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Abstract. Gypseous soils are widely distributed all over the world, particularly in Irag. These soils exhibit
unpredictable behaviour including losing strength and collapsing upon wetting. Treatment of gypseous soil
is necessary to improve its geotechnical properties and assess its potential applications in engineering
practices. Compacted gypseous soil samples stabilized with different binders, including cutback asphalt
and lime. Slope stability analysis was performed to determine the factor of safety and analyze the behaviour
of the stabilized gypseous soil. ADONIS 3.25, a computer program based on the finite element method,
was used to characterize the gypseous soil and to analyze the slope stability by Mohr—Coulomb failure
criteria and visco-plastic algorithm. The effects of varying the percentages of binders and the slope angle
(H:V) were investigated. A total of thirty numerical analyses were performed. Results of the numerical
analysis indicated that the best slope stability was obtained when the gypseous soils stabilized with 4 %
cutback asphalt and 3 % lime at a slope angle of 3H:1V. It was also observed that the slope angle has a
considerable effect on the safety factor of the slope, such that, the steepest the slope angle — the lowest
the safety factor.
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1. Introduction

Slope stability analysis is required in geotechnical projects, such as cuts, fills, dams, and road
embankments, since it concerns the safety of human life and property. As a result, appropriate slope
inspections, remedies, and engineering solutions must be provided to prevent potentially devastating
collapse [1]. A slope failure is the failure of a mass of soil in a downward and outward movement of a slope.
The surface along which the slide occurs has different shapes and represents the surface of minimum
resistance. A variety of methods and techniques have been used for the analysis of earth slopes, including
the finite element method (FEM) based on cohesion (c) and internal friction angle (®) reduction, the finite
difference method (FDM), the limit analysis (LA), and a combination of the FEM and the FDM [2]. Slope
geometry, soil type, soil shear strength, soil stratification, groundwater condition, and seepage significantly
impact slope failure and should be considered during slope stability analysis [3].

Slope stabilization can be accomplished using a variety of approaches including structural and
geometric methods [4]. For example, reducing the slope height (H) results in a higher factor of safety (FS)
of the slope. Many other studies have employed soil improvement and stabilization to investigate the
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behaviour of reinforced slope stability soils made of various materials [5-8]. Soil stabilization alters the
engineering properties of soils, such as gypseous soils, in such a way that it gains long-term strength and
stability. Gypseous soils are soils that contain gypsum and are susceptible to losing strength when
introduced to wetting. Gypseous soils with varied proportions of gypsum contents cover a large portion of
Irag. The estimated coverage area of gypseous soils was reported to be about 12.2 % by Barazanji [9] as
shown in Fig. 1. The amount of gypsum in the upper north and centre parts of the Euphrates and Tigris
beds can reach 80 %, whereas the gypsum content of the Al-Jazirah area ranges from 3 % to 10 % in the
upper parts to 50 % in the lower parts [10].

Several stabilizers can be used to improve the characteristics of gypseous soils by limiting the effect
of water, such as cutback asphalt and lime. Bituminous soil stabilization is one of the oldest methods for
improving soil properties. Cutback asphalt dissolves in certain solvents, such as gasoline, to improve its
fluidity and workability. Cutback asphalt is classified into rapid, medium and slow curing cutback depending
on the solvent used [11]. When the solvent evaporates, the bitumen remains to bond the particles together.
The asphalt acts as a waterproofing agent and enriches the cohesive strength and durability characteristics
of gypseous soils. Asphalt coating the soil particles provides a membrane that prevents or limits water
infiltration, which would otherwise result in a loss of soil strength. In the waterproofing of bituminous
materials, two hypotheses can be explained. The theory of the plug at which the bituminous globules
operate as plugs or stoppers in the soil void spaces or soil capillaries, removing or eliminating the flow
pathways via which surface water might enter or exit the mix [12]. The membrane theory is the second
theory that assumes a thin bituminous film will operate as a covering or segregator for individual soil
particles, resulting in the same consequence of waterproofing the soil as the plug theory, however in a
slightly different way. Cutback asphalt also acts as a cementing agent, such that the soil particles also
adhere to the asphalt allowing it to act as a binder or cementing agent. The cementing effect thus increases
shear strength by increasing cohesion [13]. According to the intimate mix theory, the efficiency of a
bituminous material’'s cementing activity is primarily explained by the adhesion that occurs between the
binder and soil particles. The action of surface tension, adsorption, and other features of the solid and liquid
surfaces interact to produce this adhesion. Since water has a higher wetting power than any bituminous
binder, full cementation and total adhesion can only be achieved when the binder displaces any water on
the surface and when too much binder is applied and the film covering around the particles becomes too
thick. Because the bituminous cohesiveness is reduced, contact between the particles is prevented, and
strength is reduced. Lime soil stabilization, on the other hand, has been often used. The lime is added in
the form of calcium oxide or calcium hydroxide to the soil at the optimum moisture content [14].

