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An Experimental Study to Mitigate Swelling Pressure
of Expansive Tabuk Shale, Saudi Arabia
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Abstract—In Kingdom of Saudi Arabia, there are several areas
where expansive soil exists in the form of variable-thicknesses layers
in the developed regions. Severe distress to infrastructures can be
caused by the development of heave and swelling pressure in this
kind of expansive shale. Among the various techniques for expansive
soil mitigation, the removal and replacement technique is very
popular for lightly loaded structures and shallow foundations. This
paper presents the result of an experimental study conducted for
evaluating the effect of type and thickness of the cushion soils on
mitigation of swelling characteristics of expanded shale. Seven
undisturbed shale samples collected from Al Qadsiyah district, which
is located in the Tabuk town north Kingdom of Saudi Arabia, are
treated with two types of cushion coarse-grained sediments (CCS);
sand and gravel. Each type is represented with three thicknesses,
22%, 33% and 44% in relation to the depth of the active zone. The
test results indicated that the replacement of expansive shale by CCS
reduces the swelling potential and pressure. It is found that the
reduction in swelling depends on the type and thickness of CCS. The
treatment by removing the original expansive shale and replacing it
by cushion sand with 44% thickness reduced the swelling potential
and pressure of about 53.29% and 62.78 %, respectively.

Keywords—Cushion coarse-grained sediments, expansive soil,
Saudi Arabia, swelling pressure, Tabuk Shale.

1. INTRODUCTION

XPANSIVE soils are encountered in arid and semi-arid

regions, where annual evaporation exceeds annual
precipitation. The hazards caused by expansive soils have been
recorded in many countries all over the world, including
America, Australia, Canada, India, Iran, Mexico, and South
Africa [1]. Expansive soils have been called the hidden
disaster because their damage cost is greater than the
combined damage from natural disasters such as floods,
earthquakes, and hurricanes [2]. The damages regarding
expansive soils have caused $7 billion each year in the United
State alone [3] and $300 million during the period 1977-1987
in Kingdom of Saudi Arabia [4].

Expansive soils in Kingdom of Saudi Arabia have received
wide attention of several researchers [5]-[10]. The shale is
encountered in many parts of Saudi Arabia covering major
zones of the central, north and northwestern parts of it. Clayey
and silty shales were reported in Tabuk, Al Ghatt, Tayma,
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Madinah Monawara, Hofuf, Sharawrah and Al Joaf [11]-[14].
Shale is the primary source of expansive soils in Al Qadsiyah,
Al Masif and Al Rowdah, Tabuk districts [15]-[19].

There are various methods/techniques to reduce swelling in
soils at the ground surface to prevent the damage caused to
structures. Mitigation measures for expansive soils have been
summarized and described by several authors [1], [20]-[25].
Among the various techniques of expansive soil mitigation,
remove and replace technique has become prominent for
lightly loaded structures and footings on expansive soils due to
its effectiveness and adoptability. Removal of the upper
expansive soil and replacing it with a non-expansive soil is one
such method [26]. References [27]-[29] suggested that
swelling pressure varies inversely as the thickness of the sand
layer and directly as its density.

Reference [30] did research on the evaluation of the
effectiveness of various design/mitigation procedures for
reducing swelling and minimizing damage to pavements. They
found that replacing the subgrade with inert (non-expansive)
material is effective in reducing the pavement vertical
movement. Then, remove and replace method has been used
for the mitigation of expansive soils in different states like
California, Texas and Colorado [31]. Removal and
replacement of expansive material have been successful in the
repair of some hydraulic structures to reduce uplift pressures.
Repairs were made on the Friant-Kearn canal [32] and the
Mohawk and Welton canals by over excavating the subgrade
and replacing the expansive material with sand and lightly
compacted gravel [33]. This remove and replace method was
also used to reduce the expansion of clay by using a thick layer
of the removed and replaced material to increase stress levels
of underlying expansive clay. Hotlz [33] noted that the
differential movements reduce by the presence of the
replacement gravel layer.

The current study attempts to investigate the effectiveness
of the abundant cushion of coarse- grained sediments on the
mitigate or decay the swelling behavior of expansive Tabuk
shale, KSA through conducting a series of large scale
laboratory tests on seven undisturbed samples.
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Fig. 1 Location map of Tabuk city, Kingdom of Saudi Arabia "KSA" (from Landsat-8 OLI bands 753 RGB, captured 2015)

II. LOCATION AND GEOLOGICAL SETTING more vital and residential neighborhood in Tabuk city, where
Tabuk town is located in the northwestern part of the there are many government and private buildings (schools,

Kingdom of Saudi Arabia between latitudes 27.50° - 28.50° N, universities and hospitals, etc.). It is one of the most affected
and longitudes 36.00° - 7.00° E (Fig. 1). Al Qadsiyah districtis ~ districts from expansion soil hazards, where many of the
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buildings show the fissures and cracks in the walls, as well as
in the boundary walls, walkways and the streets (Fig. 2).

