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Abstract
This study presents a framework for semi-empirical slope stability analysis of Mohmand dam, an
important ongoing mega concrete faced rock�ll dam hydropower project in Pakistan. The project
comprises of 213 m high hybrid dam that will produce 800 megawatt of clean hydropower energy in
addition to an effective �ood mitigation. Also, it will supply water for both irrigation and drinking to the
provincial capital city, Peshawar. In this study, �nite element and limit equilibrium methods have been
used for slope stability analysis and factors of safety have been computed for all anticipated loading
conditions including earthquake loading. The rock�ll samples of main dam were obtained from the
construction material site of Mohmand dam and the input parameters for slope stability analysis were
obtained both empirically and through laboratory testing. Results of both limit equilibrium and �nite
element analyses have been compared and it was observed that the latter is more conservative than the
former except for earthquake loading. The implications of current �ndings have been demonstrated using
an important case study of an independent dam site that would boost the con�dence of practitioners.

Introduction
An accurate method for analysis of slope stability has a major impact on the assessment of safety of a
project, whereas an appropriate method of stability analyses would result in both safety and economy.
For instance, a small factor of safety (FOS) would result in a signi�cant difference in construction cost
and time (Bromhead 1992), Slope stability analyses is generally conducted using classical limit
equilibrium methods (LEM) and �nite element methods (FEM) given their obvious limitations are
overshadowed by their �nancial and computational advantages (Aryal 2006). For instance, the limit
equilibrium approaches rely on geometrical and spatial characteristics of anticipated failure surfaces,
whereby the shear strength of the material is insu�cient to resist the applied shear stresses (Gri�ths and
Lane 1999). Similarly, recent research on computational geomechanics have signi�cantly enhanced rigor
and robustness of FEM approaches (Hammouri et al. 2008), hence making its use for slope stability
analyses more reliable (Aryal 2008). Contrary to LEM, no prior knowledge about shape and location of the
failure surface is required. In essence, Athania et al. (2015) concluded that FEM provides more reliable
and conservative estimates of factors of safety than the LEM.

For brevity, the LEM satis�es equilibrium of forces or moments at the limit state based on the principle
that as long as resisting shear strength of material remains higher than the destabilizing shear stresses
on a pre-determined failure plane, the slope remains stable. Mathematically, this is expressed as the ratio
of resisting to destabilizing forces in the slope, termed as factor of safety (FOS), which quanti�es the
stability of a slope. In contrast, the FEM is regarded as a more detailed and accurate approach that
analyses the slope stability problem based on stress-strain constitutive relationship to capture material
behaviour and determines the failure surface by looking at the developing shear stresses (Gri�ths and
Lane 1999). These stresses, if greater than the material strength, can lead to slope failure. A slope
stability problem is typically analysed by FEM through the use of two possible approaches, namely;
elastoplastic stress analyses and strength reduction method. In former, the model is loaded incrementally
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to failure and the number of times the failure load is greater than the �eld load gives the FOS, while in
latter, the shear strength of the material is decreased to cause slope failure. The number of times the
actual material shear strength is greater than the failure shear strength yields the FOS (Arvin et. Al. 2013).

Mohmand Dam Hydropower Project is located on Swat River about 48 km from Peshawar City (Pakistan)
in Mohmand District, and about 5 km downstream of the existing Munda Head-works in Khyber
Pakhtunkhwa (KP) Province of Pakistan. The Mohmand Dam forms a 56 km long reservoir extending into
Mohmand and Bajaur Districts. The surrounding districts will bene�t from the water supplies of the
Mohmand Dam. This study purports to compare the outcomes of both LEM and FEM approaches to
analyse slope stability of Mohmand Dam using post-earthquake stability by pseudo static and dynamic
analysis. Results for various anticipated loading conditions such as end of construction, full supply level
and seasonal variation are also evaluated.

Project Description And Geology
The dam will be founded on Schist, left and right banks will be underlain by hard Quartz Talcosic Schist
and Chlorite Mica Schist respectively. The spillway will be on Quartz Talcosic Schist. Powerhouse will be
constructed on Graphitic Schist. Geological map of the dam site is shown in the Figure 1. The bedrock is
in hard, fresh, and intact condition (WAPDA 2017). The under-construction dam is a concrete face rock�ll
dam (CFRD). The main dam body will comprise of rock�ll Material of different grades/qualities. A
concrete slab will span the upstream face acting as a barrier to retain the reservoir due to the highly
permeability of rock�ll. To model the dam by both LEM and FEM, evaluation of rock�ll material properties
is a pre-requisite and a critical part of this study.

