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Abstract
Arjo Didesa dam is located in western Ethiopia which is designed for irrigation purposes to improve the food security problem in the 
country. This site is characterized by a complex geological and structural setup that makes it susceptible to engineering geological 
problems of leakage and slope instability. This study is, therefore, aimed at evaluating the leakage and abutment slope stability of 
the dam site. The leakage evaluation was done based on results obtained from the Lugeon tests, while slope stability analysis was 
performed using the kinematic method, limit equilibrium method (LEM), and finite element method (FEM). From the Lugeon tests 
conducted along the dam axis, more than 57% showed a potential for excessive leakage which needs grouting to control leakage. 
From these percentages with more than 3 Lugeon units (Lu), about 19.04% were classified into high and very high permeability 
classes. This indicates that rock masses along the dam axis are mostly cut by interconnected open joints. Slope stability analysis 
through kinematic analysis showed that some slope sections of both abutments are unstable for a planar mode of failure. Further 
stability analysis using LEM for a planar mode of failure revealed the presence of potentially unstable slopes at saturated condi-
tions. Moreover, both LEM and FEM showed that some slope sections of both abutments are unstable for a circular mode of failure 
at saturated conditions with the factor of safety (FOS) and stress reduction factor (SRF) as low as 0.1 and 0.132, respectively. The 
results from slope stability analysis indicated that the water pressure through seepage is the major causative factor of slope instability. 
Hence, curtain grouting to the depths of 40 m at the left abutment, 53 m at the central foundation, and 43 m at the right abutment 
was recommended to control the leakage problem. Moreover, removal of overhanging rocks and slope angle reduction and applying 
rock bolts and inserting drain holes were recommended for slope stabilization in the dam site.
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Introduction

On a global scale, irrigation is very important for increasing 
food production, thereby improving food security. According 
to Gebul (2021), there is huge irrigation potential in most 
African countries that needs to be developed for enhancing 

agricultural production and food security. In Ethiopia, 
however, agricultural production through irrigation is far 
from pleasing (Garo and Meten 2021), and the agricultural 
sector largely relies on seasonal rainfall. Nevertheless, the 
agricultural sector contributes to 43% of the country’s GDP, 
about 80% of employment, and approximately 75% of export 
commodity values. With the recent increase in population, 
food insecurity, and pressure on rain-fed agriculture due to 
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climatic variability, the importance of irrigation in the country 
is becoming indispensable. Moreover, the country also has a 
huge irrigation potential which varies between 1.5 and 4.3 
million hectares (MoWR 2001; Werfring 2004; Awulachew 
et al. 2005; Makombe et al. 2011). However, the total land 
under irrigation is currently estimated to be in the range of 
160,000–200,000 ha which is less than 5% of the country’s 
irrigable land (Awulachew et al. 2005, 2007; World Bank 
2006; Makombe et al. 2007). To improve this agricultural 
production through irrigation, the government is currently 
constructing several micro-dams (Garo and Meten 2021) in 
which the Arjo Didesa dam is one of such schemes.

Like other micro-dam constructions elsewhere in the world, 
the history of micro-dam construction in Ethiopia is also asso-
ciated with several geotechnical problems. For example, over 
70 micro-dams were constructed in Tigray Region alone in the 
past two decades (Abay and Meisina 2015). However, due to 
inadequate geological, hydrological, and geotechnical investi-
gations during the initial stage, more than half of these dams 
have suffered from problems of leakage, reservoir siltation, 
damages to the spillway, and dam body without giving their 
desired services (Abdulkadir 2009; Berhane 2010;  Desta 2005; 
Haregeweyn et al. 2005; Nedaw and Walraevens 2009). The 
failures of previously constructed micro-dams have necessitated 
the importance of proper engineering geological investigation 
for similar projects which will be constructed in different parts 
of the country. For example, the Arjo Didesa dam project is 
located in a complex geological and structural set up which can 
cause engineering geological problems.

There are also numerous case studies of dam failures all over 
the world in the past years with leakage, differential settlement, 
abutment instability, and other foundation defects being the 
major causative factors (Barzegari, 2017). Leakage, in particu-
lar, is the dominant causative factor for dam failures on a global 
scale (Mozafari et al. 2011; Uromeihy and Farrokhi, 2011), and 
it occurs dominantly due to insufficient geotechnical and geo-
logical investigations (Barzegari, 2017). This problem has been 
studied by several researchers on a global scale (Goodman et al. 
1965; Heuer 1995; Karagüzel and Kiliç 2000; Kiraly 2002; 
Barton 2004;  Foyo et al. 2005; Coli et al. 2008; Uromeihy and 
Farrokhi 2011; Li et al. 2008; Kanik and Ersoy 2019). In the 
Ethiopian context, some researchers such as Berhane (2010),  
Berhane and Walraevens (2013), Abay and Meisina (2015), 
and Garo and Meten (2021) have also dedicated their work for 
evaluating leakage problems for numerous dams constructed in 
different parts of the country. Hence, the evaluation of the leak-
age is the most significant task during dam site investigation 
(Kanik and Ersoy 2019). The mechanisms of evaluation and 
controlling techniques for this problem are strongly dependent 
on the determination of permeability (Barzegari, 2017; Kanik 
and Ersoy 2019). Accurate determination of permeability of 
dam foundation is therefore important for evaluation of leak-
age quantity and determination of corresponding controlling 

