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ABSTRACT. Located in the Takalar Regency of South Sulawesi Province, the Pamukkulu
Dam is planned to use a tunnel type as its diversion structure. One of the critical parts
of tunnel construction is the stability of portal slopes. This research aimed to estimate the
effect of tunnel excavation on the stability of the portal inlet and outlet slopes under static
and earthquake loads by using the finite element method. The slope stability analyses
were carried out under conditions before and after tunnel excavation. The input param-
eters used were laboratory test results in the forms of index properties and mechanical
properties taken from rock core drilling samples, complete with the rock mass quality pa-
rameters based on the Geological Strength Index (GSI) classification. The Mohr-Coulomb
failure criterion was used to model the soil strength, while the Generalized Hoek-Brown
failure criterion was used to model the rock strength. The results of rock cores analysis
using the GSI method showed that the inlet tunnel slope consisted of four types of ma-
terials: residual soil, fair quality of basalt lava, good quality of basalt lava, and excellent
quality basalt lava. Meanwhile, the outlet portal slope consisted of three types of materi-
als, namely residual soil, good quality basalt lava, and very good quality basalt lava. The
calculated horizontal seismic coefficient for the pseudo-static slope stability analysis was
0.0375. The analysis results of slope stability in the Y1 inlet section had a critical Strength
Reduction Factor (SRF) value of 2.35 in a condition before the tunnel excavation and a
critical SRF value of 2.34 after the tunnel excavation. The Y2 outlet section had a critical
SRF value of 13.27 before tunnel excavation and a critical SRF value of 5.55 after the tunnel
excavation. The earthquake load application at the Y1 inlet section showed a critical SRF
value of 2.05, both before and after the tunnel excavation. The Y2 outlet section showed
a critical SRF value of 11.49 before the tunnel excavation and a critical SRF value of 5.54
after the tunnel excavation. The numerical analysis results showed that earthquake load
reduced critical SRF values of the slopes. At the Y1 inlet section, the tunnel excavation did
not have a significant effect on slope stability. It was demonstrated by an extremely small
decrease in a critical SRF value of 0.43 % for a condition without an earthquake load and
an unchanged critical SRF in a condition with an earthquake load. At the Y2 outlet section,
the tunnel excavation had a more significant effect on the slope stability. It was exhibited
by the decrease in the critical SRF value of 58.18 % in the static condition and a decrease in
the critical SRF value of 51.78 % in the condition of earthquake load application. However,
the slope stability analyses for both sections showed that all design slopes were above the
required allowable safety factor value.
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NUMERICAL ANALYSIS OF SLOPE STABILITY DUE TO EXCAVATION OF DIVERSION TUNNEL

1 INTRODUCTION

Located in the Takalar Regency of South Su-
lawesi Province (Figure 1), the Pamukkulu Dam
is planned to use a tunnel type as its diversion
structure. The decision to select this type of
diversion channel was based on the hilly sur-
rounding morphology with its slope classifica-
tion as moderate and the consideration of time
and cost-effectiveness regarding the construc-
tion. One of the critical parts of tunnel construc-
tion is the stability of tunnel portal slopes. Balai
Besar Wilayah Sungai Pompengan Jeneberang
designed the tunnel portal slopes at the Pa-
mukkulu Dam to have a 45° inclination, 5 m
height, and 2 m length of the individual bench.

FIGURE 1. Pamukkulu Dam - Takalar Regency of
South Sulawesi Province.

This research aimed to estimate the effect of
tunnel excavation on the stability of the portal
inlet and outlet slopes under static and earth-
quake loads by using the finite element method.
The finite element method has been increas-
ingly applied in slope stability analyses due to
its power and flexibility (Hammah et al., 2004).

A numerical evaluation was needed to ver-
ify the slope design to be applied in the re-
search area. In addition, the addition of earth-

quake loads can also be modeled in the numer-
ical method so that it is expected that the slope
stability design will be effectively carried out in
the research area.

2 GEOLOGICAL SETTING

The evaluation of drill cores in this study indi-
cated that the research area comprises two main
types of lithologies, namely basalt lava and py-
roclastic breccia units. The rock units are mem-
bers of the Volcanic Rocks of Baturape – Cin-
dako (Tpbv) described in the Regional Geolog-
ical Map of Ujungpandang, Benteng, and Sin-
jai, Sulawesi Sheet produced by Sukamto and
Supriatna (1982), as shown in Figure 2. Accord-
ing to Nugroho (2020), two normal faults with
NW–SE orientations and one dextral strike-slip
fault with NE–SW orientation existed on the
northern side of the research area. However,
the locations of those three faults do not cut the
tunnel area and, therefore, were not expected to
affect the stability of tunnel portal slopes signif-
icantly.