The size of rock�ll material used in this project is large enough to necessitate the use of large scale
triaxial test apparatus. However, due to non-availability of such equipment with the authors, shear
strength properties of the rock�ll were determined using cores obtained from the rock�ll and tested using
traditional triaxial apparatus. Later, the rock�ll parameters were obtained by correlating the results of
core-testing with the literature references. Obtained parameters serve as input for LEM and FEM Models.
Rock�ll samples to be tested were collected from the actual quarry site to be used for dam construction,
suggested by Mohmand dam consultants in the detailed design report (NESPAK, SMEC, & ACE, 2017).
The sample collection site is shown in Figure 2. Laboratory testing carried out for the study is discussed
in the following section.

Laboratory Investigations
For the current study, Petrographic Analysis is performed on rock�ll sample collected at site to determine
its mineral composition. Petrographic Analysis results are used to assess the suitability of the material to
be used as concrete aggregate and to con�rm the rock classi�cation carried out in the �eld.



Page 4/21

Due to unavailability of large-scale testing facilities for rock�ll in Pakistan, shear strength parameters of
the rock�ll were determined through correlations available in the literature (Pinto 2007). For this,
Uncon�ned Compressive Strength Tests were performed on the Rock Cores of the rock�ll source material
in accordance with the provisions of ASTM D2938–95. The tests were performed using Universal Testing
Machine (UTM) to �nd Uncon�ned Compression Strength of rock cores. A minimum Length to Depth ratio
of 2.5 was maintained while preparing the core sample. Load at failure was recorded and failure stress
(UCS) was calculated using area of the sample.

Point Load Strength Test provides a Point Load Strength Index of the tested specimen which can be
readily converted to UCS through available correlations. Point Load Tests on rock�ll sample is performed
in accordance with ASTM D 5731 – 08. The testing equipment consists of a Loading frame, Conical
Platen and Pump handle. Rock�ll sample was block shaped with different widths. Average of both sides
was taken to �nd Mean Width and Mean depth. Maximum load was measured at the point where the
sample failed, and relevant relationship was used to obtain the Point Load Strength Index. Uncon�ned
Compressive Strength (UCS) was calculated using index-to-strength conversion factors.

Rebound hammer tests were also performed in accordance with ASTM D5873 – 00. For brevity, hammer
spring was pressed by depressing the plunger until the hammer was triggered and the impact occurred.
Height of hammer rebound was measured to the nearest whole number and UCS was calculated using
speci�c equation for the material under consideration.

Numerical Model And Parameters
Two commercially available software packages, each LEM and FEM based, are used to evaluate slope
stability. FOS is computed using input parameters derived using both empirical relations and laboratory
test results. The Finite Element Model was meshed with 15 nodal elements with suitable mesh
re�nement. Mohr-Coulomb model was used as the material model for both LEM and FEM analysis,
(Figure 3).

Loading Conditions
Analyses are performed for all anticipated loading conditions including end of construction, full supply
level, minimum water level and earthquake loading. Furthermore, given that the project area falls in a
tectonically active zone due to collision between the north moving Indian plate and the Eurasian plate i.e.
Zone 2B (BCP 2007), post-earthquake stability was also examined using both pseudo static and dynamic
analysis. The recommended ground motion value corresponding to maximum credible earthquake is 0.68
g, peak ground acceleration of 0.16g was �xed for the operation basis earthquake (OBE). Equivalent
horizontal force component for pseudo static analysis (OBE) (= 2/3 of PGA i.e. 0.107 and for MCE = 1/2
of PGA i.e. 0.34) was used, while the vertical component in pseudo static analysis was kept zero. To
perform dynamic time history analysis, design response spectra was developed with a PGA of 0.68
(Figure 4(a)) and the following Idriss Equation was used to develop the design spectra.
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lnY = [α0 + e ( α1+α2M) J + [β0 − e ( βl+β2M) ln( R +20) + O.2F + ϵ]

1
where, Y is ground motion parameter, M is earthquake magnitude, R is the closest distance to the source
in Km, F is style of faulting factor (i.e. F =0 for a strike slip fault; F =1 for a reverse fault and F =0.5 for an
oblique source), ε is standard error term (natural logarithm) and αo, α1, α2, β0, βl, β2 are Constants.

