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Abstract: This research is focusing on the investigation of the capability of using materials such as biopolymer (it is 
considered to be non harmful material to the environment) to improve the strength of the mechanical 
characterizations of the problematic soil including the collapsible ones. There are two different types of biopolymers 
which is used in this study (xanthan gum and guar gum) because of the most stable behaviour according to sever 
situations and their obtainable and economical cost. The program which is used in this paper is stand on three main 
soil characterizations, which are; densification properties, collapsible prospect and shear factors, those previous soil 
characterizations are indispensable in any soil enhancement project. Many of biopolymer condensations are included 
in this research and the investigational program work is proceeded at two treatment phases (first stage subsequent to 
blending the soil by the biopolymer, second stage after seven days treatment time). Shear factors are measured for 
the cured samples in both drenched and sundrenched conditions. On the other hand the collapsible prospective test is 
performed under several of mixing conjuncture (before and after wet mix). A numerical module is established to 
prophesy the behavior of the cured problematic soil with and without inundation. The analysis of the output point to 
that the capability of the both xanthan and guar gum are available as one of successful soil enhancement objects for 
the collapsible soil improvement. The collapsible prospective is decreased significantly starting at 9% to 1% the 
mixture of soil with 2% biopolymer concentration in the saturated phase. In the case of oneweek treatment period, 
the cohesion stress climbed beginning of 8.5 to 105 kPa by raising the xanthan gum condensation from 0.00 percent 
to two percent, reaching the needed total enhancement in the soil shear strength. Also, it proved that the superiority 
of guar gum over xanthan gum in improving the shear strength is about 30% more than xanthan gum at the same 
conditions and reduces the collapsible potential by about 20% more than xanthan gum at the same conditions. 
[Mohamed Ayeldeen, Waseim Azzam, M.N. EL Sirag. Geotechnical Characteristics of Fiber Cemented 
Collapsible Soil. Life Sci J 2019;16(9):9-22]. ISSN: 1097-8135 (Print) / ISSN: 2372-613X (Online). 
http://www.lifesciencesite.com. 2. doi:10.7537/marslsj160919.02. 
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1. Introduction 

Collapsing (weak) soils are any unsuitable soils 
directly used for construction or their behavior can 
change with the change in environmental conditions. 
Collapsible soil is a metastable soil, one of wide 
spread problematic soils all over the world in arid and 
semi-arid areas, which can be known by its 
unexpected quick volumetric failure when it exposed 
to moisture. The collapsible mechanism of such soils 
is depending on variety of parameters for example; 
density, void ratio, soil formation and water content 
[1], [2]. Most of the collapsible soils are originally 
came from wind deposited silt or sand. Loess are 
considered to be wind deposited collapsible soil which 
cover 15-20% of European continent, large parts of 
China and United States [3]. The reason behind the 
collapsible soil cohesion is the existing of the clay 
particles which increase the bond between the soil 
particles which gives a stiff and firm appearance to the 
soil in its waterless condition. a few other solvable 

contents might be the reason for making ostensibly 
cohesion among the soil particles for instance; gypsum 
and calcium chloride. Collapsing soil is steady in its 
dry case which has higher ostensibly shear stress, but 
at an inundation situation, the water breaks down the 
bond between the particles give rise to large 
volumetric reduction [4], [5].  

Variety of procedures area unit out there in 
several references to boost the collapsible soil 
behavior, whereas the choice of the acceptable 
technique is sometimes more difficult in respect with 
varied parameters such as; collapsibility degree, 
financial aspects and construction characteristics. Wet 
compaction are often efficient to enhance the shallow 
stratums of collapsible soil that may be appropriate for 
lightweight structures, whereas inoculation will 
effectively be good for the higher enhancement of 
significant or subversive structures. Chemical 
steadiness is wide victimization to cure Collapsing soil 
by victimization many helpful materials for instance;
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cement, sulfur, acrylate, and glass. Deep foundations 
like piles are often used in collapsible soil by 
transferring the structures load to constant stratums 
underneath the collapsible one. Nevertheless, the 
induced negative friction ought to be believed in that 
condition[6]–[11]. 

In spite of the good achievement of chemical 
stability materials in up improving the performance of 
collapsible soil, it know how to not be thought of 
ecological green materials, because it will be toxic, 
modify the PH scale of soil, pollute ground water and 
infect the soil. Moreover, cement production are 
accountable for five-hitter of world CO2 emanations. 

Wherever manufacturing of one ton cement is 
amid emotional one ton of CO2[12]. Several 
environmental factors – like the large quantity of 
energy consumed for production, gross water used, the 
contribution in international temperature change and 
dioxide emissions – created it essential to looking up 
for brand new environmental friendly material which 
might cover these aspects and be sustainable in 
addition. Biopolymeris a sustainable carbon neutral 
and is often classed as a renewable material as a 
reason of it is made from agricultural non-food crops 
which might be out there indefinitely. Hence, the 
usage of biopolymer in soil engineering could produce 
a sustainable industry[13]. 

Despite there are several of potential uses of 
biopolymers in geotechnical engineering, nowadays, 
the shows potential applications are only focused on 
bio-clogging. Bio-clogging seeks to decrease the 
hydraulic connectivity of soil and porous rocks, that 
might be useful in the following (a) decrease the 
erosion of drain channel, (b) shape grout barrier to 
decrease the transfer of intense metals and natural 
contaminants and (c) stop the piping of earth dams 
[14]. Other applications are studied by the United 
States Authority of Engineering in the respect with the 
use of biopolymers to enhance the incline steadiness 
on bermranges and decrease the failure of sediment in 
ground water runoff [15]. Lots of researches have 
investigated the capability of increasing the shear 
strength of soil by start using bio-polymer. Other types 
of biopolymers (such as xanthan gum, guar gum, 
customized starches, agar and glucan) recently used to 
enhance the performance of normal soil (sand, silt and 
clay)[16]–[22]. Biopolymer illustrate a spectacular 
achievement in amelioration the soil strength, although 
the enhancement percentage varies in line with 
biopolymer type, soil types and formation, biopolymer 
amount and curing conditions. plummeting the soil 
permeability by biopolymer is studied formerly, when 
biopolymer showed another success[20], [23], [24]. 
However the success of biopolymer in improving the 
properties of typical soils, the research in using 
biopolymer to cure the weak soil is almost 

nonexistent. permanence of biopolymer and its 
financial viability as soil enhancement material are 
investigated before in detail in previous paper [20]. 
despite of the stability of xanthan and guar gum which 
are documented in the writing in several of brutal 
circumstances and after treatment period equal to 25 
months [16], more researches have to be done by 
using some suitable biopolymer such as lignin 
sporopollenin which has higher durability. The molder 
of biopolymer after many periods and with the contact 
to hydrated and dehydrated sequences also should be 
studied as well. 