3 METHOD

The primary data collection involved evalua-
tions of soil and rock cores obtained from the
borehole BT.02, located near the tunnel inlet,
and boreholes BH.05 and B.AD5, which were
located near the tunnel outlet, as shown in Fig-
ure 3. The drill cores were collected by Balai
Besar Wilayah Sungai Pompengan Jeneberang.
The evaluations of soil and rock cores involved
the determination of soil and rock type and en-
gineering properties. Descriptions of rock mass
quality are based on GSI (Sivakugan et al., 2013).
In addition, the quality of the rock masses con-
sisting of the slopes was determined from the
rock cores at the boreholes BT.02 and BH.05
using Equation 1, as proposed by Hoek et al.
(2013).

GSI = 1.5JCond89 +
RQD

2
(1)

where JCond89 = joint conditions of rock
cores as described in Bieniawski (1989); RQD
= rock quality designation.

The slope stability analyses were performed
at the tunnel inlet and outlet using a finite
element-based RS2 v.9.0 software developed by
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FIGURE 2. Part of Regional Geological Map of Ujungpandang, Benteng, and Sinjai, Sulawesi Sheet (Sukamto
and Supriatna, 1982).

FIGURE 3. Location of tunnel inlet and outlet slopes (BBWS Pompengan-Jeneberang, 2016).
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Rocscience, Inc, 2015. The type of analysis ap-
plied in this numerical modeling was a plane
strain. The stress analysis used was effec-
tive stress, tensile failure reduce shear strength,
and joint tension reduce joint stiffness. The
mesh type used was a graded mesh with 3-
noded triangles as the element type. The fail-
ure criterion used for the soil was the Mohr-
Coulomb, and that for the rocks was the Gen-
eralized Hoek-Brown. Slope stability analysis
under earthquake load was carried out using
the pseudo-static method following the guide-
lines of SNI 8460:2017 (BSN, 2017). The de-
sign of earthquake for the excavation and fill-
ing slopes are set based on the earthquake haz-
ard source map with a 10 % probability of ex-
ceedance in 50 years provided by the National
Earthquake Center (2017). The design of an
earthquake is equivalent to a 500-year return
period. The horizontal seismic coefficient (Kh)
was set at 0.5 of the horizontal peak accelera-
tion with the determination of the site class and
the amplification factor. The 2017 earthquake
hazard source maps produced by the National
Earthquake Center showed the research site is
located in the zone of Peak Ground Accelera-
tion (PGA) of 0.05–0.1 g. Therefore a median
of 0.075 g was taken. The site class in this re-
search was located in the bedrock (SB) follow-
ing site classification proposed by the American
Association of State Highway and Transporta-
tion (AASHTO) (2012). The site class was used
as the basis for determining the amplification
factor related to the acceleration in the bedrock
(Fgpa). The horizontal seismic coefficient that
works on the slope mass (Kh) following the
SNI 8460 is formulated in Equation 2. The al-
lowable safety values required for slope sta-
bility are critical SRF >1.3 for temporary slope
without earthquake load, critical SRF >1.5 for
permanent slope without earthquake load, and
critical SRF >1.1 for the slope with earthquake
loads.

Kh = 0.5 × Fpga × PGA (2)

where Kh = horizontal seismic coefficient;
PGA = peak ground acceleration; Fpga = ampli-
fication factor.

4 RESULTS AND DISCUSSION

4.1 Rock mass quality and material proper-
ties

The rock mass quality determination from the
rock cores indicated that the inlet portal slope
consisted of four types of materials: residual
soil, fair quality basalt lava, good quality basalt
lava, and very good quality basalt lava, as
shown in Table 1. Meanwhile, the outlet por-
tal slope consisted of three types of materials:
residual soil, good quality basalt lava, and very
good quality basalt lava, as shown in Table 2.
The material properties used in the slope stabil-
ity analyses can be seen in Table 3.

The failure criterion used for soil material
modeling was the Mohr-Coulomb with key pa-
rameters of internal friction angle (φ) and co-
hesion (c). For soil material obtained from a
direct shear test with the results as seen in Ta-
ble 3. Meanwhile, Generalized Hoek – Brown
parameters were gained from triaxial test re-
sults, which were then processed using roc-
data v.4 software, developed by Rocscience Inc.
(2013). The parameter results for the General-
ized Hoek-Brown failure criterion can be seen
in Table 4.

4.2 Earthquake
Load The earthquake hazard source map with a
10 % probability of exceedance in 50 years pro-
vided by the National Earthquake Center (2017)
showed that the PGA value at the research area
was 0.075 g. Based on the Standard Penetra-
tion Test (SPT) data, the research area was clas-
sified as bedrock (SB) and, therefore, had an
amplification factor of 1. The horizontal seis-
mic coefficient (Kh) calculated using Equation 2
was 0.0375 g. This seismic coefficient value was
used as an input parameter of the earthquake
load in the slope stability analyses.