The design response spectrum was matched with sample time history of Loma Prieta Earthquake
recorded at Lexington Dam California on 18th October 1989 (Figure 4(b)) to generate design time history
using Seismomatch software (Figure 4(c)). Lexington dam was selected because of its similar geological
features with Mohmand Dam. Notably, major input parameters, which affect the slope stability, are angle
of internal friction (φ), undrained cohesion (c) (Irfan et al. 2013), and modulus of elasticity (E) (Bhandary
2019).

Friction Angle
Barton (2013) compared shear strength of the Rock�ll material with the shear strength of the intact rock,
jointed rock, �lled discontinuities and fractured rock. He derived an Equation for the Rock�ll material
shown below.

Where, 𝝉 = Shear Stress, 𝝈𝒏 = Normal Stress, R = Roughness, S = Uncon�ned Compression Strength, Φ b
= Basic Friction Angle.

R is the value of roughness which was calculated using visual observation of rock�ll sample (7 mm
mean value), Φ b is the Basic Friction Angle (300) provided by Barton (2013), S is the value of Uncon�ned
Compression Strength (UCS) calculated through Laboratory testing (35 MPa). Shear Stress was plotted
against Normal Stress to �nd out the Friction angle. (Figure 5).

Empirically, Friction Angle was calculated using International Commission on Large Dams (ICOLD 2016).
For brevity, it suggests that the Friction angle for rock�ll varies from 450 (lowest density, poorly graded
weak particles) to as high as 600 for high density well graded particles. For Slope Stability Analysis using
critical conditions, a conservative estimate of friction angle was taken as 45°.

Modulus of Elasticity
Material Modulus of Elasticity thus affects the Factor of Safety (FOS) in FEM. Pinto’s (2007) method was
used to calculate Modulus of Elasticity from Valley shape factor, which is de�ned as the area of Concrete
face slab (measured normal to the face) divided by the square of maximum dam height. i.e. (A/H2). Face
slab area of Mohmand Dam is 151,470 m2 and height of main dam is 213 m. Valley shape factor (A/ H2)
comes out to be 3.33. From this valley shape factor, Modulus of Elasticity from Pinto’s chart is calculated
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as 70 MPa that is referred to as the Construction Modulus (Ecr). This will change to a new value when the
dam is �lled, called Filling Modulus. To calculate the �lling modulus, Marque and Pinto (1998) method is
used. In this method, a Modular Ratio is calculated using Valley Shape Factor. Modular ratio is de�ned as
the ratio of Filling Modulus to Construction Modulus.

Using the graph between shear stress and normal stress (Figure 5), the friction angle is calculated to a
value of 41.5o. Further to that, the friction angle is calculated empirically using ICOLD 2016 manual with
a recommended value of 45o. The value of friction angle obtained empirically was overestimated (7.8 %)
than the one obtained through laboratory testing. The probable reason for increased values of friction
angle through empirical equations (ICOLD 2016) may be related to the fact that the given equations are
generalized and did not truly represent the speci�c dam material being used (rock�ll). In contrast, the
laboratory tests were performed on samples collected from the actual site, suggesting more reliable
results. In essence, the values of A/ H2, modular ratio, and �lling modulus have been computed as 3.33,
2.65, and 185.5 MPa (i.e. 2.65 x 70 MPa).

Results And Discussion
As Table 1 shows, the tested material mainly consists of Carbonates, Quartz, Muscovite/ Sericite, clay
and Haematite/ Limonite. It is noteworthy that the current samples exhibit no alkali carbonate reaction
(ACR) potential because of lower dolomite CaMg(CO3)2. Also, because of low Quartz (<5 %), there is no
alkali silica reaction (ASR) potential and hence rock�ll sample can safely be used as aggregate with
ordinary Portland cement (OPC) (after Francieli et al. 2018).

