ratios (a =
0.07776 m?/day, U, =4pF, U, =2.0 p¥, Z,=5.0 m).

(i.e., short direction) and y-axis (i.e., long direction) of the
covered area, as shown in Figure 15.

Based on this definition, the values of ¢, and e,,,, in the x
and y directions were calculated and compiled. A sample of
results is displayed in Table 5 for the effect of the diffusion
coefficient and the aspect ratio of the raft, L/B, on the e,,,
and e, in the x and y directions. Similar three tables for the
effect of the other climate-controlled parameters (i.e., Z,, v,
and SCI) are obtained but not included for space limitation.

Figures 16-19 show the effect of the climate-controlled
parameters on the e, /B for rafts of different aspect ratios.
Referring to simulation results and Figures 16-19, it is
observed that (1) the absolute value of e,,, as identified in
Figure 20, is approximately equal in the x and y directions
(i.e., eyux = e,y =e,), as shown in Table 5 for each raft, (2)
the e,,/B increases nonlinearly as the a and the Z, increase
for rafts of different aspect ratios, as shown in Figures 16 and
19, (3) changes in the y as well as the changes in the SCI
have no effect in the e,,/B for each L/B ratio, (4) at a speci-
fied value for each of the climate-controlled parameters (i.e.,
a,Z,,w,, and SCI) the value of e,,/B increases as the raft
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Ficure 10: Effect of the amplitude of surface suction change on the
mound shape underneath a flexible cover slab of different aspect
ratios (@ =0.07776 m?/day, U, = 4pf, SC1=0.04, Z, = 5.0 m).

aspect ratio decreases for as shown in Figures 16-19 (e.g., at
the SCI =0.02, the value of e,,/B=0.19 at L/B=2.0 and the
value of e,,/B=0.31 at L/B=1.0).

4.3.1. Equations to Calculate the Edge Distance. Multiple
regression analysis is used to express the value of e, as a
function of five independent variables; these are a, Z,,y,,
SCI, and L/B. It is found that expressing the e,, in the
form of a dimensionless form yields simpler expressions
and more accurate predictions of the value of e,,. Therefore,
e,, is expressed in its dimensionless form e,,/B. Several mul-
tiple regression models were attempted to obtain an expres-
sion of e,,/B. It was found that the value of e,,/B is well-
represented by the following:

€m

& = 1.03a" +0.914Z; +0.0464 SCI + 0.00217y,

L
0.101( = | - 0.351,

I
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—— L/B=1.00,7, —>— L/B=175,7,
-e- I/B=133,7, =X= L/B=2.00,Z,
—— L/B=175,7, %~ [/B=1.00, 7,
-m- [/B=2.00,7, =*= [/B=133,7,
~m- [/B=1.00,7, % [/B=175,7,
~m- [/B=133,7, -%= [/B=2.00,7,
-~ 1/B=175,7, —— L/B=1.00, Z,s
~®- [/B=2.00,7, ~#%= [/B=133,7,
—4— [/B=1.00,Z, - L/B=1.75,7;
=A= [/B=133,7,; =¥= [/B=2.00, 7,

Ficure 11: Effect of the active zone depth on the mound shape
underneath a flexible cover slab of different aspect ratios (a=
0.07776 m?/day, U, = 4pF, SCI = 0.04, U, = 2.0 pF).

where

L
a*=a,(1-e), a,=0.334-0.09 (E)’

L -1.303
b, =103.64 (—)
B

(5 9
~0.864( = -0.92( =
a, =0.302¢ BJ  and b,=1-¢ B/

bl

In the equation, a is in m?/day, Z,, L and B in m, and v,
in p*. The comparison of predicted values of e,,/B, (¢,,/B),,
versus the corresponding values from simulations, (e,,/B),;,
is shown in Figure 21.

For practical purposes, a simpler and equally accurate
form of Equation (8) was obtained as follows:

o

L
5 = 10240 +0.908Z; +0.0994 <§> -0.341, (10
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FiGure 12: Effect of the diffusion coefficient on the maximum dif-
ferential movement for rafts of different aspect ratios.
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FiGure 13: Effect of the suction compression index on the maximum
differential movement for rafts of different aspect ratios.

where all the relevant parameters in Equation (10) are calcu-
lated as in Equation (8).