The present research seeks to realize and 
valuation the behavior of two types of biopolymers on 
the properties of the problematic soil. Varieties of 
condensation were used in the study with both with 
and without water mixing. Compaction properties, 
shear factors and the weak soil are the focused factors 
in this study. Also, a numerical model is done to 
evaluate the settlement vs. load curves for the cured 
soil with many biopolymer concentrations with and 
without inundation.  

 
2. Materials and experimental procedures 
2.1. Soils characterizations 

For a better understand the behaviour of 
biopolymer on the mechanical soil properties, a 
normal problematic soil is obtained from New Borg-
Alarab City, Egypt. The values of the soil physical 
indices are shown in Table 1, whereas the grain size 
curve is presented in Figure 1.  

 
Table 1. Physical properties of the collapsible soil 

Properties  
 LL (%) 34.60 
PL (%) 19.20 
PI (%) 15.40 
Gs 2.64 
 Maximum dry density, γmax (kN/m3) 19.15 
Optimum water content, o.w.c. (%) 12.40 

 

 
Fig. 1. Particle size distribution curves for the used 
soils 
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2.2. Biopolymers 
Both different kinds of biopolymers; xanthan 

gum and guar gum are used in this study. These 
biopolymers were chosen because of their availability 
with reasonable prices compared to other biopolymers, 
moreover the used two biopolymers have unique 
functional properties. These properties include 
excellent cold water dissolving, pH stability, storage 
stability, ionic salt compatibility and pseudo plastic 
flow characteristics[20]. 
2.3. Samples preparation 

To equip the cured soil sample, the naturalistic 
collapsible soil is shredded by hands, dried by air 
source for seven days and after that filtered by U.S. 
sieve girth #50. The water content in the soil is almost 
three percent after getting dried by air and ahead of 
mixture the soil with the biopolymer. Both ways are 
used for mixing up the soil and biopolymer; with and 
without water mixing. The moisture mixing is the 
major technique in the research and is for equipping 
the specimen for all required experiments. For this 
technique, the biopolymer sol is arranged already by a 
particular condensation then it will be blended by the 
air-dried soil sample to get the standard moisture ratio 
of 8%±0.1 in soil sample. The sol condensation is 
determined as a proportion between the mass of the 
used biopolymer powder and the total mass of the sol 
in rate. The crushed biopolymer is placed in the water 
slowly to eschew cluttering, after that the sol is mixed 
until a matching explanation is gained. Biopolymer 
condensation of different percentage in range of 0.25, 
to 4% are investigated in this search. 

It is considered to be hard to get a confirmed 
density for all the samples with different 
concentrations and with variety of types of biopolymer 
as the difference in the sol viscosities effect be on 
consedreation on the soil densities in addition to, 
mounting the condensation direct to a decrease in the 
density, that is going to be exegsis in the compaction 
output afterward. Consequently, every one of samples 
are equipped at 75% of its utmost dried out density in 
respect with the compaction specification as the 
naturalistic density is almost around 75% of the 
utmost dried out density.  

On the other hand the dried out mixing way for 
equipping specimens which are included in the 
collapsible potential experiment, to aid in studying the 
influence of the mixture technique on the collapsible 
performance. In this manner, the weight of the 
required biopolymer for a specific condensation is 
figured as same as the wet mixing technique and 
mixed with the air-dried sample until the needed 
homogeneity. The mix is equipping the needed 
oedometer sample, where the moisture increasing in 
the samples through the experiment. every single one 
of the samples are stayed in air following being poured 

in the drier at thirty degree Celsius pending tested, to 
make sure the similar treatment condition for all 
samples. 
2.4. experiment process 

The adjusted Proctor experiment is carried out 
under the specification of the ASTM D1557-12 
standard. The experiment is important to obtain the 
max dry density for the soil under investigation and 
the optimal matching water ration with two different 
kinds of biopolymer at variety condensation.  

Group of direct shear tests are performed with 6 
x 6 Cm shear box with and without curing the soil 
biopolymer by the moisture mixing method. The test is 
held in respect with the ASTM D3080-04 standard.  

An oedometer single test is accomplished 
according to the ASTM D 5333 to evaluate the 
collapsible potential. The vertical stress is gradually 
raised till a vertical stress equal to 200 kPa, while the 
specimens is mixed with water for 24 hours. The 
collapsible soil potential is equal to the dissimilarity in 
the vertical strain (%) at a confining stress of 200 kPa 
with and without the inundation consistent with the 
required standards. 
 
3. Outputs  
3.1. Compaction Characterization 

 
Fig. 2. Compaction Characterizations for soil 
biopolymer mixtures 

 
Compaction is an essential soil improving 

method which mainly used in increasing the upper 
ground soil stratums characterization, when the soil is 
compressed to a specific density subsequent to mixing 
with a stabilization material. The required density 
subsequent to the compaction process would directly 
effect on the mechanical properties of the soil for 
instance; settlement, shear strength, and soil bearing 
capacity. Consequently, it is important to investigate 
the compaction of the collapsible soil mixture with 
dissimilar condensation of biopolymer. The optimum 
dry density decreased with the rising of the 
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biopolymer condensation for both xanthan and guar 
gum as illustrated in Figure 2. For xanthan gum 
samples, density decreased at start by 19 to 17.2 
kN/m3 by increasing the condensation starting from 
0.00 to 2%. The decreased in dry density is more in 
the condition of guar gum than xanthan gum, where 
the density is 16.7 kN/m3 at a guar gum condensation 
of 2%. 

The remarkable behavior be able to be explained 
owing to the physical properties of the biopolymer sol 
and the soil sample mass. The sprightly mass of the 
soil particles provide them to shift far from each other 
because of the sol viscidity, which leads to an overall 
decreased in the density (Figure 3). In addition to, 
increasing the sol condensation will raise the viscidity, 
which will make extra lessening in the soil intensity. 
The more viscidity of guar gum sol than xanthan gum 
for similar condensation, signifies the major result in 
favor of the advancement of guar gum in decreasing 
the density plus raising the moisture content than 
xanthan gum at similar condensation[20], [22].  

