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ABSTRACT

Al-Najaf, one of Irag's most important cities, is expected to grow in the coming years. Many buildings
located on the slopes of Al-Najaf, which is near the shrine of Imam Ali, possess important economic
and tourism values. This paper examines the stability of the city's slope under a variety of conditions,
including slope geometry, neighbor structure loading, and earthquake magnitude. A computer-aided
2D Finite Element Method is adopted in the analysis. A set of soil classification and identification tests
were carried out in addition to the available required soil parameters in the constitutive modeling. The

gﬁypfggﬁ,‘ity Mohr-Coulomb model is applied to define the failure state that began in the slope. The results show
Finite Element Method that the slope is stable due to its weight and geometry, with a minimum factor of safety of 2.6. While
Strip Footing under footing loading, this factor of safety decreases to less than 1.8. The most hazardous condition is
Earthquake when the slope has been subjected to seismic loading and the factor of safety is less than unity, for all
investigated cases and characteristics, where the slopes would collapse.
doi: 10.5829/ije.2021.34.07a.05

NOMENCLATURE

A Footing area (m?) Pl Plastic index

B Strip footing width (m) Qu Bearing capacity(kPa)

Cc Coefficient of curvature X Distance from slope edge to the footing (m)

Cu Coefficient of uniformity Greek Symbols

C Cohesion (kPa) c Normal stress(kPa)

D Damping Ratio 6'm Mean stress(kPa)

E Yong’s modulus o Slope angle (degree)

FS Factor of safety T Failure shear stress (kPa)

G Shear modulus(kPa) ¢ Internal friction Angle (degree)

Grmax Maximum shear modulus(kPa) Yary Dry soil density (g/cmq)

Gs Specific gravity Ye Cyclic shear strain

H Slope height (m) ® Natural Moistness content

k Permeability (m/s.) v Poisson's ratio

P Aplied load (kN) : Strain

Pa Atmospheric pressure(kPa)

1. INTRODUCTION

Flatland shortage and rapid development in hilly terrain
with appealing sights are impacting construction on
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hillsides, and so are many urban excavations in the
vicinity of existing structures [1].

Rainfall, earthquakes, erosion, geological
characteristics, and construction events are the factors
that can cause slope failure. The slope stability analyses
are demonstrated on hypotheses, where the
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configuration of the slope depends on practice and
reliable inspection, (faults, stratification, etc.) [2].

The forms of a slope failure can be classified as, fall,
topple slide, spread, and flow [3].

The limit equilibrium methods are suitable for
practical purposes where the equilibrium equations are
less than the unknowns in slope stability problems, and
with assumptions, the problem can be reformed from
indeterminate to determinate [4].

The stabilization of footings adjacent to the slope
and the slope is obligatory since both bearing capacity
and slope stability need to be revealed [5, 6]. Plentiful
standards and codes primarily focus on the footings’
design in flatlands, giving unsuitable guidelines for the
constructions near the slope [5].

Enormous earthquakes are significant in slope
collapse [7]. For seismic loading with a decreased soil
bearing capacity and an increase in deformation, the
security of structures should be assured in recently
constructed [8, 9]. The input parameters include
characteristics, the earthquake magnitude, frequency,
intensity of ground motions, and period of a shake [10].

Iraq is positioned in a seismically active zone and, as
a result, is an instability region that has undergone many
powerful earthquakes in recent decades. Extreme events
have taken numerous lives, damaged several towns, and
caused extensive financial harm in this era. The last
enormous seismic event was struck at Iran- Iraq frontier
in November 2017 [11].

The challenge of a loaded slope with footing has
been widely analyzed in a normal loading state, static
load. Yet, the dynamic analysis of a loaded slope
exposed to seismic force was not thoroughly explored.
However, limit equilibrium analysis was employed to
inspect the stability of dynamically loaded slope [12].

The soil’s shear strength can be enhanced by the
long term soaking method [13]. The risk of collapse in
all soil groups rises due to a drop in soil matric suction
[14-16].