Fig. 2 Some effects of expansive shale: (A & B) longitudinal cracking
and failure in housing, (C & D) boundary wall, (E & F) walkways
and (G & F) roadway, Tabuk, KSA

Based on the drilling boreholes, the lithology of the
subsurface is divided into four layers (Fig. 3). Starting from
the top; the first layer, a surficial transported silt, clay, sand
soil has a thickness range 0.5-2 m; the second layer consists of
weathered shale with thickness range 0.5-3 m, the third layer
consists of brownish gray laminated silty and clay shale
interbedded with thin lamination of sandstone and lenses of
gypsum, the thickness of the layer ranges from 3 to 20 m. The
fourth layer is fine to medium sandstone bed-rock. Some of
these layers are represented in some areas and absent in

another. In some localities such as Al Qadsiyah (present
investigation) and Al Masif districts, the first and second
layers are absent and buildings are constructed directly on
shale, which represents the expansive soils in this region.

Loose gray to brown silty sand
and clayey sand

Highly to completely weathered
browne to greenish shale

Brownish to greenish thinly
laminated silty shale with
lenses of sandstone and
Thin lenses of gypsum

| Fine to medium brownish sandstone
interbedded with shale

Fig. 3 Lithological log of subsurface layers at Al Qadsiyah district,
Tabuk, KSA

III. MATERIALS AND METHODS

A. Sample Preparation

The undisturbed shale specimens were taken from
excavated test pit from Al Qadsiyah district of Tabuk town,
KSA. Test pit (2.0 m x 4.0 m) was excavated using a Poclain
from shale rock surface to a depth of -1.0 m below the ground
surface; the excavated surface was clean and leveled from
loose materials. Seven molds were penetrated inside shale by
using hydraulic pressure smoothly and gently. Excavate the
soil around the molds and then pick up the molds from the
soil. The molds were leveled from both sides, kept on
perforated base and covered with wax. The molds were stored
at 25 °C in a humidity chamber of the geotechnical lab.

B. Shale Material Prosperities

The physical, geotechnical and mineralogical properties of
the shale set were measured and analyzed (Table I, Fig. 4).
The shale was composed of predominantly silt size of about
68.6%, clay size of about 27.9% and 3.5% sand. It is classified
as silt of low plasticity (ML) according to the Unified Soil
Classification System (USCS). The shale samples have natural
average moisture content of about 3.2%. The average liquid,
plastic, plasticity index and shrinkage limits were 44%, 35%,
13%, and 16%, respectively. The activity of the shale and free
swell were 0.6 and 19%, respectively. The results of the
Atterberg limits and free swell tests (Table I) indicated that the
shale had low to medium swelling potential [34]-[38]. Active
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zone is the total thickness of shale which affected by changes
in moisture content [39]. It ranges from 2 to 3.5 m in the study

groups A-3 and A-1-a of sand and gravel, respectively.

: . . TABLEI
area. Mmeraloglcal analysc?s of. the studied shale were PROPERTIES OF THE IN SITU SHALE, AL QADSIYAH, TABUK, KSA
conducted by using X-ng lefractwn (XRD). . Properties Characteristics Properties Characteristics
The XRD patterns indicate that the predominant clay — N Particle size
minerals constituents of the shale are kaolinite with minor  Liduid limitLL (%) M distribution
amounts of illite (Table I, Fig. 4). The expansive lattice-type  Plastic limit, PL (%) 35 Clay (%) 279
clay mineral (i.e., montmorillonite) cannot be traced in it. Plasticity Index PI 13 Silt (%) 68.6
) ) ] ) Shrink limit SL (%) 16 Sand (%) 35
Pr(c):b((e:rltjisehslon Coarse-Grained (Replacement Soil) Materials Water content (%) . Clasljlsﬁégmn Silt (ML)
. Activit 0.6
The treatment procedure used two different CCS types (sand Eree : lzluy(o/) N
and gravel) with different thickness as replacement materials. o . .
X R . o X Dry unit weight 219 X-ray diffraction Kaolinite 73%
The properties and grain size distribution of the cushion (kg/em’®) : analysis aolinite /57
sediments are listed and represented in Table II and Fig. 5. The Specific gravity 2.73 Tllite 7%
median grain size of sand and gravel are 0.15 mm and 7.22 Compression index 0.0112
mm, respectively. Sand and gravel are well sorted (poorly Swelling pressure Swelling pressure
. . Oedometer test 8.0 large-scale test 2.23
graded). The cushion replacement samples were classified (kg/er?) (kg/em?)
according to American Association of State Highway and Active zone depth 2-3.5m
Transportation Officials (AASHTO) as granular materials,
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Fig. 4 Completed signal quantification with labeled peaks of expansive Tabuk shale, Al Qadsiyah district, Tabuk, KSA
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Fig. 5 The particle size distribution of the cushion sediments used in replacement; sand and gravel