mechanisms (Sharghi et al. 2010; Barzegari, 2017; Garo and 
Meten, 2021). The water pressure or the Lugeon test is the most 
widely applied technique in acquiring permeability of the rock 
mass (Quinones-Rozo 2010; Ghafoori et al. 2011). This test 
involves pumping of water with pressure into a borehole by set-
ting the test section from 3 to 5 m (Barzegari, 2017). The pres-
sure for this test is usually decided by formation pressure and 
is applied in increasing and then decreasing order in a total of 
five stages (Houlsby 1976). The application of such consecutive 
rising and falling pressures creates a connection between the 
volume of water injected into the borehole and the formation 
pressure from which permeability in terms of Lugeon value can 
be calculated (Barzegari, 2017). The rock mass permeability 
is strongly dependent on joint characteristics such as opening, 
spacing, persistence, and filling material. Hence, an accurate 
interpretation of permeability obtained from such a test requires 
a correlation of joint hydro-mechanical properties and water 
flow behavior of the test (Quiñones-Rozo 2010; Ghafoori et al. 
2011; Barzegari, 2017). Lugeon test-water flow behavior inter-
pretation proposed by Houlsby (1976) allows such correlation 
and is currently the most widely utilized technique for water 
pressure or Lugeon test interpretation.

Abutment and reservoir rim slope instability are also 
among the common engineering geological problems of a 
dam site (Kanik and Ersoy 2019; Garo and Meten 2021). In 
the dam site, such instability mostly occurs due to geological 
defects, adverse slope geometries, high degree of weathering 
and fracturing of slope materials, human activity, heavy rain-
fall, and earthquakes (Basahel and Mitri 2017) . Numerous 
researchers have attempted to analyze the stability of rock 
slopes with kinematic, LEM, and numerical methods (Hoek 
and Bray 1981; Goodman 1989; Pettifer and Fookes 1994; 
Hammah et al. 2004; Gurocak et al. 2008; Raghuvanshi 2019; 
Shaz et al. 2019). The kinematic method is only used to iden-
tify the possible mode of rock mass failures without deter-
mining the factor of safety (Gischig et al. 2011). It uses the 
dominant discontinuity planes within rock slopes to forecast 
the probability of failure (Gischig et al. 2011). It commonly 
predicts potential structural failure mechanisms (i.e., planar, 
wedge, and toppling) using a stereonet projection (ZainAl-
abideen and Helal 2016; Raghuvanshi 2019). This method 
also assumes that all discontinuities are cohesion-less, dry and 
fully persistent, and rigid. On the other hand, the LEM and 
numerical methods analyze the stability of the slope in terms 
of factor of safety (FOS) and strength reduction factor (SRF), 
respectively (Pain et al. 2014). LEM compares the magnitudes 
of the driving and resisting forces that act along the slope to 
estimate the FOS for rock and/or soil slopes where translation 
or rotational movements can take place (Eberhardt and Van-
couver 2003; Faramarzi et al. 2017). The LEM, however, is 
not the preferred technique for slopes that exhibit variability in 
its geometry, heterogeneity in a geological formation, non-lin-
earity in the potential failure plane, uneven distribution of the 
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water forces in the slope with induced surcharge, and variable 
seismic loading conditions (Alzo’ubi 2016). To simulate such 
complexities, numerical methods are preferable (Eberhardt 
and Vancouver 2003) . Moreover, unlike LEM, the numerical 
methods incorporate rock mass deformation, the stress distri-
bution of the slopes, and its effects on slopes in the determi-
nation of SRF (Jing 2003; Tang et al. 2016). They determine 
the stability of a slope by dividing slopes into several finite 
elements or zones in which forces and strains in each zone are 
analyzed using suitable constitutive laws (Alzo’ubi, 2016). 
Among the numerical modeling methods, FEM is the most 
utilized technique, particularly for soil and highly weathered 
and fractured rock slopes (Eberhardt and Vancouver 2003).