The optimum water content is found to be raised 
by increasing the sol condensation. While, the 
optimum water content, o.w.c. jumped from 12.40% 
for 0.00 condensation, to 15.3% and 14.4% at a 
condensation of 2% for guar gum and xanthan gum 
correspondingly, which can be interpret due to raising 
the soaked up water is to soften the biopolymer by 
rising the condensation.  

 
Fig. 3. Relationship between solution viscosity and 
soil maximum dry density 

 
3.2. Collapse Potential 

The collapsible soil conduct has a considerably 
alteration with changing the mixture way. The 
collapsible soil potential in the current research is 
calculated in three different cases; dry mix, wet mix 
instantly after mix (t= 0) and wet mix after 7 days 
treatment period (t= 1 week). Figure 4A shows the 
output of the collapsible soil potential tests for 
uncured collapsible soil in the three different cases, 
while Figure 4B shows the outcomes of collapsible 
potential for collapsible soil cured with 1% guar gum. 

The most higher amount of collapsible potential for 
uncured soil is around 15.4% for dry mix, while it is 
10.3% for the moistured mix (t= 0) and the least 
collapsible potential amount is almost 9% for the wet 
mix (t= 1week) as seen in Figure 4A. 

 
A 

 
B 

Fig. 4. Effects of mixing conditions and curing times 
on the collapse test result for: 
(a) Uncured soil; 
(b) Guar gum cured soil with a condensation of 1%  

 
For guar gum cured soil, Figure 4B, the value of 

the collapsible soil potential is decreased in all three 
cases. However, the biopolymer efficiency in reducing 
the collapsible potential is varied according to the 
mixing case. For dry mix, the collapsible potential is 
decreased from 15.44% to 4.8% with efficacy 
proportion in decreasing the collapsible soil potential 
of 69%. On the other hand for moisture mixture, the 
efficacy proportion in reduction of the collapsible 
potential for the moisture mix is almost 83.6% and 
89% for t = 0 week and t = 7 days on the relay. That is 
why, the efficacy of the mositured mixuture in 
decreasing the collapsible soil potential is much more 
than the dry mix, in addition to the maximum case in 
decreasing the collapsible soil potential is the moisture 
mixture case after the period of seven days of 
treatment. This can be assigned to the bulge conduct 
of polysaccharide in water. For dry mixing case, the 
swelling of the biopolymer particles in the outer 
stratums of the samples subsequent to moisture would 
decrease the permeability of the outer stratums. This 
lowering in the permeability handicap the water from 
flowing inside the samples, decreasing the efficacy of 
resolving the biopolymer particles inside the cured 
samples [29]. Moreover, the treatment period allows 
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these links to win more strength thereby more 
resistance to collapse.  

The influence of the guar gum condensation on a 
collapsible soil potential is shown in Figure 5 for 
moisture mixing case after seven days of curing. The 
guar gum concentration deeply affects the collapsible 
soil potential, even at minimum condensations. The 
collapsible soil potential dropped from 9 to 3.7% with 
adding 0.25% guar gum condensation, while raising 
the condensation from 0.25 to 1%, the collapsible soil 
potential decreased to about 1%. At a condensation of 
4%, the collapsible soil potential almost disappear 
with a proportion fewer than 0.1%. 

 
Fig. 5. Collapse test results for different guar gum 
concentrations of wet mixing soil after a one week 
curing period 

 

 
Xanthan gum also has the similar influence on 

collapsible soil potentials. The efficacy of xanthan 
gum is fewer than guar gum as shown in Table 2 and 
Figure 6. For the moisture mixing case after seven 
days treatment time, about 1.5% condensation of guar 
gum is required to decrease the collapsible soil 
potential less than 1% to reach a "No Problem" 
condition, however, this might require a 2% xanthan 
gum condensation to have the ability of reaching the 
similar condition. For dry mixing, 1% guar gum 
condensation is required to get a 5% collapsible 
potential but it will take around 2% xanthan gum 
condensation for reaching the similar collapsible 
potential proportion. The superiority of guar gum over 
xanthan gum can be interpreted due to natural 
cohesion which created between the soils matrixes. 
Xanthan gum form an ionic cohesion between xanthan 
gum and particles of the soil accompanying by very 
high percentage of aggregation and big voids full of 
air or biopolymer gel, although guar gum structures 
are hydrogen cohesion with little aggregation and few 
voids. The minimum voids and stronger hydrogen 
bonding contribute to the high efficacy with the guar 
gum sol more than that with the xanthan gum sol [20], 
[22]. 
 

 
Table 2. Collapse Potential for biopolymer treated soil with different concentrations 

Bio. Concentration 
Collapse Potential (%) 
Dry Mix Wet Mix, t= 0 week Wet Mix, t= 1 week 
Xanthan Guar Xanthan Guar Xanthan Guar 

0.00 15.44 15.44 10.26 10.26 9.07 9.07 
0.25 11.55 10.01 7.40 5.11 4.46 3.66 
0.50 9.68 7.07 5.52 3.87 3.36 2.19 
1.00 7.13 4.83 3.08 1.68 2.46 0.97 
2.00 4.30 3.13 1.59 0.56 0.89 0.35 
3.00 2.61 2.31 1.04 0.12 0.22 0.13 
4.00 1.83 1.24 0.13 0.08 0.09 0.06 

 

 
Fig. 6. Effects of mixing conditions and curing times 
on the collapse test results for guar gum treated soil 
 

3.3. Shear strength  
Shear strength is one of the main aims factors in 

soil enhancement. Improving the shear strength will 
automatically affect on soil improvement represented 
in bearing capacity, lateral earth pressure and 
settlement, but the main obstacle with collapsible soil 
depends on water content, therefore, it was important 
to calculate the shear strength in wet and dry samples. 
The dry samples are tested in the direct shear 
instrument without any change in its moisture content, 
while the wet samples are tested after exposing to 
moisture. The percentage of shearing is modified to be 
0.02 mm/min for all tests to make sure of the dry 
conditions. The shear strength factors (including 
friction angle φ, and cohesion c) of the cured soil 
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mixture is obtained from the direct shear test by 
showing the mode of failure for τ-σ diagram as seen in 
Figure 7. Samples are treated with variety 
condensations of xanthan gum of 2%, for the dry 
condition after 7 days treatment time. The failure 
envelopes for all conditions tend to be linear with 
correlation coefficients R2 varies between 0.95 and 
0.98. Generally, all biopolymer mix exhibited a great 
rising in shear strength by comparing it to the uncured 
samples.  