IV. TEST SETUP AND PROCEDURE

The test essentially depends on direct measurement of the
vertical rise of a shale sample placed under some surcharge
and in contact with water inside the mold. In the current
laboratory large-scale test, seven molds (15 cm diameter, 30
cm high) with perforated base were used. Typical test
arrangements with CCS are shown in Fig. 6. The swelling and
consolidation tests were carried out for the seven molds, which
contain undisturbed shale samples, as follows:

1) The wax removed from molds and leveled from both sides
at the laboratory.

2) The sample length inside the mold and the weight of the
molds were measured to estimate the dry density.

3) The seating loads 7 kPa that closely corresponded to the in
situ effective stress acting on the soil were applied on the
samples inside the molds.

4) Different thicknesses from CCS types, as in Table II, were
added in the seven molds (Fig. 6).

5) Last mold No. 7 was kept as natural shale without any
treatment materials to compare the effect of the treatment
by replacement cushion sediments.

6) All the molds were occupied by surcharged weight
according to the depth of sample at site (7 kPa) and
submerged in water tank and fixed a dial gage (0.01mm)
on each mold (Fig. 6). The water tank and room
temperature were maintained at constant 25 °C.

7) On the first day, the dial gage reading was taken after each
hour and after the first day; the swelling readings were
recorded after 24 hours for 24 days.

8) After reaching to constant or very little change in swelling
for each mold the test was stopped and the final swell

readings were recorded.

TABLE II
PROPERTIES OF CUSHION REPLACEMENT SEDIMENTS
Replacement type Sand Gravel
Median grain size (mm) 0.15 7.22
Soil description Poorly graded Aggregate
USCS classification SP GP
AASHTO classification A-3 A-1-a
Mold Sample No. 1 2 3 4 5 6

Replacement thickness (%) 44 33 22 44 33 22

9) The molds were removed from the water tank and then the
gradual loads were applied to bring the samples in their
original condition (before swelling) and recorded the load
as swelling pressure.

10) After this, the moisture content was determined at every 2
to 3 cm depth for each mold.

11) The relation between long time (hour) and swell (%) for
all molds to determine the best thickness and the type of
cushion was shown.

V.RESULTS

The percentage of change (reduction or increase) in any
swelling characteristic was evaluated by comparing its value
before and after soil treatment as [24]:

. Value before treatment —Value after treatment
Swelling% = x100

Value before treatment

Swelling pressure was calculated from load applied to bring
the samples in their original thickness. The differential
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swellings between different cushion type and thickness with
time are graphically presented (Fig. 7, Tables III & IV).

‘Without
Treatment

Fig. 6 Seven undisturbed shale molds (6 treatments and 1 without)
with different type and thickness of replacement CCS used for
treatment (A); seven molds submerged in a water tank and fixed a
dial gage (0.01mm) for measurement of swelling (B); Al Qadsiyah
district, Tabuk, KSA

From Fig. 7, the potential swelling curve has two stages.
The first stage of swelling is initially very fast. It starts when
the sample is flooded. It corresponds to a macroscopic
swelling governed primarily by the permeability of the strata
and the gradient of suction. On the other hand, the second
stage is slow and progressive microscopic swelling up to the
time needed to stability. This phase is a progressive process of
clay minerals and cations adsorbed; this hydration is due to the
available water in the pores. It was observed that swelling
continues to occur for about 600 hours, beyond that there is
very little or no change in swelling.

TABLE III
THE SWELL PERCENT OF SHALE FOR DIFFERENT CUSHION TYPE AND
THICKNESS OF AL QADSIYAH DISTRICT, TABUK, KSA

Replacement Soil

Mold Thickness” Swell  Swell Preszsure Final Moisture
No. Type 1§%n)ess (%) (kg/cm?®) Content (%)
1 44 1.63 0.83 10.80
2 Sand 33 1.93 0.96 11.80
3 22 2.6 1.11 12.20
4 44 1.86 1.35 11.65
5 Gravel 33 2.25 1.55 12.50
6 22 2.77 1.70 13.89
7 Without - 3.48 2.23 13.93

* The replaced thickness related to original length (9 cm) of the shale
sample in the mold.