The comparison of predicted values of e,,/B, (e,,/B),
obtained from Equation (10) versus the corresponding values
from simulations, (e,,,/B),, is shown in Figure 22. As shown in
Figures 21 and 22, both equations (i.e., Equations (8)
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FiGUre 14: Effect of the amplitude of surface suction change on the
maximum differential movement for rafts of different aspect ratios.
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FiGure 15: Effect of the active zone depth on the maximum differ-
ential movement for rafts of different aspect ratios.

and (10)) yield comparable precise predictions of e,, /B, mostly
within the £10% of values obtained from simulations.

A comparison of Equations (8) and (10) in terms of num-
ber of independent variables and accuracy of predictions is
summarized in Table 6. As shown in Table 6, even though
the number of independent variables in Equation (10) is less
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TasLe 5: Effect of a on the edge distance e, and e,,, at different raft aspect ratios.
a(m?/day) enx/B ey (M) emy/L ey (m) L/B €/ Emy
0.000864 0.07 0.568 0.07 0.568 1.00 1.00
0.00259 0.12 0.968 0.12 0.968 1.00 1.00
0.00864 0.21 1.694 0.21 1.694 1.00 1.00
0.02592 0.29 2.329 0.29 2.329 1.00 1.00
0.07776 0.31 2.454 0.31 2.454 1.00 1.00
0.000864 0.08 0.967 0.06 0.967 1.33 1.00
0.00259 0.11 1.261 0.08 1.261 1.33 1.00
0.00864 0.16 1.917 0.12 1.917 1.33 1.00
0.02592 0.24 2.875 0.18 2917 1.33 1.02
0.07776 0.28 3.393 0.23 3.714 1.33 1.09
0.000864 0.06 0.967 0.03 0.967 1.75 1.00
0.00259 0.08 1.261 0.05 1.261 1.75 1.00
0.00864 0.12 1.917 0.07 1.917 1.75 1.00
0.02592 0.19 2.987 0.11 2.990 1.75 1.00
0.07776 0.23 3.758 0.14 3.870 1.75 1.03
0.000864 0.05 0.967 0.02 0.967 2.00 1.00
0.00259 0.06 1.261 0.03 1.261 2.00 1.00
0.00864 0.10 1.917 0.05 1.917 2.00 1.00
0.02592 0.15 2.926 0.07 2.926 2.00 1.00
0.07776 0.19 3.857 0.10 3.882 2.00 1.01
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Ficure 16: Effect of the diffusion coefficient on the edge distance,
e,,/B, for rafts of different aspect ratios.

than those in Equation (8), both equations have the same values
of the coefficient of determination, R? adjusted R’ and yield
comparable precise predictions. Both equations have the same
value of root mean square error, RMSE. This implies that
Equation (10) is more mathematically convenient than

Suction compression index

— Raft size 8 x 8 m (L/B = 1.00)

-®- Raftsize 12 x 16 m (L/B=1.33)
—@— Raft size 16 x 28 m (L/B = 1.75)
-A- Raft size 20 x 40 m (L/B = 2.00)

Figure 17: Effect of the suction compression index on the edge
distance, e,,/B, for rafts of different aspect ratios.

Equation (8). This can be attributed to the fact that Equation (10)
includes the significant independent variables with the largest
effect on the value of e,,,, namely a, Z,, and L/B.

For the purpose of checking the accuracy of Equations (8)
and (10) in estimating the edge distance, the program SUCH
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Ficure 18: Effect of the amplitude of surface suction change on the
edge distance, e,,/B, for rafts of different aspect ratios.

0.35 ——————————————————
0.30;
0.25;
020 F

015 F

Edge distance (e,,/B)

e

=

[}
T

0.05 [

0 —
0.0 2.0 4.0

Active zone depth (m)

o
o

—- Raft size 8 x 8 m (L/B =1.00)

-@®- Raftsize 12 x 16 m (L/B=1.33)
—— Raftsize 16 x 28 m (L/B =1.75)
-A- Raftsize 20 x 40 m (L/B = 2.00)

Ficure 19: Effect of the active zone depth on the edge distance,
e,/ B, for rafts of different aspect ratios.

was used to estimate the values of e,, for three rafts. The
dimensions of the rafts were selected to cover various aspect
ratios. These included 16 X20m, 16 X24 m, and 20 X 36 m
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FiGure 20: Definition of unsupported edge distance.
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Figure 21: Comparison of (e, /B),, obtained from Equation (8)

versus (e,,/B),;-

pr

rafts, which are different from raft dimensions used in the deri-
vation of Equations (8) and (10). The values of the climate-
controlled parameters are Z,=4.0m, y,=4.0p", w,=
2.0pf, SCI=0.03, and a=0.005, 0.01,.05,0.1 m?/day were
adopted in the SUCH simulations. Due to their simplicity,
Equations (8) and (10) were incorporated into an Excel sheet
for fast and accurate calculations. Figures 23-25 show the com-
parison between the values of the edge moisture variation dis-
tance obtained from the SUCH, Equations (8) and (10).