Generally, all fine-grained soils treated with lime show lower plasticity, enhanced workability, and
reduced volume change characteristics. Not all soils, however, have better strength properties. The
characteristics of a soil-lime mixture are influenced by several factors, the most important of which are soil
type, lime type, lime percentage, and curing conditions [15]. When lime is added to fine-grained soil, it
causes a series of reactions. Cation exchange is taken place in which the positively altered ions cling to
the surface of clay particles. The common cation replacement happens in the form of lyotropic series (Na+
K+ Mg++ Ca++). It is clear from this series that if multivalent cations are accessible in the soil, monovalent
cations will be replaced by them [16]. As a result of the modifying effects of electrolytes on the extension of
the electrical double layer from the surfaces of clay particles, clays flocculate when electrolytes are added.
The electrolyte reduces the electrostatic repulsive interactions between clay particles by repressing the
double layer. This causes a net pull between negatively charged faces and positively charged edges of
neighboring clay particles, especially between negatively charged faces and positively charged edges of
nearby clay particles [17]. The other series of reactions can occur in the form of pozzolanic reactions. The
pozzolanic reactions are lime reactions with soil silica and/or alumina that result in the development of a
stiff water-insoluble gel that cements the soil particles [18]. When lime reacts with the silica and/or alumina,
it forms calcium silicate hydrated and/or calcium aluminate hydrated in the form of a soluble gel that coats
and cements soil particles as it hardens. Pozzolanic reactions are lime-dependent, and strength improved
slowly and steadily over time [17]. A potentially negative impact reaction on the stabilizing process could
be lime reacts with carbon dioxide in the air to generate calcium carbonate, a rather weak cementing agent
(CaCO03) [15].

Stabilization of gypseous soil with asphalt and lime has been recognized as an economical treatment
in Irag due to the abundance of limestone from which lime is manufactured and the availability of cutback
asphalt as refineries wastes [19]. These stabilizers have been successfully used to improve the engineering
properties of gypseous soils. Studies on examining the potential application of stabilized gypseous soils in
engineering practice, such as earth slopes are scarce. Therefore, this study aims to evaluate the slope
stability of gypseous soils stabilized with different percentages of cutback asphalt and lime using the FEM.
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2. Materials and Methods

Experimental results of a study conducted by Al-Safarani [19] was used in this study. Al-Safarani [19]
used a gypsume-rich soil that obtained from Abu Ghraib, 30 km from Baghdad with 48.6 % gypsum content.
The sample was collected at a depth of 0.5-1.0 m below the natural ground level [19]. Table 1 lists the
physical and chemical characteristics of the soil used [19]. Soil stabilization was achieved using the
hydrated lime (Ca(OH)z2) generated when quick lime reacts chemically with water. Table 2 shows the
chemical composition of the lime used [19]. A medium cutback asphalt [MC-30] produced by the Dora
refinery in Baghdad was used. The properties of asphalt used are given in Table 3 [19].