The Mohr-Coulomb model (elastic-perfectly plastic
model) is the simplest method for representing soil
failure in constitutive models, giving conservative
values to all inspected parameters of the footing and
dam soils when compared to the Modified Cam-Clay
modeling (elastoplastic model) [17-19].

For several years, slope stability analysis that used
the finite element approach has been commonly
recognized in the literature. The major finite element
slope stability approaches used today are the enhanced
limit strength method and the strength reduction
method. Similarities of the finite element and limit
equilibrium approach analyses of slope stability
demonstrate the benefits and drawbacks of these
approaches for convenient technical challenges [20].

Even though many modern numerical approaches,
including the finite element method, have been
introduced over the last three decades; the traditional
limit equilibrium procedure has remained the most
effective in slope stability analysis. Moreover, because
of the finite element method's numerous benefits over
the limit equilibrium method, However, due to the
numerous benefits of the finite element method above
the limit equilibrium method, the finite element method
now has an increase in applications for stability analysis
[21].

The recent paper focuses on the stability analysis of
Al-Najaf city's slope under different geometry and
loading conditions. The assessment of the slope is
important due to the attraction and it is the first
numerical model be made for the slopes of Al-Najaf city
for the effect of adjacent buildings, earthquakes and for
its specific soil characteristics.

2. RESEARCH METHODOLOGY

2. 1. Materials The study area is located within
the slope that lay beside Al-Najaf old city and near to
the shrine of Imam Ali in south-western of Irag, as
shown in Plate 1. between the longitude lines of 43° 00’
and 44° 30’ and latitudes of 30° 45’ and 32° 15°. This
location has recently developed, and more development
is expected as a result of the city's religious attraction.
Construction is one of the development aspects, and
there is a need to investigate the city's slope instability
caused by the extra loading from neighboring
construction, earthquakes and rainfall.

The samples were collected from three different sites
along the slope with symbols of S1, S2, and S3, as
shown in Plate 2.

A set of tests were conducted on the soil samples
from the slope site according to ASTM procedures.
Figure 1 illustrates the grain size distribution of the
different soil samples and reveals that all soil samples
are similar in gradation. For this reason, a standard
Proctor test is performed for S2, as shown in Figure 2.
Table 1 summarizes the results of soil identification
and classification tests. The soil samples are classified
according to the Unified Soil Classification System
(USCS) as' ‘SP’. These data are important to select the
soil density, angle of internal friction, permeability
coefficient, and Yong's modulus.

Many other soil properties are required for the
selected constitutive model. Many site investigations
and papers are published concerning the soil mechanical
properties which are computed through experimental
work. Table 2 illustrates the selected input soil
properties.
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Plate 1. The site of research area
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Figure 1. Grain size distribution of the soil samples
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Figure 2. Standard Proctor test results

2. 2. Slope Geometry Using the software titled
"Google Earth", the height and angle of the slope are
determined. Plate 2 shows the sections of the slope
geometry measurements. The height of the slope is
ranged between 16 m and 24 m where the slope angle is
ranged between 4°and 9°as shown in Table 3.

The slope safety is examined in this paper for the
various geometry boundaries where the slope heights
(H) are 15, 20 and 30 m and the slope angles () are 5,
7,10 and 15 degrees.

2. 3. Loading A static load represented by
building with strip footing is covered in this study

which had a constant applied stress equal to 85 kPa. The
study investigates a different footing width (B) and
distance from the slope edge (X), as shown in Figure 3.

To investigate the effect of the most dangerous
earthquake case that occurred in Iraq, Halabjah
earthquake, 2017 returning quake on Kirkuk, North-
South direction (with magnitude of 4.9) data
(acceleration time history) was adopted from literature
[22].