This research work deals with the evaluation of leakage 
and abutment stability of the Arjo Didesa dam site, which 
is located within the volcanic terrain of the Southwestern 
Ethiopian plateau. The dam site is located in a very complex 
geological and structural setup which makes it susceptible to 
engineering geological problems such as leakage and slope 
instabilities. For example, according to OWWDSE (2009), 
the dam site is constituted by rocks of extremely variable 
degree of weathering and fracturing which are affected by 
variably oriented joints and fractures. This study is, there-
fore, aimed at evaluating the leakage and abutment slope 
instability of this dam site. This dam is an Earth and rockfill 
dam with a wide central impervious core and crest length of 
502 m, a height of 50 m, and a reservoir capacity of 330.96 
million cubic meters. It is designed to irrigate a command 
area of 80,000 hectares of land for both sugarcane and cereal 
crop production. Engineering geological mapping, disconti-
nuity surveying, sampling and laboratory testing, core drill-
ing and Lugeon test, LEM, and FEM were applied to come 
up with a comprehensive result that can help to recommend 
proper site-specific remedial measures.

Location of the study area

The Arjo Didesa dam site is located in the East Wollega Zone 
of Oromia Regional State in Southwestern Ethiopia (Fig. 1). 
This area is part of the Southwestern Ethiopian Plateau and is 
491 km far from Addis Ababa. Geographically, it is bounded 
between coordinates of 8°38′N to 8°41′N latitudes and 36°38′E 
to 36°41′E longitudes.

Methodology

In this study, engineering geological mapping, discontinu-
ity surveying, sampling and laboratory testing, core drilling 
and Lugeon test, kinematic, limit equilibrium, and finite ele-
ment methods were used. To identify the major geological 

units and structures, mapping was first undertaken along the 
northwest-southeast trending line considering the orienta-
tion of geological units and structures. Representative rocks 
from each geological unit were collected for laboratory test-
ing, after which engineering geological units were classified 
based on the degree of weathering and intact rock strength 
for rocks and the type of soils and the degree of plasticity 
for soils.

A discontinuity survey was also carried out with the main 
emphasis on joints favoring slope instability and potential 
leakage. Hence, discontinuity parameters such as spacing, 
persistence, orientation, aperture, infill material, rough-
ness, wall weathering, and associated groundwater condi-
tions were measured and described following ISRM (1981) 
standard. The results of this survey were then used as input 
data for abutment slope stability analysis. Furthermore, the 
orientation data from this survey was also studied using 
Dips 6.0 software (Rocscience 2004a) via a Rosset diagram 
to analyze the influence of discontinuity orientation on the 
potential leakage path.

Upon completion of mapping and discontinuity surveying, 
borehole geotechnical data was used for analysis along the 
dam axis. Eleven boreholes were drilled by Oromia Water 
Works, Design and Supervision Enterprise (OWWDSE) to 
the depth between 20 and 92 m with a total core length of 
476 m, and logging was carried out within each borehole 
based on ISRM (1981) recommendation. Then, eighty-four 
Lugeon or water pressure tests were conducted along the 
dam axis using a single packer. For this, the test section 
length was varied between 2.5 and 5  m depending on 
variation in the degree of weathering of rocks. The Lugeon 
values were then calculated, and water flow behaviors were 
determined for each test section based on Houlsby (1976). 
Finally, the interpretation of the Lugeon values was made 
based on the study by Ghafoori et al. (2011).

Regarding slope stability analysis, the selection of 
appropriate methods mainly depends on the geological 
conditions of the site, potential mode of failure, weakness, 
and limitations of methods (Gurocak et al. 2008; Basahel 
and Mitri 2017) . According to Park and West (2001) 
and Raghuvanshi (2019), the stability analysis of strong 
and slightly fractured and weathered rock slope section 
involves the application of kinematic analysis to deter-
mine the mode of failure, followed by LEM to analyze 
the slope in terms of FOS. According to Hoek and Bray 
(1981), the failure of such slopes mainly occurs through 
structural discontinuities. Hence, kinematic analysis was 
first applied using Dips 6.0 software to identify mode of 
failure for slope sections constituted by slightly fractured 
and weathered rocks. Then, FOS was determined for the 
identified mode of failure/s using LEM-based software/s.

On the contrary, when rock slopes are highly frag-
mented and weathered, a possible failure surface tends 
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to follow a circular path like a failure in soil mass rather 
than through stronger intact material (Wyllie and Nor-
rish 1996). In such a scenario, the classical principles of 
soil mechanics for slope stability analysis apply (Sarma 
1979), and either LEM and/or numerical methods can 
be directly used to determine the stability of the slope in 
terms of FOS or SRF (Mahboubi et al. 2008). Based on 
this notion, the stability of some sections of dam abut-
ment constituted by highly weathered and fractured rock 
masses was done by adopting LEM and FEM.