Table 1
Summary of petrographic analysis result

Sr. No Minerals Percentage

1 Carbonates 90%

2 Quartz 3%,

3 Muscovite/ Sericite 3%

4 Clay 3%

5 Haematite/ Limonite 1%

In this study, the factor of safety was calculated and compared using the LEM and FEM techniques with
input parameters calculated through laboratory testing on the material collected from the actual dam site
as well as through the use of empirical relations. Table 2 summarizes the results strength and
deformation characteristics tests conducted in the laboratory including uncon�ned compression test,
point load strength index test and rebound hammer test yielding values of 35.13 MPa, 51.04 MPa and
39.83 MPa, respectively. The uncon�ned compression test provided the lowest value of strength as
compared to other two methods (i.e., 35.13 MPa) that has been adopted as a conservative value for
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further computations involving the determination of friction angle and factor of safety against slope
failures under different loading scenarios.

Table 2
Summary of laboratory test results

Test

Number

Uncon�ned Compression Strength, UCS (MPa)

Uncon�ned Compression Test Point Load Test Rebound Hammer Test

1 36.91 48.60 37.43

2 32.19 52.88 37.43

3 36.29 51.63 42.96

Average 35.13 51.03 39.28

Figures 6(a) and 6(b) show computations of factor of safety based on empirical model parameters for
the conditions of end of construction using limit equilibrium method, and �nite element method,
respectively. The results of numerical simulations are compared in Table 3, where the slopes are stable
under all loading conditions except for MCE condition in pseudo static analysis. The probable reason for
this discrepancy would be that the dynamic analysis uses actual time history of the earthquake as input
parameter that may or may not be represented truly by the assumed pseudo static condition. Hence, the
pseudo static approach is conservative than the governing dynamic analysis based on actual time
history. In case a structure fails in pseudo static analysis, dynamic analysis should be performed to
reassure the structure’s safety.

Table 3
Results of factor of safety (FOS)

Load Cases Empirical Parameters Laboratory Parameters

LEM FEM LEM FEM

End of Construction 1.614 1.305 1.369 1.172

Full Supply Level 2.075 1.783 1.834 1.581

Seasonal Variation 1.662 1.386 1.391 1.232

Earthquake Loading 1.69 (OBE) 1.698 1.497 (OBE) 1.533

1.020 (MCE) 0.901 (MCE)

As Figure 7(a) shows, the horizontal displacements of the embankment soil at full supply level are larger
than those at the bottom. Although phreatic pressure is minimum at the top, soil mass at the bottom is
more con�ned therefore displacement is maximum at the top. Similarly, Figure 7(b) presents the
distributions of vertical displacements vectors, wherein relatively larger displacements are accumulated
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at the top due to lesser con�nement than the bottom that may result in overall settlement of the dam
body.

Figure 8 presents the variation of factor of safety (FOS) against the elevation of water level in the
reservoir. Figures 8(a) and 8(b) show the results of both LEM and FEM analyses using empirical factors,
respectively, while Figures 8(c) and 8(d) present the plots of both LEM and FEM analyses using
laboratory parameters, respectively. For end of construction (EOC) stage, water level is zero so the
stabilizing force on the dam is minimum which provides minimum value of factor of safety. Factor of
safety is maximum when reservoir is full (555 m) in all cases. During seasonal variations, water level is
reduced to 430 m, which reduces the FOS than that at full supply in the reservoir. Notably, the factor of
safety markedly drops when the reservoir at full supply would be hit by an earthquake. For instance, the
FOS is lowest for the case of maximum credible earthquake (MCE) shown in Figs. 8(a) and 8(b).

Overall, the FOS value for LEM was 11% - 19% higher compared to the FOS obtained through FEM. The
reason being that FEM uses stress-strain constitutive relationship and incorporates material stiffness
which results in a more accurate and representative behaviour of material, that is shown by more-
conservative values compared to the LEM. Such behaviour is also con�rmed by Aryal et al. (2005)
wherein FEM based calculations resulted in a smaller value of FOS than LEM based method. LEM based
models are based on simplistic approach and these methods ignore some crucial complex mechanisms
of soil and rock�ll failure. Many parameters: for instance, the dilation angle (ψ) and the horizontal to
vertical stress ratio (k0) are not included in an LEM analysis as compared to FEM. Results of this study
have shown the effect of these parameters on slope stability and on the FOS. Although the location of
critical slip surface may occasionally be the same for both methods, the FEM provides results based on
stresses and deformations without providing prior slip surface. Hence, FEM can be considered as a more
reliable technique to model slopes of the dam under consideration compared to LEM.