 
Fig. 7. Failure envelopes of xanthan soil mixtures after 
a one week curing period for soaked specimens 

 
The friction angle of the sample following 

treatment changed from 37° to 38.2° whereas it is 
38.4° previous to curing. It is illustrated that the casing 
influence of the biopolymer on the grain outsides 
polished the micro scale coarseness, that way 
decreasing the harshness superposition of sand grains 
which leads to a small decrease in the friction 
angle[20]. Coherence stress jumped from 14 to 137 
kPa by raising the xanthan gum condensation from 
0.00 to 2.00%.  

 
Fig. 8. Influence of biopolymer concentrations on 
cohesion stress for soaked specimens 

 
Figure 8 illustrate the influence of the treatment 

period on the cohesion stress of the cured collapsing 
soil with many condensations of both xanthan gum 
and guar gum. The increasing in cohesion stress 
subsequent to seven days treatment period is shown in 
the figure, where the cohesion stress raised from 
42kPa directly after the mixture to 105.0 kPa at 
xanthan gum condensation of 2% and from 51.0 to 
126.0 kPa for guar gum samples at the same 
condensation. The induced interrelation stress 
enlarged after 7 days from 2 to about 3 times 
comparing to its value right after the mixture for the 
both guar gum and xanthan gum mixtures. 
Furthermore, Guar gum mixture specimens turned into 
more consistency strength than for xanthan gum cured 
specimens at similar condensation and treatment 
period. 

The enhancement in the shear strength of the soil 
could be point out to the actuality that biopolymers 
have a variety of chemical practical groups, such as 
hydroxyl, ester or amines. Their long chain structure 
also prolong additional sites at which the attribute 
chemical reactions of a given functional group can 
occur. Chemical bonding coincide to the bonding 
agent forces, whose function is to grasp the soil 
particle and gel together at their surfaces [21]. On a 
microscopic scale, the effectiveness of bonding 
depends mainly on the type of forces present at the 
interface of the particle and the gel. The forces 
operating at such a phase interface include 
ionic/electrostatic or covalent bonds (chemisorption), 
hydrogen bonding (strong polar attraction) and van der 
Waals forces (physical absorption). Short range 
ionic/electrostatic and covalent bonds have the highest 
bond energy in terms of KJ/mol and therefore give the 
strongest bond. Van der Waals forces, which are the 
interaction between dipoles within the bulk material, 
develop the weakest bonds over a long range as shown 
in the SEM micrographs presented in Figure 9 after 
Ayeldeen (2016) [20],[30]. Conversely, solutions of 
thickness frequently enlarge as the biopolymer 
molecular mass raises, where the high percentage of 
the biopolymer molecular mass, gathers the possibility 
of sustaining the crystallization of its macromolecule 
chain that directs to increase in the quantity of cross 
connecting in the soil medium. Accordingly, as the 
guar gum has a much thickness sol than xanthan gum, 
the guar gum mix has a higher shearing confrontation 
than xanthan gum mix as stated before in [20]. 
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Fig. 9. Scanning electron micrographs of the interaction mechanism between biopolymer and soil particles for: (a) 
xanthan gum, and (b) guar gum, after Ayeldeen (2016). 
 

 
For the investigation the influence of the wet trial 

on the performance of the cured collapsible soils, a 
direct shear experiment is completed two times (wet 
and dry) for each mixing situation. While the non-
cured soil, saturated the soil with water will lessen the 
shear stress of the soil about 30% for compressed soil 
relying on moisture content and solidity [31]. xanthan 
gum mixed soil at a treatment period of zero, raising 
the biopolymer condensation raise the cohesion stress 
as illustrated before for both wet and dry conditions as 
shown in Figure 10A. The decrease parameter 
between the cohesion stress for wet and dry conditions 
(the ratio between cohesion stress in a wet case as 
divergent to that for dry case) tends to be slightly 
augmented with growing the biopolymer 
condensation, where the decrease factor is almost 10% 
at a condensation of 0.25% and up to 15% at 2% 
condensation. The influence of moisture on the 
cohesion stress becomes more obvious and perceptible 
after 7 days of treatment. The reduction factor in 
cohesion stress between wet and dry specimens begins 
at almost 20% at 0.25% condensation and jumped to 
30% at 2% condensation.  

Cohesion stress not the only parameter which 
controls the shear strength, escalating the biopolymer 
condensation, causes rising in the cohesion stress and 
a decrease in the friction angle. Consequently, to have 
a fair evaluation about the general shearing 
performance after the cured of the collapsible soil, the 
total shear strength of the soil is used to compare the 
behavior consistent with the next formula: 

τf= c + (σ+ γ h)tan ϕ  
Where τf is the shear strength at position situated 

at deepness h, c is the cohesion stress, ϕ is the friction 
angle, σ is the external stress, and γ h is the over 
burden pressure.  

The shear strength is evaluated via an over 
burden pressure at a depth, h of 1.50m from the 

surface as seen in Figure 10B. The difference in the 
whole shear strength for the both cohesion stress and 
angle of internal friction though, leading to a decrease 
in the this angle and it has effect on the entire shear 
strength particularly at small condensation. 

 
A 

 
B 

Fig. 10. Influence of soaking conditions for xanthan 
gum treated soil on both:  
(a) Cohesion stress. 
(b) Shear resistance at a depth of 1.5 m. 
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The decrease in the parameter of the shear stress 
(the ratio between shear stress in wet case than that for 
dry case) for zero treatment period started at 50%, at a 
biopolymer condensation of 0.00; then it was 
decreased in straight line to 30% at 2% condensation, 
after 1 week of curing, the reduction factor in shear 
stress decreased starting with 50% at zero 
condensation to 30% at 1% condensation, though, the 
decrease parameter begun to amplify another time 
following 1% condensation to achieve 35% at a 
condensation of 2%. 
 
4. Finite element analysis 
4.1. Modeling definition 

The numerical model is done by Plaxis 2D 
version of 8.2. The model under investigation consists 
of a concrete base with 2 m width and 0.50 m in depth 
over 10 m stratum of collapsible soil. The soil 
restrictions are stretched straightly for 10 m far away 
of the foundation at the both sides, with an overall 
horizontal extent of 22 m and also reaches 10 m 
beneath the foundation. The horizontal boundary is 
reserved in both horizontal and vertical direction, yet; 
the perpendicular boundary is kept just in the 
horizontal path and 15 node elements are included for 
both the soil model and the concrete footings 
elements. The model mesh is produced as a fine 
roughness and then sophisticated to be very small to 
enlarge the nodes numbers around the footing in the 

influenced area which increase the accuracy of the 
results as seen in Figure 11. 