Results

Surface and subsurface engineering geological 
mapping

At the preliminary stage of an engineering geological map-
ping, the geology of the dam site was determined in the field 
using conventional field mapping methods in which the dam 
site is constituted by tertiary rhyolite rock and quaternary 

deposits such as residual, alluvial, and colluvial deposits 
(Fig. 2). The rhyolite rock is exposed along the right and left 
abutments and reservoir area and is characterized by porphy-
ritic texture with a slight to a high degree of weathering and 
is affected by numerous joints. The residual deposit covers the 
majority of the reservoir area over gently dipping escarpment 
and flat farmland and is red to brown with various particle 
sizes. The alluvial deposit is exposed along the river channel 
and consists of a 3 to 5 m thick mixture of major soil types 
ranging from silty clay to boulders. The colluvial deposit, on 
the other hand, is deposited at the toe of both abutments and 
consists of an extremely wide range of soil types ranging from 
clay to boulders as well.

To analyze the subsurface geological condition of the 
dam site, eleven boreholes were drilled along the dam axis 
by OWWDSE (2009) (Fig. 3). Accordingly, two boreholes, 
namely AD-3 and AD-4, were drilled along the central part 
of the foundation to the depth of 92 m and 50 m, respec-
tively. Logging showed that this part of the dam is underlain 
by a 5 m thick alluvial deposit, followed by fresh to slightly 
weathered and moderately jointed basalt (Fig. 3). Similarly, 

Fig. 1  Location of Arjo Didesa 
dam site
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logging along all boreholes within both the right and left 
abutments of the dam has shown that the site is successively 
underlain by slightly to highly weathered rhyolite, moder-
ately to highly weathered basalt, and fresh to slightly weath-
ered basalt (Fig. 3). Moreover, colluvial deposit (mainly silty 
sand with gravel) is also mapped in the boreholes that were 
drilled at the toe of the abutments (Fig. 3).

To prepare an engineering geological map of the dam site 
and determine some engineering properties of rocks and soils, 
laboratory tests were also conducted on representative samples. 
The result of the unconfined compressive strength test (Table 1) 
showed that slightly and highly weathered rhyolite have medium 
and low strength as per ISRM (1981), respectively. Similarly, 
the analysis also showed that fresh basalt is classified as a high-
strength rock while slightly weathered basalt is a medium-
strength rock. The laboratory test results of soils showed that the 
dominant soils in the study area are low plasticity gravely sand, 
high plasticity clay, high plasticity silty clay, and high plasticity 
clay. Moreover, the average hydraulic conductivity of the study 
area ranges from  10−6 to  10−7 cm/s indicating that these soils 
are characterized as impervious. Hence, the soils of the study 
area are watertight and can be used as clay blankets in the areas 
where there are open joints in the reservoir to control leakage.

Discontinuity data

Discontinuities on both left and right abutment slopes were 
studied in detail based on slope face and scanline mapping. 
The survey was conducted in more than 200 locations, and 
the orientation data was processed using Dips 6.00 software 
(Rocscience 2004a, b) based on equal area stereographic 
projection. Based on this analysis, three dominant joint sets 
striking NW-SE (JS1), NE–SW (JS2), and WNW-ESE (JS3) 
on the left abutment and NEN-SES (JS1), NE–SW (JS2), 
and NW-SE (JS3) on the right abutment were identified 
(Fig. 4). In general, discontinuities of the dam site are char-
acterized by an opening of close to wide spacing (0.1–0.7 
cm) which is dominantly filled with fine materials and has 
slightly to highly rough discontinuity surface (Table 2).

Lugeon test/packer test results

Permeability is an important parameter for the design of 
dam projects. In this study, the permeability of the rock 
mass at the dam site was evaluated using a single packer 
test. A total of eighty-four Lugeon tests were conducted 
by OWWDSE 2009, and Table 3 shows the statistical 

Fig. 2  Engineering geological 
map of the Arjo Didesa dam site 
(scale 1:2000)
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distribution of the Lugeon values obtained along the dam 
axis following Ghafoori et al. (2011) classification of rock 
mass based on Lugeon values. Accordingly, this statistical 
distribution showed that about 42.86% of all determined 
Lugeon values at the dam site are classified into impervi-
ous class as per Ghafoori et al. (2011), while the remaining 
57.14% are classified into low to very high permeability 
classes.

Based on the characteristics of the discontinuities at 
the dam site, the type of flow of water was also analyzed, 
and the results were plotted as shown in Fig. 5. From all 
tests conducted at the dam site, 24.53% showed turbu-
lent behavior, 22.64% laminar, 20.75% dilation, 18.87% 
void-filling, and 13.21% washout flow behavior. As can be 
seen from statistical analysis, turbulent and laminar flow 
behavior predominates, with the former being dominant at 
the left abutment and the latter at the central foundation.