TABLE 1. The results of soil identification tests

Soil identification S-1 S-2 S-3
Sand, % 99.09 98.66 96.73
Fine, % 0.34 0.33 2.65
D1, mm 0.167 0.170 0.153
D3, mm 0.208 0.229 0.207
Dgo, mm 0.271 0.368 0.289
Coefficient of uniformity (Cu) 1.623 2.167 1.891
Coefficient of curvature (Cc) 0.961 0.836 0.973
Soil Classification (USCS) SP SP SP
Natural Moistness content (w), % 3.14 351 5.05
Maximum dry density (yar), g/cm® - 18.06 -
Optimum moisture content, % - 12.47 -
Specific gravity (Gs) 2.623 2.622 2.633
Gypsum content, % - 1.23 -
TABLE 2. Additional necessary soil properties
Soil properties Min.  Max. Avg.
Angle of internal friction (®), deg. [23] 30 35 33
Cohesion (C), kPa [23] 0 0 0
Bearing capacity, kPa [23] 70 100 85
Yong’s modulus (E), kPa [24] 20125
Poisson's ratio (v) [24] 0.35

N
= L

Plate 2. The investigatio'n ohf-gl'ope“geomefry
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TABLE 3. The geometry of the city's slopes

Section Slope height (H), m Slope angle (0), deg.
1 24 6.36
2 21 4.92
3 16 4.16
4 29 9.02
5 19 7.61
6 24 7.10
7 16 6.80
8 21 7.72
| * | B |
| i
|
H
0

Figure 3. Sketch of slope’s investigated parameters

2. 4. Constitutive Model The Finite Element
Method (FEM) is performed for numerical analysis. The
analysis depended on the principle of limit equilibrium,
which combines a finite element method that is
advanced, especially for the stability and deformation of
slopes and embankment structures [25].

The case study in this study were modeled in two-
dimensional finite element of quads and triangle mesh
with global elements size equal to 8 m and a 0.24m
mesh size for the ground surface of the model. The
integration order were 4 nodes for quadrilateral
elements and 3 nodes for triangular elements in addition
to secondary nodes on the boundary.

The fundamentals of the soil modeling program,
using the gathered parameters of the study area (Tables
1 and 2), are explained as the following: The Mohr-
Coulomb formula, Equation (1), is applied to define the
failure state that began on the slope [26]:

TF=C+otan g (1)

The soil has an elastic, perfectly-plastic with regular
stress-strain  relationships.  Stresses are  directly
proportional to strains until the yield point is reached.
Past the yield point, the stress strain curve is faultlessly
horizontal (behaves linearly), with two parameters from
Hooke’s law: Young’s modulus (E=20125 kPa) and
Poisson’s ratio (v=0.35). As well as two parameters
which describe the failure conditions: the internal
friction angle (¢=35°) and cohesion (C=0) [27].

The soil will be modeled using an equivalent linear
method during the dynamic analysis. Equation (2) states
the linear relationship between stress and strain using
the proportionality factor of Young’s modulus. Yet, the
variation is that the shear modulus is changed in
response to strains. With the defined soil stiffness,
identifying the maximum shear strains for each Gauss
numerical integration point in each element. The shear
modulus is then adjusted in accordance with a
predetermined G reduction function, and the step was
repeated. This iterative process is repeated until the
required G adjustments are made according to shear
strain. G is a constant when stepping via the earthquake
record, which is an important behavior to understand. G
can be changed by each pass via the record, but it
always stays constant during a single pass [28].

g =Ec 2

In this study, Equation (3) was provided to
determinate shear modulus (G) during the analysis
stages by inbuilt function. For medium dense sand (as it
appear from seive analysis data and the value of internal
friction angle ¢), K=50, where K is a parameter based
on soil type found by Seed and Idriss [29], plastic index
(P=0 and yay= 18 KN/m?® giving the Gmax function
(Figure 4) for the slopes’ soil according to Equation (3).