The concrete base is simulated as a linear elastic 
non-porous material, which is defined by the unit 
weight (γunsat), modulus of elasticity (Eref) and Poisson 
ratios (υ). The soil is modeled using the Moher-
Coulomb method by defining the soil unit weight (γ), 
Young`s modulus (E), Poisson ratio (υ), cohesion 
stress (C), friction angle (ϕ) and dilatancy angle (ψ). 
The soil parameters that are needed for the Moher-
Coulomb MC model are acquired from the direct shear 
results which are completed formerly in this search - 
section 3.3 - before and after deluge conditions. 
Young`s modulus (E) is evaluated following findding 
Eoed-one dimensional compression modulus of 
elasticity- from the oedometer experiment with and 
without immersion as stated in section 3.2, for both 
Eoed and E could be evaluated in respect with Hooke`s 
law as follows:  

 

Eoed=  

E = Eoed 

 
Where Eis Young`s modulus, Eoed is the 

oedometer modulus of elasticity and υis Poisson ratio. 
The numerical model parameters are shown in table 3.  

 
 

 
Fig. 11. Finite element model 
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Table 3. The model parameters which used in the research with and without inundation. 

Case Bio. Con (%) 
Before Inundation (unsaturated case)  At Inundation After Inundation (saturated case) 
ɣ, 
kN/m3 

Eoed, 
kN/m2 

E, kN/m2 
C, 
kN/m2 

φ, ° Cp,% σ mid Ɛc Ɛv 
ɣ, 
kN/m3 

Eoed, 
kN/m2 

E, 
kN/m2 

C, 
kN/m2 

φ, ° 

Pure Soil, t= 0 week 0.1 14.82 10000 7428.57 11.7 38 10.26 288.02 14.78 1.48 17.76 3000 2228.57 8.5 37.31 

Xanthan, t = 0 week 

0.25 15.1 6340 4709.71 19 37.95 7.40 291.10 10.77 1.08 17.85 2800 2080.00 16.5 36.87 
0.5 15.15 5130 3810.86 25 37.52 5.52 291.65 8.05 0.80 17.91 2570 1909.14 20 36.65 
1 15.2 4622 3433.49 35.75 36.76 3.08 292.20 4.50 0.45 18.03 2240 1664.00 28 36.2 
2 15.25 4134 3070.97 49 36.43 1.59 292.75 2.33 0.23 18.13 2020 1500.57 42 36.2 

Guar, t = 0 week 

0.25 15.13 8300 6165.71 26 36.87 5.11 291.43 7.45 0.74 18.1 3300 2451.43 22 36.65 
0.5 15.18 7700 5720.00 36 36.2 3.87 291.98 5.65 0.56 18.13 3000 2228.57 29 36.2 
1 15.23 6300 4680.00 41 35.98 1.68 292.53 2.46 0.25 18.15 2650 1968.57 39 35.75 
2 15.26 6100 4531.43 52 35.53 0.56 292.86 0.82 0.08 18.17 2400 1782.86 50.5 35.3 

Pure Soil, t = 7 dayes 0.1 14.14 9000 6685.71 14.20 38.44 9.07 280.54 12.72 1.27 17.19 4400 3268.57 8.50 37.52 

Xanthan, t = 1 week 

0.25 14.20 9600 7131.43 48.00 38.17 4.46 281.20 6.27 0.63 17.20 4780 3550.86 37.00 37.10 
0.5 14.23 9800 7280.00 69.00 37.74 3.36 281.53 4.73 0.47 17.23 6000 4457.14 55.00 36.87 
1 14.31 10400 7725.71 104.00 37.52 2.46 282.41 3.47 0.35 17.31 7000 5200.00 87.00 36.20 
2 14.36 11500 8542.86 137.00 37.10 0.89 282.96 1.26 0.13 17.36 8000 5942.86 105.00 35.80 

Guar, t = 1 week 

0.25 14.21 11600 8617.14 67.50 37.90 3.66 281.31 5.15 0.51 17.36 6000 4457.14 42.00 37.10 
0.5 14.25 12300 9137.14 76.00 37.52 2.19 281.75 3.09 0.31 17.41 6600 4902.86 65.50 36.90 
1 14.29 13000 9657.14 123.00 36.87 0.97 282.19 1.37 0.14 17.45 7500 5571.43 96.00 36.20 
2 14.34 14200 10548.57 161.50 36.20 0.35 282.74 0.49 0.05 17.62 8700 6462.86 126.00 35.75 

 
4.1. The model stages 

The model is used to verify the 
stress/displacement curves for the cured soils after and 
before deluge, which is necessary to calculate the 
bearing capacity of the cured soil. It is also used to 
evaluate the settlement for a loaded footing lying over 
a cured soil subsequent to saturation. As a result, 3 
stages are included in this search as seen in Figure 12. 
The soil is alienated into 2 regions; uncured not 
submersible collapsible soil that would still 
unsaturated for the period of the 3 stages and the cured 
collapsible soil that might modify from not 
submersible to submersible consistent with the stage. 
Phase I is the unsaturated condition while all desirable 
factors for the MC model are intended in the not 
submersible condition and is used to study the 
performance of the cured soil with no deluge (in the 
dry case) as performed by line AF. Phase II is the 
submersible condition where the wanted factors are 
evaluated after inundating the soil by water. This 
phase is accustomed to recognize the performance of 
the cured soil subsequent to immersion (in the soaked 
condition) as represented by line AE. Phase III is a 
particular condition for collapsing soil, while the soil 
is becoming full of moisture after it was loaded, which 
is the case in a collapsible settlement, this collapsible 
settlement is caused by lots of problems in the 
constructed structures on collapsible soil[32]. The 
performance of this phase is shown in Figure 12 by 
following the line ABCD. AB shows the dry region, 
while the soil is loaded previous to the inundation. The 
performance in this area is similar as the initial phase 
as in the dry condition (line AF), it is illustrated that 
the AB and AF lines. The next region is BC, that shows 
the soil volumetric contraction after failure because of 
immersion. The third region is CD, that shows the 
soaked area. This area shows the soil performance 
after inundation, where it illustrates similar behavior 
as the subsequent soaked stage (line AE). To replicate 

areas AB and CD, the data is used from the first 
unsaturated zone and the second saturated zone, in that 
order. On the other hand, the volumetric reduction 
after failure is because of deluge (line BC) and is 
practical in the model as the negative volumetric 

strains ( ). The volumetric strains are evaluated from 

the strain at collapse ( ) which relates to the 
volumetric strain by the celebration factor C[33]as 
follows:  

 = C  

where  is the volumetric strain,  is the 
collapsible strain and C is the celebration factor which 
was found to be 0.1[33].  

 could be obtained from the collapsible 
potential (CP) after bigger than burden pressure 
modification at the center of the collapsible startum 
[34] as shown in the following equation: 

 
Where CP is the collapsible potential from a sole 

oedometer experiment (%), is the outer stress from 

the base (kPa), and  is the over burden pressure 
at the middle of the treated collapsible layer (kPa). 