Analysis of lugeon values with depth and curtain 
grout depth

The analysis of Lugeon values with depth serves as a basis 
for determining curtain grout depth in the design of the dam 
projects (Berhane and Walraevens 2013; Garo and Meten, 
2021). Several researchers have shown that the Lugeon value 
decreases with depth due to the overburden effect and reduc-
tion in the degree of weathering and fracturing (Lee and 
Farmer 1993; Nappi et al. 2005; Berhane and Walraevens 
2013; Garo and Meten 2021). Nevertheless, some studies 
have also shown that there are some exceptions in which the 
Lugeon value shows no clear trend with depth (Hamm et al. 
2007), and hence, the relation of the Lugeon value with depth 
must be evaluated with great caution for deciding curtain 
grout depth. Accordingly, in this study, the relation of Lugeon 
value with depth is evaluated by producing a permeability 

Fig. 3  Engineering geological cross-section of the Arjo Didesa dam site

Table 1  Selected unconfined compressive strength and unit weight of rocks from the Arjo Didesa dam site

Location Depth interval (m) Rock type Dry unit 
weight  
(Kg/m3)

Unconfined compres-
sive strength (MPa)

Classification as 
ISRM (1981)

Left abutment (AD9) 37.45–37.75 Slightly weathered rhyolite 2854 25.456 Medium strength
48.00–48.28 2867 48.526 Medium strength

Central foundation (AD4) 13.55–13.68 Fresh to slightly weathered basalt 2396 27.542 Medium strength
21.80–22.13 2032 92.182 High strength

Right abutment (AD10) 13.50–13.66 Highly weathered rhyolite 2350 7.094 Low strength
13.66–13.84 2433 8.513 Low strength
23.48–23.89 2008 9.365 Low strength
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cross-section (Fig. 6) and plotting a graph of Lugeon value 
versus depth for selected boreholes (Fig. 7) for each section 
of the dam. The results obtained from both mechanisms are 

in close agreement and the majority of determined Lugeon 
values of rocks along the dam axis decrease with depth (Fig. 6 
and Fig. 7a–f). Moreover, the analysis also showed that the 

Fig. 4  Rose diagram at (a) left abutment and (b) right abutment (blue and red lines show the direction of river flow and dam axis, respectively)

Table 2  Summary of the characteristics of discontinuities

Location Joint set Spacing (cm) Aperture (cm) Persistence (m) Roughness Weathering degree Infilling material

Left abutment J1 40–90 0.10–0.50 0.5–2.0 Slightly rough Highly weathered Soft gouge
J2 1–55 0.10–0.70 1.0–3.0 Rough Highly weathered Fine soil
J3 9–120 0.14–0.32 1.5–3.0 Slightly rough Moderately weathered Fine soil

Right abutment J1 32–50 0.15–0.60 1.5–4.0 Slightly rough Highly weathered Fine material
J2 1–40 0.20–0.50 2.5–5.0 Slightly rough Slightly weathered clean
J3 27–115 0.10–0.70 0.4–1.0 Slightly rough Highly weathered Fine material

Table 3  Statistical distribution of the number of Lugeon values in the different permeability classes

Location Borehole Classification based on Ghafoori et al. (2011) 

Lugeon value range

0–3 3–10 10–30 30–60  > 60

Impervious Low permeability Medium 
perme-
ability

High permeability Very high 
perme-
ability

Right abutment AD-1, AD-2, AD-7, AD-8, AD-9 19 3 4 3 5
Central foundation AD-3. AD-4 8 7 4 4 0
Left abutment AD-5, AD-6, AD-10, AD-11 9 7 7 1 3
Number of tests 36 17 15 8 8
Statistical distribution (%) 42.86 20.24 17.86 9.52 9.52
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Lugeon value generally decreases to less than 3 at a depth of 
about 40 m for the left abutment, 53 m for the central founda-
tion, and 43 m for the right abutment (Figs. 6 and 7).

Abutment slope stability analysis

Structural controlled stability analysis

Based on the field manifestation, there are some sections 
of dam abutment in which slope failure is controlled by 

structural discontinuities. These slope sections are out-
cropped in both abutments of the dam and are mainly con-
stituted by a slightly fractured and weathered rock mass. 
The stability of these slopes was done first by adopting the 
kinematic method to identify the mode of failure. This analy-
sis was done using Dips 6.00 software (Rocscience 2004a, 
b) using input parameters such as dip amount and dip direc-
tions of major joint sets and slope and friction angles of 
discontinuities, as shown in Table 4. The friction angles of 
discontinuities were determined using Rocdata software 

Fig. 5  Percentage distribution 
of water flow behaviors at the 
dam site

Fig. 6  Permeability cross-section of rock mass along the dam axis based on Lugeon values based on Ghafoori et al. (2011)
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(Rocscience 2004a, b) following Barton and Bandi’s (1990) 
nonlinear failure criteria, while the remaining parameters 
were determined in the field. The results of the analysis are 
shown in Fig. 8, and the results showed that both abutments 
of the dam site are unstable for the planar mode of failure. 
The planar mode of failure was identified in the Dips 6.0 
software by determining the pole of joint sets that fall in the 
critical zone of planar failure, as highlighted in red color 

in Fig. 8. Accordingly, some sections of the left abutment 
of the dam are unstable for a planar mode of failure due to 
joint set 2 (JS2) and joint set 3 (JS3) (Fig. 8a) and the right 
abutment due to joint set 3 (JS3) (Fig. 8b).