Cimax = ZEKM"PcErﬂ; @)

A dynamically stressed soil will be "softer" in
contrast to cyclic shear stress. This softness is explained
as a ratio of Gmax in the Equivalent Linear modeling.
This is known as G-reduction function. For the
calculation of new G values in each iteration, the
determined shear strain along with the function and
Gmax is used. Equations (4), (5) and (6) express a
formula for calculating the G/Gmax ratio [28] using
plastic index (P1)=0 and yay= 18 kN/m3 gives the G-
reduction function (Figure 5) for the slopes’ soil
according to Equation (4).

1.40E+05

1.20E+05 -

= 1.00E+05 - Gmax
& 8.00E+04 - function
E 6.00E+04
© 4.00E+04 +
2.00E+04 -

0.00E+00 T T 1
0 50 100 150

Effectitve stress (kPa)

Figure 4. Max. shear modulus (Gmax) function of the studied
soil according to Equaction (3)
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Figure 5. G-reduction function of the studied soil according to
Equaction (4)
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The damping ratio was also generated from a inbuilt
function (Equation (7)) was developed by Kramer [30]
using plastic index (P1)=0 and yary= 18 kKN/m? gives the
Damping function (Figure 6) for the slopes’ soil
according to Equation (7).
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The validation of the numerical modeling of this
research was not done using models for the study area
soil and slope properties as this research is an original
study, a verification is made by comparison of the
results with published limit equilibrium calculations.
Three modeles were exploit:

1. A hand calculation based on limit equilibrium
methods puplished by GEO-SLOPE International
Ltd. (homogeneous soil, 2:1 slope H=10 m, y = 20
kN/m3, C’=5 kPa and ¢’ = 30°).

0.35 -
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Damping ratio
function
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Damping ratio

o
=
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Cyclic shear strain (%)

Figure 6. Damping ratio function of the studied soil according
to Equaction (7)

2. Verification problem#lin SLIDE verification
manual (homogeneous soil, 2:1 slope H=10 m, y =
20 KN/m3, C’=3 kPa and ¢’ = 19.6°).

3. Verification problem#14 in SLIDE verification
manual (homogeneous soil, 3:2 slope H=20 m, y =
18.82 kN/m3, C’=41.65 kPa and ¢’ = 15°).

The results gave a good agreement between the
analysis for the inspected models (1 > R? > 0.97).

3. RESULTS AND DISCUSSION

3. 1. Effect of Slope Geometry Figure 7
illustrates an example of slope slip surface and factor of
safety in the case of the highest values of slope height
(H) and angle (6). Figure 8 provides the factor of safety
values for various investigated slope heights and angles.
Noticeably, there is a strong impact from slope angle on
the safety where the effect of the slope height is
marginal within the investigated ranges (critical values
of the city's slope). These results are matched with
literature [31], and may be attributed to the significant
effect of the slope angle on the force component that is
parallel to the slip surface where the failure occurs when
the shear force is larger than the shear strength of the
soil [32].

EEE

Elevation, m

. ! !
] 20 10 1] 80 100 120 140

Distance, m
Figure 7. Slope Dermation with Slope height (H) of 30m
and Slope angle (6) of 15degree
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Figure 8. The effect of slope geometry on factor of safety
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The minimum value of factor of safety is about 2.6,
indicating that the slope in Al-Najaf is safe within the
investigated geometry.

3. 2. Effect of Neighbor Construction The effect
of strip footing width (B) and its distance from the slope
edge (X) are investigated. For all cases with neighbor
footing, a fixed applied stress of 85 kPa is given. Figure
9, as an example, proves that the failure in the slope of
the city due to the specific footing is locally, i.e., the
slope is safe and the failure is due to pressure limit of
the footing and it matched with findings of failure
modes by Mofidi et. al. [5].

Generally, there is a decrease in the factor of safety
(FS) due to the application of the footing with respect to
the initial condition (before construction). Figure 10
illustrates the effect of footing width on FS of the slope.
There is a slight relationship between footing width and
FS where this behavior is reflected in the increase of
bearing capacity (qu) of the footing with the increase of
its width. The rise in q, may be credited to the bigger
interaction area between footing and subsoil [33].