The inspection of Figures 23—-25 show that (1) the values
of e,, obtained by Equations (8) and (10) are comparable to
their values calculated using SUCH for all the studied cases,
(2) at the lower value of the diffusion coefficient (i.e., a =
0.005m?/day), the predicted e, by Equation (8) or
Equation (10) is smaller than that estimated by the program
SUCH by about 13.5%, 36.8%, and 40.6% for the 3-studied
rafts, respectively, (3) at the higher value of the diffusion
coefficient (i, a=0.1m?/day), the predicted e, by
Equation (8) or Equation (10) is slightly greater than that
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Ficure 22: Comparison of (e, /B)pr obtained from Equation (10)
versus (e,,/B) ;-

TasLE 6: Comparison of Equations (8) and (10) in terms of number
of independent variables and accuracy of predictions.

Equation Number of independent e Ad]uzsted RMSE
variables R

Equation (8) 5 0.992 0.992 0.0069

Equation (10) 3 0.992 0.992 0.0069

obtained by the program SUCH by about 11.4% and 6.1% for rafts
of L/B ratios of 1.25 and 1.8, whereas for the raft of L/B ratio of
1.5, the predicted e, values by Equations (8) and (10), and the
program SUCH are equal, and Equation (4) at the values of the
diffusion coefficients (i.e., a = 0.01 and 0.05 m?/day), the differ-
ences between the predicted e,,, by Equation (8) or Equation (10)
and the program SUCH are approximately +11%. Based on the
above results, Equation (8) or Equation (10) can be used to esti-
mate the value of e,, with the ability to be simply incorporated
into an Excel sheet for practical use by practitioners and
researchers.

5. Conclusions

This study offers a methodical approach for calculating the
climate-controlled soil parameters, which are utilized to pre-
dict the 3D distorted mound shape beneath a flexible cover
slab resting on expansive soils from the results of standard
geotechnical tests. The suggested method was used to deter-
mine the climate-controlled parameters for expansive soils at
various KSA locations, including equilibrium soil suction,
the amplitude of surface suction change, diffusion coeffi-
cient, suction compression index, and active zone depth.
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Ficure 23: Comparisons among the e,, values obtained from the
program SUCH, Equations (8) and (10) for raft of aspect ratio
L/B=1.25.
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FiGure 24: Comparisons among the e,, values obtained from the
program SUCH, Equations (8) and (10) for raft of aspect ratio
L/B=125.
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Ficure 25: Comparisons among the e, values obtained from the
program SUCH, Equations (8) and (10) for raft of aspect ratio
L/B=128.

This method will greatly aid in the design of stiffened rafts
using the current design methods. The SUCH program was
used to study the effect of the climate-controlled soil param-
eters and raft dimensions on the shape of the deformed
mound, its maximum differential movement, and its edge
distance. Additionally, a formula is developed to calculate
the edge moisture variation distance as a function of the raft’s
aspect ratio and climate-controlled soil parameters.

The following are the main conclusions drawn from the
research’s findings:

(1) The aspect ratio of the raft and the climate-controlled
soil parameters have a significant impact on the shape of
the distorted mound. The initial contact area between
the distorted mound and the raft grows as the aspect
ratio of the raft increases. For each raft, the initial contact
area decreases with increasing diffusion coefficient and
active zone depth, but there are no changes in this area
with increasing suction compression index and the
amplitude of surface suction change. In the consider-
ation of the interaction between the stiffened rafts and
the deformed mound of the expansive soil, the initial
contact area is regarded as a key parameter.

(2) The maximal differential movement is unaffected by the
raft dimensions and increases linearly with the ampli-
tude of surface suction change and the suction compres-
sion index, as well as nonlinearly with the soil diffusion
coefficient and the depth of the active zone.
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(3) The edge distance is strongly influenced by the raft
dimensions, the diffusion coefficient, and the depth
of the active zone but is unaffected by the amplitude
of surface suction change and the suction compres-
sion index.

(4) Although the proposed edge distance equation pre-
dicts values comparable to those calculated by the
program SUCH, more validations are required for
the equation against field measurements.

(5) The program SUCH overcomes the drawback in the
current design methods of stiffened rafts that con-
sider the distorted mound shape in 2D by simulating
the distorted mound shape beneath a flexible cover
slab in 3D using climate-controlled parameters of
expansive soils and climatic conditions.
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