Case Study

Mangla dam in Mirpur district is a multipurpose project constructed in 1967 to conserve the water of river
Jhelum, irrigation releases and generation of power up to1000 MW. Main features of the project include
three earth dams with a maximum height of 380 ft. and a total length of 8 miles. By the year 2000,
Mangla reservoir lost about 20% of its gross storage capacity due to sediment deposition. Raising of
Mangla was needed to regain the lost capacity and thereby augment the irrigation releases as well as
hydropower generation. In year 2012, Mangla dam was raised by 40 ft. thereby increasing storage
capacity by 2.90 Million Acre Feet (MAF). During the design phase of the project, the Morgenstern and
Price’s LEM based method was adopted for two-dimensional slope stability analyses of the
embankments. Slopes were analysed for Normal drawdown, Steady seepage with reservoir full and
emergency drawdown conditions by adapting a minimum factor of safety of 1.6 (Mangla Design Report,
NESPAK, BARQAAB, Binnie and Partners and Harza, 2003). However, in November 2014 a landslide on
Mirpur–Kotli Road near Khaliqabad resulted in failure of slope along reservoir rim, whereas the results of
FEM simulations using Plaxis revealed that the factor of safety was 1.2 (Mehmood et. al. 2019). This
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clearly suggested that the LEM based methods are often proved non-conservative because they over-
estimate the factor of safety that is fully consistent with the �ndings of this study. Figures 9(a) and 9(b)
show the images of slopes before and after the failure, respectively.

Conclusions
In this paper, results have been reported from the comparison between LEM and FEM based slope
stability analyses for a CFRD dam based on input parameters calculated using both laboratory tests and
empirical methods. Factor of safety was computed and compared for various loading conditions of the
dam. Stability of the dam was also checked for pseudo static and dynamic earthquake loading.
Following main conclusions can be drawn from the presented work:

The uncon�ned compression test is a more conservative approach which gives smaller values of
UCS than both the point load strength index test and the rebound hammer test. Similarly, the shear
strength parameters calculated through empirical methods and equation often over-estimate than
those obtained through laboratory testing of rock sample samples collected from the site.

In practice, the design engineers prefer limit equilibrium method over �nite element method believing
it is conservative and the design will have an additional factor of safety (FOS). However, this study
has demonstrated that LEM often overestimates the FOS as LEM based analysis demonstrated
larger values compared to the FEM based approach. This has been further veri�ed through a
practical case study of failure of slope along reservoir rim of Mangla dam, whereby the original
factor of safety obtained from LEM based analysis was found to be 1.2 from FEM based analysis.

Although the location of critical slip surface is similar for both methods, the FEM provides results
based on stresses and deformations without providing prior slip surface. Hence, FEM can be
considered as a more reliable technique to model slopes of the dam under consideration compared
to LEM.

Abbreviations
FEM
Finite Element Method
LEM
Limit Equilibrium Method
UCS
Un con�ned Compression Strength
EOC
End of Construction
FSL
Full Supply Level
Is
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Strength Index Factor
Hr
Rebound Number
Ecr

Construction Modulus
ACR
Alkali Carbonate Reaction
ASR
Alkali Silica Reaction
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Figure 1

Geological map of the dam site (adopted from NESPAK, SMEC, & ACE. 2017).
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Figure 2

Sample collection location at quarry site proposed for dam construction
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Figure 3

Typical layout for analysis using; (a) limit equilibrium method, and (b) �nite element method.



Page 16/21

Figure 4

(a) Sample time history, 18th October 1989, Loma Prieta earthquake recorded at Lexington dam,
California, (b) design response spectra generated using Idriss equation, (c) design time history of
Mohmand dam using spectral matching in seismomatch.
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Figure 5

Plot between shear stress and normal stress for friction angle.
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Figure 6

Computations of factor of safety for the condition of end of construction based on empirical model
parameters using; (a) limit equilibrium method, and (b) �nite element method.
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Figure 7

Distributions of displacement vectors of embankment soil at full supply level; (a) horizontal
displacement, and (b) vertical displacements.
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Figure 8

Factors of safety versus upstream phreatic level; (a) results of LEM analysis using empirically estimated
properties, (b), results of FEM analysis using estimated properties, (c) results of LEM analysis using
laboratory results, and (d) results of FEM analysis using laboratory results.
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Figure 9

(a) Slope during construction before failure, and (b) slope along Mangla Reservoir Rim just after
occurrence of failure.