Further stability analysis in terms of FOS was also car-
ried out for already identified planar mode of failures using 
LEM. The analysis was carried out using RocPlane 2.0 soft-
ware (Rocscience 2004a, b) from input parameters listed in 

Fig.7  Plot of Lugeon values 
with depth for some selected 
boreholes at the (a, b, and c) at 
the left abutment, (d) central 
foundation, and (e and f) right 
abutment
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Table 5, and the results of the analysis were presented in 
Table 6. Accordingly, all the slope sections at both abut-
ments of the dam site are characterized by FOS greater than 
1 during dry conditions and less than 1 during fully saturated 
slope conditions.

Non‑structural controlled stability analysis

The stability of some sections of dam abutments that 
are constituted by highly weathered and fractured rock 
mass was conducted by considering circular or near cir-
cular mode of failure. First, the LEM stability analysis 
was performed by utilizing the GLE/Morgenstern-Price 
method using the input parameters of Table 7. The shear 
strength parameters used in this method were determined 
from Hoek–Brown failure criteria (Hammah et al. 2004) 
using RocLab software (Rocscience 2004a, b). Similarly, 
horizontal seismic acceleration (α) of the study area was 
acquired from the study conducted by Asfaw (1986). The 
analysis was conducted using Slide v6.0 software, and the 
results of the analysis were presented in Table 9 and Fig. 9. 

According to the results, both abutments of the dam site 
are unstable during saturated conditions with FOS as low 
as 0.132 and stable during dry conditions.

Moreover, the FEM stability analysis was also conducted 
in terms of SRF using  Pahse2 V8.0 software to confirm and/
or validate the results obtained using LEM. In the FEM, the 
generalized Hoek Brown failure criterion (Hammah et al. 
2004) option in  Phase2 software was used to compute a 
critical stress reduction factor (SRF). This software utilizes 
input parameters such as slope height, uniaxial compressive 
strength of intact rock (σci), unit weight of rock (γ), geologi-
cal strength index (GSI), Hoek–Brown constant parameters 
(a, mb, and s), intact rock constant (mi), disturbance factor 
(D), Young’s modulus (Erm), Poisson’s ratio (v), seismic 
load, and groundwater condition (Table 8). GSI values were 
determined from the chart provided by Marinos and Hoek 
(2000). The Hoek–Brown constant parameters and intact 
rock mass constant were determined based on Hoek et al. 
(2002) in the RocLab Software (Rocscience 2004a, b). The 
value of the disturbance factor (D) in this study was deter-
mined by Hoek et al. (2002), and the value of 0.7 was used. 

Fig.7  (continued)

Table 4  Input parameters for kinematic analysis

Slope sections Slope orientation (dip/
dip direction(o))

Discontinuity orientation (dip/dip  
direction) (o)

Friction angle Possible mode of failure

JS1 JS2 JS3

Left abutment 65/068SE 55/250 45/106 42/020 35 Planar failures (JS2 and JS3)
Right abutment 56/230SW 46/090 38/290 45/210 38 Planar failures (JS3)
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The Young’s modulus (Erm) was determined based on Hoek 
and Diederichs (2006), and a Poisson’s ratio value of 0.3 
was used based on the study by Gercek (2007). Upon the 
determination of all input parameters, the analysis was exe-
cuted, and the results were presented in Table 9 and Fig. 10. 
Likewise, for LEM, the analysis results of this method also 
showed that both abutments of the dam site are unstable 
during saturated conditions (i.e., SRF < 1) and stable during 
dry conditions (i.e., SRF > 1).

Discussions

In this section, the results obtained from discontinuity sur-
veying, the Lugeon test, and slope stability analysis will be 
discussed for a detailed evaluation of research objectives 
and recommendations for site-specific remedial measures. 
From the discontinuity survey, it was deduced that the study 
area is characterized by a complex structural system as there 
is a significant variation in the joint characteristics such as 

Fig. 8  Kinematic analyses for the planar mode of failure: (a) left abutment and (b) right abutment

Table 5  Input parameters used in RocPlane software for deterministic method analysis

where γ is the unit weight of the rock, w is waviness, ɸ is friction angle, c is cohesion,  uw is water pressure, and α is the seismic coefficient

Slope sections Joint set Geometry shear strength Forces

Slope 
angle (°)

Upper slope 
angle (°)

Failure plane 
angle (°)

Slope 
Height 
(m)

γ (t/m3) W ɸ (°) C (t/m2) uw (t/m3) α (g)