The model is confirmed by the comparison of the 
numerical outputs with two different institute test 
outcomes determined through plate load test on 
collapsible soils after Ali (2015) and Shalaby (2014) 
and it is found a fine agreement between the field 
results and the numerical model, that verifies the 
capability of the model to calculate the performance of 
collapsible soils [35], [36]. 
4.2. Influence of deluge on stress deformation 
curves 

The influence of immersion on both uncured and 
cured collapsible soil can be shown in Figure 13, 
where the stress deformation/settlement is plotted for 
uncured collapsing soil and xanthan gum treated soil 
with a condenastion of 2% treated for seven days with 
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and without water mixing. The maximum bearing 
capacity (qult) is evaluated from the intersection among 
the primary line or tangent and the steeper tangent for 
every curve[37]. It is noticed from the following figure 
that, qult for uncured soil is decreased by 67% because 
of the influence of the immersion (from 158 to 106 
kPa). nevertheless, curing of the soil with xanthan 
gum raised qult by 700% (from 158.0 to 1116.0 kPa).  

 

 
Fig. 12. Schematic diagram of the used phases in the 
analysis 

 

 
Fig. 13. influence of immersion on pressure settlement 
curves for uncured soil and xanthan gum treated soil 
with a concentration of 2% after 1week of curing time. 

 
The decrease in bearing capacity owing to water 

inundation on the treated soil is fewer than for uncured 
soil, where qult for treated soil is decreased by 81% 
after immersion (from 1116 to 900 kPa). That canbe 
expound because of the decrease in permeability 
subsequent to curing the soil with biopolymer, which 
prevent the water flow in the soil pore cracks in that 
way decreasing the influence of immersion. The 
crosslink in the soil holes which shaped by the 

biopolymer could also enhance the bearing capacity 
later than immersion. Nonetheless, the enhancement in 
shear stress factors is mostly accountable for the 
enhancement in ultimate capacity with and without 
cure. 

 
4.3. Influence of condensation on the 
settlement due to collapse (Phase III) 

Figure 14 shows the amplitude of deformation 
curves for collapsing soil cured with guar gum through 
deluge after seven days of treatment time. The outputs 
are acquired from the finite element model by Phase 
III to investigate the influence of biopolymer 
condensations on the load settlement curve. It 
illustrated that the rise in the condensation 
uncommonly decreases the displacement during and 
after immersion, on the other hand guar gum 
condensation of 2% decreased settlement at immersion 
from 0.22m to 0.05m. 

 

 
Fig. 15. Variation in settlement under footings with 
different biopolymer concentrations. 

 
To have a good accepting of the influence of 

immersion on settlement beneath the base, Figure 15 
present the influence of both guar gum and xanthan 
gum on a settlement of a 2m width base loaded with a 
condensation load of 250 kN as obtained from phase 
III in the finite element model. From the figure, it is 
shown that the efficacy of biopolymer rose 
significantly by rising the biopolymer condensation, 
where increasing the concentration reflected directly 
to a decrease in settlement. Yet, this drop in settlement 
became not as much effectual following rising the 
condensation from 1 to 2%. This could be clarifyed 
because of the influence of biopolymer on the soil 
shear stress, while raising the biopolymer 
condensation will help in growing the soil cohesion, 
the soil flexibility will be abridged as a consequence 
of increasing the condensation. 

The efficacy of guar gum is obviously bigger 
than xanthan gum in resisting settlement throughout 
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inundation in spite of the treatment period. This could 
be explained because of the high molecular mass of 
guar gum matched up to xanthan gum, where raising 
the molecular mass reflects directly to higher 
enlargement in the buildup of cross linking between 
particles, subsequently a higher decrease in 
permeability[20]. This drop in permeability will work 
on handicap the leakage in the soil, which will lessen 
the influence of inundation for guar gum rather than 
xanthan gum mix. The efficacy of biopolymer tends to 
be satisfactory in decreasing the settlement yet devoid 
of a treatment period, conversely, after seven days 
treatment time, the efficacy of by biopolymer turn out 
to be much helpful. 
4.4. Bearing capacity 

Ultimate bearing capacity (qult) is the highest 
stress which the soil could hold up earlier than the 
shear fails and by reducing qult by factor of safety, the 
permissible bearing capacity (qall,shear) could be 

evaluated. On the other hand, in some kinds of soils 
which are predictable to hand out a huge settlement or 
in some different types of structures while it is 
necessary to control the settlement to a definite 
significance; in these conditions, the allowable bearing 
capacity (qall,sett) could be believed consistent with the 
essential settlement. In general, the considered 
allowable bearing capacity (qall,considered) is controlled 
by both soil collapse and allowable settlement -the 
least of qall,shear, and qall,sett-. Two ways are useful to 
predict the allowable bearing capacity from stress 
settlement plots; for the first way, the ultimate bearing 
pressure is evaluated from the intersection among the 
initial tangent and the steeper tangent, after that the 
allowable bearing pressure qall,shear is evaluated by a 
factor of safety and its value is 3.0 [37], whereas in the 
next way, the allowable stress qall,sett at 10 cm 
settlement is calculated, as seen in Figure 16 for the 
cured soil with and without inundation.   