Two groups of stabilized samples were prepared. The first group were stabilized with 0 %, 2 %, 4 %,
6 %, 8 %, and 10 % cutback asphalt (MC). While, lime (L) of 3 %, 5 %, 7 %, and 9 % were added to the
soil samples with the best percentage of cutback asphalt to stabilize the second group. It was found that
the best percentage of cut back asphalt was 4 % as it shows better soil behavior in terms of compression,
permeability, collapse, and compaction. The stabilized samples were air-cured for seven days and then
soaked for about one hour. A series of direct shear tests were conducted on the prepared samples and the
results are summarized in Table 4 [19]. The dry unit weight for each condition was obtained from the
compaction tests.
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& sesiferous soils ove:
and unhydrite rock
B Gypsum des
Highly
pleistoce:
None to slight gypsiferous

Modeataly 1o highly gypsiforous assosiaied with lime

Figure 1. Gypseous soil in Iraq (after, Barazanji [9]).
Table 1. Geotechnical properties of the soil [19].

Standard
Gypsum content (%) 48.6
Liquid limit (%) BS1377: 1975, test No.2, A 31.0

Plastic limit (%) BS 1377:1975, test No.3 NP

Specific gravity of soil solids BS 1377:1975, test No.6 B 2.39
Maximum dry unit weight (kN/m?3) ASTM D698-78 16.0
Optimum moisture content (%) 14.7

Soil property Result

Sand (%) ASTM D422-72 90.5
Fines (%) ASTM D422-72 9.5
Soil classification USCS SP-SM
Sulphate content (SO3z) (%) BS 1377:1975, test No.5 22.21
Total soluble salt (T.S.S) (%) BS 1377:1975, test No.8 63.7
Chloride content (CL) (%) BS 1377:1975, test No.7 0.09
Organic matters (%) BS 1377:1975, test No.3 0.2
pH BS 1377:1975, test No.9 8.1

Table 2. Chemical analysis of Lime [19].

Composition

Percentage by weight

CaO 72.33
MgO 6.83
SiO2 10.25
Al203 1.68
Fe20s3 8.13
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Table 3. Properties of the cutback asphalt after Dora Refinery lab. Baghdad [19].

Property MC-30
Kinematics viscosity at 60°C (c.Stoke) 75-150
Specific gravity of soil solids 0.99
Distillate, %vol. of the total, Distillate to 360°C
To 225°C 25 max.
To 260°C 40-70
To 315°C 75-93

Residue from distillation to 360°C%vol. by difference 50 min.
Test on residue from the distillation

Penetration at 25°C (100g, 5 sec.) 120-300
i ‘ ' 100 min.

Ductility at 25°C _
99.5 min.

Solubility in CCl4, Y%wt. min.

Table 4. The effect of binder on shear strength parameters [19].
Percentage of binder c (kPa) @ (degree) yd (kN/m3)

0% MC 10.0 46.3 16.00
2% MC 28.0 39.8 15.25
4 %MC 39.5 42.0 14.90
6 % MC 435 37.6 14.75
8 % MC 38.5 37.0 14.60
10 % MC 37.0 36.2 14.20
4%MC+3%L 51.5 445 14.90
4%MC+5%L 53.0 40.2 14.85
4%MC+7%L 36.1 39.8 14.70
4%MC+9%L 35.0 28.6 14.70
2.1. Failure Criteria

Several failure criteria for characterizing the strength of soil as an engineering material have been
developed. The best-known criterion for soils with both frictional and cohesive components of shear
strength is Mohr—Coulomb, which has the shape of an irregular hexagonal cone in primary stress space.
Cylindrical failure criteria are acceptable for metals or undrained clays that behave in a frictionless manner

(ou =0, ou is the angle of internal friction in undrained condition). These are the most basic conditions,

and they are not affected by the initial invariant S or ©,,. Since the Tresca criterion is a particular case of

the Mohr—Coulomb criterion, it does not require independent mathematical treatment [20]. According to the
Mohr—Coulomb criterion, the shear strength increases with increasing normal stress on the failure plan [21].