Left J2 65 15 45 30 2.337 8 35.40 2.0 1 0.01
J3 65 12 42 35 2.337 4 35.52 1.8 1 0.01

Right J3 56 12 40 26 2.337 5 37.87 1.9 1 0.01

Table 6  Factor of safety 
determined for the planar 
mode of failure under different 
anticipated conditions

Slope sections Joint set Factor of safety

Static condition Dynamic condition

Dry Moderately Fully saturated Dry Moderately Fully saturated

Left J2 1.07 0.86 0.25 1.05 0.84 0.24
J3 1.02 0.85 0.34 1.0 0.83 0.33

Right J3 1.32 1.08 0.33 1.30 1.05 0.32
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orientation, opening, spacing, and persistence. Moreover, a 
detailed analysis of orientation data showed that there exists 
a correlation between joint orientation, river flow direction, 
and leakage condition of the dam site. Hence, the analysis 

has shown that the JS1 at the left abutment and JS3 at the 
right abutment have a similar orientation parallel to the river 
flow direction (Fig. 4). Maerz and Zhou (1999) and Abay 
and Meisina (2015) have stated that joints that parallel river 

Table 7  Input parameters used 
for limit equilibrium slope 
stability analysis

Where C is Cohesion, ɸ is friction angle, γ is unit weight of rock, α is horizontal seismic acceleration, and 
HWR, MWR, and SWR represent highly weathered rhyolite, moderately weathered rhyolite, and slightly 
weathered rhyolite, respectively.

Material Parameters Slope geometry α (g)

C (MPa) ɸ (°) γ (KN/m3) Height (m) Angle (°)

Left abutment slope
Layer 1 (HWR) 0.162 25.96 21.84 80 54 0.01
Layer 2 (MWR) 0.223 28.56 24.89 80 54 0.01
Right abutment slope
Layer 1 (HWR) 0.235 30.41 21.84 85 47 0.01
Layer 2 (SWR) 0.339 34.66 24.89 85 47 0.01

Fig. 9  Some selected slope stability analysis results using the limit equilibrium method under dynamic saturated conditions at the (a) left abut-
ment and (b) right abutment

Table 8  Input parameters for 
finite element slope stability 
analysis

Where mb, s, and a are rock mass material constants, γ is unit weight of rock, Erm is the modulus of 
elasticity, v is Poisson’s ratio, α is horizontal seismic acceleration, and HWR, MWR, and SWR represent 
highly weathered rhyolite, moderately weathered rhyolite, and slightly weathered rhyolite, respectively

Rock unit Parameters Slope Geometry α (g)

Mb S a γ (KN/m3) Erm (MPa) v Height (m) Angle (°)

Left abutment slope
HWR 0.276 6.9e-6 0.276 21.84 238 0.3 80 54 0.01
MWR 0.364 1.42e-5 0.364 24.89 288.9 0.3 80 54 0.01
Right abutment slope
HWR 0.478 2.94e-5 0.526 21.84 276.9 0.3 85 47 0.01
SWR 0.703 8.106e-5 0.516 24.89 464.1 0.3 85 47 0.01
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flow direction favor leakage and infer potential seepage path 
in a dam site. Based on this study, the orientation of these 
two joint sets favors leakage in the abutment and through 
the foundation. Moreover, this analysis has also shown that 
the orientation of JS2 and JS3 at the left abutment and JS3 
at the right abutment favors structural controlled failure 
mechanisms.

The leakage of this dam site was primarily evaluated 
based on the results obtained from the Lugeon tests. Accord-
ingly, the Lugeon test results have shown that greater than 
57% of all the determined Lugeon values at the dam site 
were above 3 (Table 3) showing that there is a need for 
grouting treatment (Houlsby, 1976 and 1990; Uromeihy 
and Farrokhi, 2011). Of these percentages of Lugeon values 
above 3, about 19.04% were classified into high to very high 
permeability classes, according to Ghafoori et al. (2011). 
This indicated that a considerable amount of rock masses 
along the dam axis are intercepted by interconnected open 
joints (Fell et al. 2005). As per the work of Berhane and 
Walraevens (2013), the incorporation of such percentages of 
Lugeon values into high and very high permeability classes 
also imply a potential for excessive leakage through the rock 
masses in the dam site.