 
 

 
Fig. 16. Effects of inundation on the allowable bearing capacity of treated soil after 1 week of curing for: (a) guar 
gum before inundation, (b) guar gum after inundation, (c) xanthan gum before inundation, (d) xanthan gum after 
inundation 
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In the case of untreated soil with or without 

inundation, qall,shear is about 50% fewer than qall,sett. 
hence, it is considered to be the allowable bearing 
capacity (qall,considered). With raising the condensation, 
both qall,shear, and qall, sett must be amplified, yet, the 
proportion of increase qall,shear is much higher than 
qall,sett. qall,shear by about 600% by rising the 
condensation from 0 to about 2%, while qall,sett 

increased by a proportion of about 200%. This could 
be explained because of improving the shear factors 
by rising the condensation which will lead to an 
amplify in qall,shear. simultaneously, escalating the 
biopolymer condensation may lead to a decrease in the 
soil stiffness in the form of elastic modulud of the 
cured soil[20], which might explain the advantage of 
increasing qall,shear than qall,sett. The hole between 
qall,shear and qall,sett begun to get smaller with mounting 
the biopolymer condensation until a assured 
concentration amount is obtained, this amount varies 
in respect with the soil deluge state, where qall,shear, and 
qall,sett becomes equivalent. afterward the value of 
qall,shear becomes higher than qall,sett at the same 
concentration. soaked cured soil (after inundation), 
qall,considered is mostly restricted by qall,sett, apart from the 
condition of light condensations (less than 0.5%), 
where the inundation will enlarge the soil elasticity, 
increase the settlement and decrease the allowable 
bearing capacity. On the other hand, in the condition 
of unsoaked soil (before inundation), qall,considered is 
evenly effected by both qall,shear and qall,sett according to 
the concentration, as 1% concentration is the critical 
value where the performance differ before and after 
from qall,shear, to qall,sett correspondingly. With varying 
the necessary settlement magnitude or the factor of 
safety, the significant point might be shifted. 
Consequently, it is important to ensure both qall,shear 
and qall,sett especially for condensations in the region of 
the critical point (almost in the range of 0.5 to 1.5%). 

 
5. Conclusions 

Based on the experimental range of this study, 
the following conclusions can be stated: 

 The dry density reduces with increasing the 
solution concentrations for both guar gum and xanthan 
gumfrom 19.00 to about 17.00 kN/m3, whereas the 
optimum moisture content raised from 12% to around 
14.6%. 

 Biopolymer proves highly efficiency in 
decreasing the collapsible potential for both wet and 
dry mixing cases. The efficacy of biopolymer for the 
wet mixing is almost 2-3 times over dry mixing. 
Consequently, the present research proposes the wet 
mix method to cure collapsible soils instead of dry 
mix. 

 Mixing the soil with 2% biopolymer 
condensation directs to a decrease in the collapsible 
possible from 9% to about 1%.  

 In spite of the decrease in density that is 
noticed with increasing the condensation the shear 
resistance of the cured soil has enhanced. The 
cohesion stress has increased by raising the 
condensation with alight decrease in the friction angle. 
Nevertheless, the total shear stress has amplified with 
mounting the condensations for both guar gum and 
xanthan gum. 

 Guar gum showed superiority over xanthan 
gum for mounting the soil cohesion stress and 
dropping the collapsible potential with a percentage of 
about 20%.  

 Based on the numerical model it can be 
concluded that: 

a. Curing the soil with biopolymer can 
significantly improve the soil bearing capacity and 
decrease the effects of inundation. 

b. The biopolymer condensation guides to 
dropping the collapsing settlement during and after 
inundation under the foundation. 

c. For cured collapsing soil by such technique 
after inundation, qall,sett can be acted as the allowable 
bearing capacity, especially for biopolymer 
condensations > 0.5%. Nevertheless, for cured soil 
before submergence, it is recommended to compute 
both qall,sett and qall,shear before estimating the 
considered allowable bearing capacity. 
 
References 
1 S. L. Houston, W. N. Houston, C. E. Zapata, and 

C. Lawrence, “Geotechnical engineering practice 
for collapsible soils,” Geotech. Geol. Eng., vol. 
19, no. 3–4, pp. 333–355, 2001. 

2 A. B. Cerato, G. A. Miller, and J. A. Hajjat, 
“Influence of Clod-Size and Structure on 
Wetting-Induced Volume Change of Compacted 
Soil,” J. Geotech. Geoenvironmental Eng., vol. 
135, no. 11, pp. 1620–1628, Nov. 2009. 

3 B. M. Das, Principles of Foundation 
Engineering, 3rd ed. Boston ua PWS, 1995. 

4 R. B. Peck, W. E. Hanson, and T. H. Thornburn, 
Foundation Engineering, 2nd ed. New York: 
Wiley, 1974. 

5 S. P. Clemence and A. O. Finbarr, “DESIGN 
CONSIDERATIONS FOR COLLAPSIBLE 
SOILS,” J. Geotech. Geoenvironmental Eng., 
vol. 107, no. 3, pp. 305–317, 1981. 

6 K. M. Rollins and J. Kim, “Dynamic Compaction 
of Collapsible Soils Based on U.S. Case 
Histories,” J. Geotech. Geoenvironmental Eng., 
vol. 136, no. 9, pp. 1178–1186, Sep. 2010. 

7 S. L. Houston, W. N. Houston, and D. J. Spadola, 



 Life Science Journal 2019;16(9)     http://www.lifesciencesite.com   LSJ 

 

21 

“Prediction of Field Collapse of Soils Due to 
Wetting,” J. Geotech. Eng., vol. 114, no. 1, pp. 
40–58, Jan. 1988. 

8 I. Jefferson, C. Rogers, D. Evstatiev, and D. 
Karastanev, Ground Improvement — Case 
Histories, vol. 3. Elsevier, 2005. 

9 G. S. Guan, H. Rahardjo, and L. E. Choon, 
“Shear Strength Equations for Unsaturated Soil 
under Drying and Wetting,” J. Geotech. 
Geoenvironmental Eng., vol. 136, no. 4, pp. 594–
606, Apr. 2010. 

10 A.-M. O. Mohamed and M. M. El Gamal, 
“Treatment of collapsible soils using sulfur 
cement,” Int. J. Geotech. Eng., vol. 6, no. 1, pp. 
65–77, 2012. 

11 M. Y. Fattah, M. M. Al-Ani, and M. T. A. Al-
Lamy, “Wetting and drying collapse behaviour 
of collapsible gypseous soils treated by 
grouting,” Arab. J. Geosci., vol. 8, no. 4, pp. 
2035–2049, Mar. 2014. 