1=C+otang, (1)

where T is the shear stress on the failure plane, C is the cohesion of the material, ¢ is the normal effective
stress on the failure surface, and @ is the angle of internal friction. This failure criterion is shown graphically

in Fig. 2. The concept of the Mohr circle can be used to express the criterion in terms of principal stresses.
According to Fig. 2,

% — AB+ BF. (2a)

That is

%: OAsind + C cos . (2b)

Hence:
61 -63 _ 0
2

; 3 sin @+ Ccosd. (2¢)
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Here, 6; & o3 are the major and minor principal stresses, respectively. In the stress space,
Equation (2c) describes an uneven hexagonal pyramid. The projection of this surface on the m-plane is
shown in Fig. 2. The three stress invariants are G,,, ¢ and 0. In which G,, describes the mean stress, ¢
describes the shear stress, and 0 gives the direction of the shear stress. The relationship between principal
stresses and invariants is given as follows.

Glzcm+2/365in(6—23—nj; (3a)
6, =0, +2/3Gsin(0); (3b)
_ . 2n
G3=Gm+2/3681n(9+?J, (3c)
where:
—S/\/g G=t 2 S—L +0,+0,); 4
Oy = S _\/5(6)6 o, +5.); @)
1 2 2 2 > 5 2 1/2.
tzﬁ[(cx—cy) +(Gy—GZ) +(GZ—0x) +6rxy+6tyz+6rzx} ; (5)
Ozlarcsin _3—\/8J3 , (6)
3 £
where:
J3=8,8,8. = 8,1, =S, 10 — 8.1, +21,,1,.T... (7)
And
26,-6,—-C
sz( — Z), ®)
3
etc.

The substation of ¢; and G5 from equations (3a and 3c) in equation (2c) provides the function

cosO sinBOsind

3 3

Which is dependent upon all three invariants (Gm, G, 6). The Tresca criterion is obtained from

F=Gmsin@+6( J—Ccos@. 9)

equation (3) by using (@ = O).

F:Gcose_c

NI

(10)
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Figure 2. Mohr-Coulomb criteria on (a) o-T1-plane, (b) stress space and (c) 1 plane.
2.2. Finite Element Method

The FEM is often used to obtain a realistic evaluation of stresses and deformations within earth
structures as an approximate solution for gypseous soil. The results of finite element analysis can also be
effectively used to evaluate the overall degree of safety and stability of these structures. The proper
modelling of materials behavior and the efficient simulation of different loading conditions confirm to a high
extent the reliability of the finite element results. The mathematical formulation related to the theoretical
aspects of the finite element techniques is presented by Reddy [22].

The solution technique utilized in the present analysis is based on the modified Newton—Raphson
method where the elastic solutions are repeated for a constant stiffness matrix. To achieve the required
convergence, the load vector (the right-hand side) is to be changed iteratively. The following equations are
used for each load increment:

K& =P (11)

Must be solved for displacements &' where i represents the iteration number. The element
displacement increments u; are extracted from the nodal displacement vector oi and these lead to total

strain increment according to the strain-displacement relationships:
A€’ = Bu', (12)

where B is the B-matrix of an element. If the material is yielding, the strains will comprise both elastic and
plastic or visco-plastic components, as given in Equation (13):

Ag' = (Ag(3 +A8P)i. (13)

Only the elastic strain increments Ag® cause stresses to be generated by the elastic stress-strain

matrix (De); thus:

Ao’ = D (Ase )i. (14)
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These stress increments are added to the stresses already existing from the previous load step and
updated stresses are substituted into the failure criterion. If stress redistribution is required, the load

increment vector £ in equation is changed (15). This load vector, in general, holds two sorts of loads as

shown by:
B=F,+F, (15)

where P, denotes the actual applied load increase, and Pbi denotes the body load vector, which fluctuates

from iteration to iteration. The Pbi vector must be self-equilibrating in order for the system’s net load to be
unaffected.

The visco-plasticity algorithm established by Zienkiewicz [23] is used to generate the body-loads
vector. The material is allowed to endure stresses that are outside the failure criterion for finite elements in

this manner (periods). Overshoot of the failure criterion, denoted by a positive value of (f), is a crucial

component of the approach and is utilized to create the algorithm. The plastic strains generated by this
algorithm are referred to as visco-plastic strains because their rate is proportional to the amount by which
yield has been violated by the expression:

&7 -r%, (16)
oo

where the potential function (Q) is used instead of the yield function to account for the non-associative
flow rule.