Obviously, there is a local failure (due to footing
pressure) where the footing is closer to the slope
(X=1.8-2m). The maximum FS decreases with the
existence of building footing to less than 1.8, yet, the
distance between footing and slope crest effects FS with
direct proportion.

Figure 11 verifies the effect of footing distance ratio
(X/B) on the factor of safety of the slope. The results
indicate that the FS increases with increasing X/B.
When the footing is moved away from the slope crest
(X/B=4), there is a clear increase in FS (about 50%).
Nevertheless, the rate of increase in FS decreases with
increasing distance beyond X/B=4 where the failure due
to bearing capacity is dominated.

The influence of slope is lessened when the footing
is sited at an edge distance above four times the width
of the footing. This increase in FS with respect to slope
crest distance could be return to ground passive
resistance from the slope edge [33].

Distance, m
Figure 9. Slope failure with Footing of 0.8m in Width at a
distance (X) of 0.8m for Slope of H=30m and 6=15 degree®
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Figure 10. The effect of footing width on slope factor of
safety for slope (H=30m and 6=15°)
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Figure 11. The relationship between factor of safety and X/B
for slope (H=30m and 6=15°)

3. 3. Effect of Seismic Load To investigate the
effect of the earthquake on the stability of the slope in
Al-Najaf city, an earthquake of 4.9 magnitude is applied
to the 30m height (H) and different inclination slope
(6=7°, 10° and 15°) the critical geometry of the city's
slope. Figure 12 shows the variation of FS throughout
the earthquake period.

The factor of safety swayed with the variation of
acceleration along seismic waves initiating instability
and risky state on the slope, where the FS reaches a
value less than unity. Figure 13 compares the FSs before
and after the earthquake. The FS decreased more than
81% from their original FS before the quake. The effect
of earthquakes on slope stability can be understood as
an equivalent increase in the inclination of joint failure
plane [34]. The inspected slope within the study area
failed after being exposed to the earthquake for the
investigated parameters when it was not even severed
from footing loads.

To express the huge damage that the existing
constructions in the studied area could suffer, the
seismic loading impact was examined with a
combination of footing. Figure 14 compares the FSs
before and after the seismic event for different footing
width (B). After the earthquake, the FSs dropped by 68-
78%, with larger B indicating a higher percentage drop.
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This reduction in FS is caused by the irritation effect of
the dynamic load created on the superstructure
generating extra forces which are transported to the
footings, causing an additional decrease in the bearing
capacity (qu). The results gave a minimum and
maximum FS equal to 0.48 and 0.58 respectively.

4. CONCLUSIONS

The recent paper investigates the effect of neighboring
footing and seismic forces on the stability of Al-Najaf

city slopes numerically. The following conclusions can
be drawn from the above research:

e The smallest value of the factor of safety is around
2.6, implying that the slope in Al-Najaf is safe in
regards to the investigated slope characteristics
without loading.

e The slopes’ inclined angle (0) had the greatest
influence on safety (in reverse proportion), while the
height had only a minor effect under the scenarios of
slope geometry and no loading.

e The impact of footing on slope stability in the study
area is local (due to bearing capacity failure)
concerning the investigated footing width (B),
distance (X), and stress (85kPa). As a maximum
value, the FS is reduced to less than 1.8.

e The factor of safety increases with the increasing of
the footing distance ratio (X/B) until distance
beyond (X/B=4) where the increase reduces as the
bearing capacity of the footing on slope approaches
that of a footing on level ground.

e During the earthquake, the FS of the slope is less
than unity with its own weight for all investigated
slope geometry. The FSs values are reduced by
approximately 81%.

e When neighbour footing and seismic loads are
applied, the FS of slope was reduced by about 68-
78% compared to the static footing state.

e The current structures built on the slope of Al-Najaf
are vulnerable to collapse and destruction in the
event of an earthquake similar to the one used in the
investigation modelling.
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