12 Ernst Worrell, Lynn Price, Nathan Martin, Chris 
Hendriks, and L. O. Meida, “CARBON 
DIOXIDE EMISSIONS FROM THE GLOBAL 
CEMENT INDUSTRY1,” Nov. 2003. 

13 S. I. Stupp and P. V Braun, “Molecular 
manipulation of microstructures: biomaterials, 
ceramics, and semiconductors.,” Science (New 
York, N.Y.), vol. 277, no. 5330. pp. 1242–1248, 
Aug-1997. 

14 V. Ivanov and J. Chu, “Applications of 
microorganisms to geotechnical engineering for 
bioclogging and biocementation of soil in situ,” 
Rev. Environ. Sci. Bio/Technology, vol. 7, no. 2, 
pp. 139–153, Jan. 2008. 

15 S. L. Larson, J. K. Newman, C. S. Griggs, M. 
Beverly, and C. C. Nestler, “Biopolymers as an 
Alternative to Petroleum- Based Polymers for 
Soil Modification Engineer Research and 
Development Modified Biopolymers as an 
Alternative to Petroleum-Based Polymers for 
Soil Modification,” US Army Corps Eng., vol. 
12, no. August, 2012. 

16 I. Chang, J. Im, A. K. Prasidhi, and G.-C. Cho, 
“Effects of Xanthan gum biopolymer on soil 
strengthening,” Constr. Build. Mater., vol. 74, 
pp. 65–72, Jan. 2015. 

17 I. Chang, A. K. Prasidhi, J. Im, H. D. Shin, and 
G. C. Cho, “Soil treatment using microbial 
biopolymers for anti-desertification purposes,” 
Geoderma, vol. 253–254, pp. 39–47, 2015. 

18 I. Chang and G.-C. Cho, “Strengthening of 
Korean residual soil with β-1,3/1,6-glucan 
biopolymer,” Constr. Build. Mater., vol. 30, pp. 
30–35, May 2012. 

19 I. Chang, A. K. Prasidhi, J. Im, and G.-C. Cho, 
“Soil strengthening using thermo-gelation 

biopolymers,” Constr. Build. Mater., vol. 77, pp. 
430–438, Feb. 2015. 

20 M. K. Ayeldeen, A. M. Negm, and M. A. El 
Sawwaf, “Evaluating the physical characteristics 
of biopolymer/soil mixtures,” Arab. J. Geosci., 
vol. 9, no. 5, p. 371, 2016. 

21 H. Khatami and B. O’Kelly, “Improving 
Mechanical Properties of Sand Using 
Biopolymers,” J. Geotech. Geoenvironmental 
Eng., vol. 139, no. 8, pp. 1402–1406, 2013. 

22 R. Chen, L. Zhang, and M. Budhu, “Biopolymer 
Stabilization of Mine Tailings,” J. Geotech. 
Geoenvironmental Eng., no. October, pp. 1802–
1807, 2013. 

23 G. R. Martin, T. F. Yen, and S. Karimi, 
“Application of Biopolymer Technology in Silty 
Soil Matrices to Form Impervious Barriers,” in 
7th Australia New Zealand Conference on 
Geomechanics: Geomechanics in a Changing 
World, 1996, pp. 814–819. 

24 R. Khachatoorian, I. G. Petrisor, C. Kwan, and T. 
F. Yen, “Biopolymer plugging effect: laboratory-
pressurized pumping flow studies,” J. Pet. Sci. 
Eng., vol. 38, pp. 13–21, 2003. 

25 R. A. Hassler and D. H. Doherty, “Genetic 
Engineering of Polysaccharide Structure: 
Production of Variants of Xanthan Gum in 
Xanthomonas campestris.,” Biotechnol. Progr., 
vol. 6, no. 3, pp. 182–187, 1990. 

26 J. T. Dejong, A. Qabany, K. Soga, and L. van 
Paasen, “Physical and microbial responses of 
dredged sediment to two soil-stabilizing 
amendments, xanthan gum and guar gum, for use 
in coastal wetland restoration,” pp. 1–40, 2010. 

27 Martin Chaplin, “Water Structure and Behavior: 
Guar Gum,” London South Bank Univ., no. April, 
2012. 

28 D. Risica, M. Dentini, and V. Crescenzi, “Guar 
Gum Methyl Ethers, Part I. Synthesis and 
Macromolecular Characterization,” Polymer 
(Guildf)., vol. 46, no. 26, pp. 12247–12255, 
2005. 

29 V. B. Bueno, R. Bentini, L. H. Catalani, D. 
Freitas, and S. Petri, “Synthesis and swelling 
behavior of xanthan-based hydrogels,” 
Carbohydr. Polym., vol. 92, no. 2, pp. 1091–
1099, 2013. 

30 H. R. Khatami and B. C. O’Kelly, “Improving 
Mechanical Properties of Sand Using 
Biopolymers,” J. Geotech. Geoenvironmental 
Eng., vol. 139, no. 8, pp. 1402–1406, 2013. 

31 K. E. Gaaver, “Geotechnical properties of 
Egyptian collapsible soils,” Alexandria Eng. J., 
vol. 51, no. 3, pp. 205–210, 2012. 

32 M. Sakr, M. Mashhour, and A. Hanna, “Egyptian 
collapsible soils and their improvement,” 



 Life Science Journal 2019;16(9)     http://www.lifesciencesite.com   LSJ 

 

22 

GeoCongress 2008@ sGeosustainability 
Geohazard Mitigation. ASCE, pp. 654–661, 
2008. 

33 S. T. Noor, A. Hanna, and I. Mashhour, 
“Numerical Modeling of Piles in Collapsible Soil 
Subjected to Inundation.,” Int. J. Geomech., vol. 
13, no. October, pp. 514–526, 2013. 

34 M. S. Nouaouria, M. Guenfoud, and B. Lafifi, 
“Engineering properties of loess in Algeria,” 
Eng. Geol., vol. 99, no. 1–2, pp. 85–90, 2008. 

35 N. A. Ali, “Performance of partially replaced 
collapsible soil - Field study,” Alexandria Eng. 
J., vol. 54, no. 3, pp. 527–532, 2015. 

36 S. Shalaby, “The assessment of the collapse 
potential of fills during inundation using plate 
load tests,” Life Sci. J., vol. 11, no. 8, pp. 1001–
1006, 2014. 

37 H. A. Alawaji, “Model plate-load tests on 
collapsible soil,” J. King Saud Univ. Eng. Sci., 
vol. 10, no. 2, pp. 255–270, 1998. 

 
8/20/2019 