For dimensional considerations, a pseudo-viscosity property equal to unity is implied on the right-
hand side of Equation (16). The increase of visco-plastic strain is accumulated from one “time step” or
iteration to the next by multiplying the visco-plastic strain rate by a pseudo-time step:

(&Wyzm@WY; (17)

(AgVP )i :(AsVP )H +(88VP )j. (18)

Since the time step for unconditional numerical stability is dependent on the stated failure criterion,
the Mohr—Coulomb criterion:
4(1+v)(1-2v)
E(l—2v+sin2 (p)

At = (19)

where v is Poisson’s ratio and E is the modulus of elasticity. The derivatives of the potential function (Q)
concerning stresses are conveniently expressed through the chain rule; thus:

o0 _ 0Q do,, N 00 aJ, N 00 0J;
o 0o, 0c @8J, 0o 0J; 0o

(20)

Summing the following integrals for all elements having a yielding Gauss point, the body loads Pbi
are accumulated at each time step inside each load phase:

i _ pi-l  xoall T e (s VP Y
By =B+ ioment ) B D (88 ) d(element). (21)

At each time step or iteration, this process is repeated until no Gauss point stresses violate the failure
condition within a given tolerance. The convergence criterion is based on a dimensionless measure of the
change in the displacement increment vector | from iteration to iteration. Description of the entire algorithm
are given in [20].
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2.3. Factor of Safety Calcualtion

ADONIS is a free geotechnical nonlinear finite element software (http://geowizard.org) that employed
the visco-plastic algorithm presented by Smith and Griffiths [20]. The problem to be investigated is a Mohr—
Coulomb slope subjected to gravity loading. The FS of the slope must be determined, and this factor is

defined as the proportion by which tan (@) and C must be reduced to induce failure. This differs from
the author’s software, which caused failure by raising loads while keeping the material attributes constant.

From integrals of the type, the gravity loading vector P, for material with unit weight (y) is
accumulated for each element.

all T
P, = yzelementh d (element). (22)

These computations are made in the same program that creates the global stiffness matrix. It is worth
noting that the integrals only include the freedoms that correspond to vertical movement. The 1-d array
ELD is used at the element level to collect the contributions from each Gauss point. After multiplying by the

unit weight GAMA (y), the global gravity loads vector GRA VLO gathers ELD from each element.

In this software, the gravity loads vector is applied to the slope in a single increment, and the “load
increment loop” is now known as the “trial factor of safety loop”. Each step in this loop corresponds to a
distinct soil strength parameter's FS. The elastoplastic analysis requires calculated soil strength
parameters, which are obtained.

D= arctan (tan &/ FOS); (23)
C

Cr=—- 24

/" Fos )

Several (typically increasing) values of the FS are tried until the algorithm fails to converge while
keeping the load constant. The value to induce failure is the actual factor of slope safety.

2.4. Slope Stability Analysis

Three slope angle geometries were considered for the analysis (1H:1V), (2H,1V), and (3H:1V) as
shown in Figs. 3a, b and c, respectively. Fig. 3 also illustrates the typical generated finite element mesh
with the boundary condition of the slope problem. The parametric studies were the slope angle and binder
contents in the gypseous soil.

3. Results and Discussion

Table 5 presents the safety factors calculated for the three slopes of gypseous soils stabilized with
various percentages of cutback asphalt and lime binders. Results of the slope stability assessment
indicated that the gentlest slope of (3H:1V) produced a higher FS compared to the other steeper ones.
Such slope geometry impact on the slope stability was also reported by Shiferaw [1] and Taher et al. [24].
By decreasing the slope angles from 1:1 to 3:1, the safety factor increased by a range of 76 % to 84 % for
all treated gypseous soils and by about 107 % for the untreated gypseous soil. The optimum percentage of
cutback asphalt that produced the highest FS was found to be 6 %. This observation differs from the
experimental results, in which 4 % was the optimum content of cutback asphalt. The reason could be related
to the fact that the numerical analysis takes into consideration various stress distributions for each point
along the failure surface, such as triaxial compression, direct simple shear, and triaxial extension, whereas
the experiment results were only based on the direct shear tests [25] as explained in Fig. 4.
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Figure 3. Typical generated mesh for prototype slopes geometry
at (a) 1H:1V, (b) 2H:1V and (c) 3H:1V.
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Figure 4. Stresses distributions for each point along the failure surface
(after Nitzsche and Herle) [25].