Analysis of Lugeon values with depth in terms of perme-
ability cross-section (Fig. 6) has shown variation in perme-
ability with depth between different sections of the dam site. 
For example, the left abutment is relatively more pervious 
than the right abutment of the dam site, implying a higher 
degree of fracturing and weathering at the left abutment. 
Moreover, this analysis has also revealed that the Lugeon 
values rarely show a clear trend with depth (Fig. 6), and 
hence, curtain grout depth for this section of the dam must 
be determined with great caution. In general, a detailed anal-
ysis of Lugeon values has shown a general decrement to less 
than 3 Lugeon units at depths of 40 m, 53 m, and 43 m at 
the left abutment, central foundation, and right abutment, 
respectively. This implies that all the rock masses which are 
located over the above-mentioned depths at the correspond-
ing sections of the dam site are pervious and can lead to seri-
ous leakage problems. Hence, based on Houlsby (1976 and 

1990) and Uromeihy and Farrokhi (2011), curtain grouting 
is recommended to the depths of 40 m for the left abutment, 
53 m for the central foundation, and 43 m for the right abut-
ment to control leakage.

The slope stability analysis of the dam abutments was 
also primarily evaluated based on results obtained from the 
kinematic analysis, LEM, and FEM. The kinematic analy-
sis was solely conducted for slope sections constituted by 
slightly fracture and weathered rock masses where possible 
failure only takes through structural planes. From this analy-
sis, it was deduced that both abutments of the dam are unsta-
ble only for a planar mode of failure. Furthermore, further 
stability analysis of this mode of failure using LEM-based 
Rocplane 2.0 software revealed that the saturated conditions 
have significantly lower FOS than dry conditions. According 
to Hossain (2011), Ahmadi and Eslami (2011), and Raghu-
vanshi (2019),  pore water pressure in the discontinuities 
reduces slope stability by lubricating and decreasing the 
shear strength of the discontinuities. Therefore, the lower 
FOS for rock failure in the study area during saturated condi-
tions is attributable to the water force in the discontinuities.

Moreover, the stability of highly weathered and frac-
tured sections of the dam abutments was first conducted 
using LEM and followed by FEM. The results obtained 
from both methods are in very close agreement, and 
both showed unstable slope conditions during saturation. 
Hence, this scenario illustrates that surface water and 
groundwater conditions are the major causative factors 
for slope instability in the study area. Therefore, any pro-
posed remedial measures against slope instability in the 
dam site should primarily consider the saturation condition 
into account.

Conclusion and recommendations

This study evaluated the leakage and abutment slope stabil-
ity conditions of the Arjo Didesa dam site. The dam site is 
mainly constituted by slightly to highly weathered, low to 

Table 9  Comparison of the 
factor of safety and stress 
reduction factor results 
computed by limit equilibrium 
and finite element method, 
respectively

Slope sections Conditions Limit equilibrium method Finite element method
Factor of safety Stress reduction factor

Left abutment Static dry 1.099 1.09
Static saturated 0.377 0.1
Dynamic dry 1.088 1.08
Dynamic saturated 0.367 0.1

Right abutment Static dry 1.499 1.48
Static saturated 0.683 0.52
Dynamic dry 1.474 1.47
Dynamic saturated 0.132 0.51
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medium strength rhyolite, fresh to highly weathered, and 
medium to high strength basalt. These rocks are cut by three 
dominant joint sets in which the NW–SE (JS1) on the left 
abutment and the NW–SE (JS3) on the right abutment are 
parallel to the river flow direction, thereby favoring poten-
tial leakage. From all the Lugeon tests conducted along the 
dam axis, more than 57% have Lugeon values greater than 
3 Lugeon units implying the potential for excessive leakage 
and the need for grouting to control this leakage. Moreover, 

from the percentage of Lugeon values above 3 Lu, about 
19.04% of the values have more than 10 Lu, indicating that 
a considerable amount of rock masses along the dam axis are 
affected by interconnected open joints. In general, consider-
ing the analysis of Lugeon values with depth, appropriate 
curtain grouting was recommended to the depths of about 
40 m at the left abutment, 53 m at the central part of the 
foundation, and 43 m at the right abutment to control the 
potential excessive leakage.

Fig. 10  Some selected slope stability analysis results using FEM under dynamic saturated conditions at the (a) left abutment and (b) right abut-
ment
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The stability of slope sections of dam abutments constituted 
by slightly fractured and weathered rocks was first determined 
by the kinematic method and followed by LEM. From this anal-
ysis, it was concluded that both abutments of the dam are unsta-
ble only for a planar mode of failure. Stability analysis of this 
planar mode of failure using LEM also revealed that abutments 
of the dam are unstable conditions (i.e., FOS/SRF < 1) during 
saturation. This showed that pore water pressure significantly 
contributes to the destabilization of these slopes. Moreover, sta-
bility analysis conducted using both LEM and FEM methods for 
highly weathered abutment slope sections also showed instabil-
ity for a circular mode of failure during saturated conditions 
with factor of safety (FOS) and stress reduction factor (SRF) as 
low as 0.1 and 0.132, respectively. Rock bolting and removal 
of overhanging rock mass were recommended for planar mode 
failures, while providing proper drainage holes and reducing 
slope angle were recommended for slope sections with circular 
mode failures for those potentially unstable slopes at the Arjo 
Didesa dam site.
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