4.00

—&—Mould #1 Sand 22%

3.50 { —® Mould #2 Sand 33%
- Secondary swelling

—&—Mould #3 Sand 44%

3.00 { ——Mould #4 Gravel 22%
—8—Mould #5 Gravel 33%

1 —e—Mould #6 Gravel 44% /\/4"
—8— Mould #7 Without

b replacement

Swelling (%)
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-
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Fig. 7 Shale swelling (%) versus logarithmic time (hour) for variable

type and thickness of the cushion replacement sediments, Al
Qadsiyah distict, Tabuk, KSA

TABLE IV
THE REDUCTION OF SWELL AND PRESSURE PERCENT OF SHALE FOR
DIFFERENT CUSHION TYPE AND THICKNESS OF AL QADSIYAH DISTRICT,
TABUK, KSA

Mold Replacement Soil

Reduction %

No. Soil Type  Thickness, % Swell, %  Swell Pressure, kg/cm?
1 44 53.29 62.78
2 Sand 33 44.49 56.95
3 22 25.14 50.22
4 44 46.50 39.46
5 Gravel 33 35.28 30.49
6 22 20.49 23.77

The results of the testing program show that replacement by
cushion sand controls the swelling effectively (Fig. 8). The
thickness of replacement cushion affects the swelling
behavior. The cushion sand type with 44% thickness reduces
swelling more than other cushion type and thickness (Tables
I & IV).

VI. CONCLUSION

The swelling pressure test of natural and undisturbed shale
specimens from Al Qadsiyah district by using Oedometer
indicates that swelling pressure is 8 kg/cm’. This result is
obtained in the laboratory for a confined small sample. The
actual swelling pressure in the field is far less and can be taken
as one third of this value [40], [41]. The swelling pressure for
non-confined field condition, in our case that depends on the
above value, is 2.66 kg/cm®. The swelling pressure value
obtained from the laboratory large-scale test is 2.23 kg/cn’,
this value is suggested as a design value for this particular
area.

The swelling potential decreases by increasing the
replacement thickness of all types of cushion (Fig. 8). The
final swelling percent of original, expansive shale is reduced
by about 53.29% in the case of using cushion sand
replacement with thickness of 44% (Fig. 8 and Table IV).
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Fig. 8 Effect of thickness and type of cushion on reduction of Tabuk
shale swelling % and swelling pressure %, Al Qadsiyah district,
Tabuk, KSA

The sand cushion replacements with all thicknesses
decrease the swelling potential more than the gravel cushion
types with all thicknesses. The reduction of swelling percent
with sand cushion 33% thickness and gravel cushion 44%
thickness are nearly similar; the swelling reduction is 44.5%
and 46.5%, respectively.

The swelling pressure of the undisturbed shale sample 2.23
kg/cm? can be mitigated or reduced to 0.83 kg/cm® (Table IV)
with replacement of the sand cushion thickness (44%).
Consequently, the treatment by replacement cushion sand with
thickness of 44% is the best condition.

The reduction change in swell percent and pressure (kg/cm?)
increases by increasing the thickness of the replacement and
increases in cushion sand more than gravel. The swelling
pressure 2.23 kg/cm® can be mitigated or reduced to 0.83
kg/cm® with treatment by cushion sand replacement by 1.5 m
thickness.

VII. RECOMMENDATIONS

1- The swelling pressure value of Al Qadsiyah shale
obtained from the laboratory large-scale test is 2.23
kg/em?, this value is suggested as a design value for this
particular area. In the case of light structures, the dead
loads are less than 2.23 kg/cm’, it recommends replacing
expansive shale by cushions sand (fine to medium size)
with thickness 1.5 m to mitigate or reduce the swelling
pressure to 0.83 kg/cm?® this value is suggested as a
design value of uplift pressure of Tabuk shale.

2- When using cushion gravel/sandy soils as replacement
layer caution should be exercised, as these are permeable
soils. Such cushions make water infiltrate into lower
underlying expansive soil layers that could lead to
expansion. Consequently, it is recommended that, the
plastic horizontal barrier should be placed at the top of a
sand cushion in case of treating expansive soil with a
replacement layer in order to eliminate water seepage into
the subsurface shale layer.

3- In addition, using replacement of expansive shale by sand
cushion (fine to medium grain size) is recommended
because this type is available and abundant in the
Kingdom of Saudi Arabia The cost of replacement by
sand can be more economical than the other replacement
types or stabilization procedures, since it does not require
special construction equipment such as discs, harrows,
mixers, or spreaders.
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