The results presented in Table 5 also revealed that the stability of the slope was further improved
when gypseous soils stabilized with mixed binders of 4 % MC and up to 5 % L. While no improvements
were obtained with further addition of lime. Thus, it can be concluded that the greatest increase in the
degree of stability was observed on slopes of gypseous soil with 4 % MC and 3 % L added binders. The
reason could be mainly related to the increase in the soil strength (see Table 4), which resulted in increasing
the FS.

Potential failure plane

o

Figs. 5a, b and c show the percentage increase in the FS versus the percentage of binders in the
gypseous soil for slope angles 1:1, 2:1 and 3:1, respectively. The increasing percentage in the FS was
calculated based on the following Equation:

FS, ~FS,

reated soil

FS,

untreated soil

ntreated soil %100.

FS (increasing percentage %)= (25)

It can be noticed from the results that the best increase in the FS of about 155 % was produced by
the steepest slope followed by 130 % for the slope of 2H:1V and 120 % for the gentlest slope.
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Table 5. Factors of the safety of the three slope angles with different percentages of binders.

Binder percentage

1HAV 2HAV 3H:AV

0 % MC

2% MC

4 % MC

6 % MC

8 % MC

10 % MC
4%MC+3%L
4%MC+5%L
4%MC+7%L
4%MC+9%L

FS
2.467 3.838
3.904 5.580
5.092 7.221
5.264 7.373
4.826 6.787
4.752 6.678
6.275 8.873
6.193 8.686
4.873 6.721
4.135 5.783

5.110
7.182
9.225
9.373
8.650
8.510
11.279
11.029
8.592
7.314

Fig. 6 presents the contours of the total displacement of the slope (3H:1V) at three selected
percentages of the binder. It can be observed that as the binder content increased, the deformation
decreased. The results of the failure mechanism slope also indicated that the majority of the failure surface
was circular, which can be classified as face slope failure. This is because the soil employed in this study
was gypseous soil, which is prone to collapse at the slope’s face.
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2%MC 4%MC 6%MC 8%MC10% MC4%MC 4%MC 4%MC 4%MC
+3%L +5%L +7%L +9%L

Binder (%)

Figure 5. Percentage of increase in the FS with different content of binders
of the three slopes at (a) 1H:1V, (b) 2H:1V and (c) 3H:1V.
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(c) 4% MC + 3% L

Figure 6. Contours of total displacement of 3H:1V slope at

(a) 0% MC, (b) 6% MC and (c) 4% MC + 3% L.

4. Conclusions

The stability of slopes of gypseous soil stabilized with different percentages of cutback asphalt and
lime was assessed using ADONIS computer program based on the FEM. The influence of slope angle
(H:V) and binder percentages were considered in the analysis. The main findings from the numerical

analysis can be summarized as follows: [1]

1. The angle of the slope has a substantial impact on slope stability. Such that, when the slope angle
was changed from the steepest (1H:1V) to the gentlest (3H:1V), the safety factor increased
dramatically. A similar finding was also reported by Shiferaw, and Taher et al. [23].

2. Based on the calculated FS, it can be suggested that stabilization of gypseous soil with cutback
asphalt and lime offers a possible implication of the improved soil in engineering practice.

3. Results of the stability analysis revealed a disagreement with the experimental results concerning
the optimum content of the cutback asphalt stabilizer. The numerical results showed that when
stabilizing the gypseous soil with cutback asphalt alone, the 6 % MC provides the highest safety

factor.

4. The greatest stability of slopes was attained when gypseous soils were stabilized using 4 % MC
and 3 % L at a slope angle of 3H:1V.

5. Comparison between unstabilized and stabilized gypseous soil indicated that the steepest slope of
1H:1V provided the greatest increase in the safety factor.
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