4.3 Slope stability
The slope stability analyses were carried out
to determine the slope safety factor due to di-
version tunnel excavation. The Portal slope
at the inlet section in the tunnel was a tem-
porary structure that served as a water diver-
sion method when the dam is constructed and
closed as the dam construction is completed. In
contrast, the portal at the outlet section func-
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TABLE 1. The calculation of rock mass quality value by using GSI at inlet portal slope.

Depth (m) Lithology /
Weathering degree

Average joint
condition

RQD GSI* Rock mass quality (GSI)

0.0 – 6.0 Residual Soil 0 0 0 Very poor
6.0 – 10.0 Basalt lava / SW 18.75 41 49 Fair

10.0 – 20.0 Basalt lava / SW 25.00 65 70 Good
20.0 – 25.0 Basalt lava / SW 25.00 85 80 Very good
25.0 – 41.0 Basalt lava / SW 21.25 71 67 Baik
41.0 – 45.0 Basalt lava / SW 25.00 83 79 Very good

Note: *)GSI = 1.5JCond + RMR/2; SW = slightly weathered; RQD = rock quality designation; joint
conditions of rock cores as described in Bieniawski (1989)

TABLE 2. The calculation of rock mass quality value by using GSI at outlet portal slope.

Depth (m) Lithology /
Weathering degree

Average joint
condition

RQD GSI* Rock mass quality (GSI)

0.0 – 1.0 Reidual Soil 0 0 0 Very poor
1.0 – 15.0 Basalt lava / SW 23.92 46 59 Good

15.0 – 21.0 Basalt lava / SW 25.00 80 78 Very Good
21.0 – 53.0 Basalt lava / SW 24.06 59 65 Good
54.0 – 60.0 Basalt lava / SW 25.00 81 78 Very good

Note: *)GSI = 1.5JCond + RMR/2; SW= slightly weathered; RQD= rock quality designation; joint
conditions of rock cores as described in Bieniawski (1989)

TABLE 3. Material properties of rock cores.

No Borehole Layer / Lithology γbulk γsat E v σc c φ

Depth MN/m3 MN/m3 MPa MPa MPa °

1
BT.02 (near
tunnel
inlet)

0 – 6 Residual Soil 0.0127 0.0168 13.00 0.30 0.04 8.11
6 – 10 Basalt lava 0.0232 0.0235 4844.56 0.11 32.45

10 – 20 Basalt lava 0.0232 0.0235 4844.56 0.11 32.45
20 – 25 Basalt lava 0.0227 0.0236 12573.00 0.09 29.56 4.72 23.47
25 – 41 Basalt lava 0.0232 0.0235 4746.49 0.11 32.63
41 – 45 Basalt lava 0.0227 0.0236 26200.00 0.09 44.78

2

B.AD.5
(near
tunnel
outlet)

0 – 1 Residual Soil 0.0104 0.0151 13.00 0.30 0.04 4.38
1 – 15 Basalt lava 0.0243 0.0249 6894.18 0.11 34.40 7.62 35.45

15 – 21 Basalt lava 0.0233 0.0241 5776.21 0.10 30.01
21 – 53 Basalt lava 0.0243 0.0249 6894.18 0.11 34.40
54 – 60 Basalt lava 0.0233 0.0241 5776.21 0.10 30.01

Note: γbulk = bulk unit weight; γsat = saturated unit weight; E = Young’s modulus; v = Poisson’s ratio;
σc = uniaxial compressive strength (UCS) of intact rock; c = cohesion; φ = internal friction angle.
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TABLE 4. Generalized Hoek-Brown parameters for material modeling.

No Bor ID /
Section

Layer / Lithology GSI Rock mass
quality

mi mb s a Erm

Depth MPa MPa Mpa MPa

1
BT.02 /
Inlet
Section

0 – 6 Residual Soil 0 Very poor
6 – 10 Basalt lava 49 Fair 7.089 0.4247 0.0006 0.5061 487.6

10 – 20 Basalt lava 70 Good 7.089 1.3637 0.0129 0.5014 1635.6
20 – 25 Basalt lava 80 Very Good 7.863 2.6659 0.0551 0.5006 6000.1
25 – 41 Basalt lava 67 Good 7.089 1.3637 0.0129 0.5014 1635.6
41 – 45 Basalt lava 79 Very Good 7.863 2.6659 0.0551 0.5006 6000.1

2
B.AD.5 /
Outlet
Section

0 – 1 Residual Soil 0 Very poor
1 – 15 Basalt lava 59 Good 7.089 0.7358 0.0026 0.5031 1303.4

15 – 21 Basalt lava 78 Very Good 7.863 2.3467 0.0412 0.5007 2609.1
21 – 53 Basalt lava 65 Good 7.089 0.7358 0.0026 0.5031 1303.4
54 – 60 Basalt lava 78 Very Good 7.863 2.3467 0.0412 0.5007 2609.1

Note: GSI = Geological strength index; mi = intact rock constant; mb, s, and a = rock mass material
constants; Erm = Rockmass young’s modulus

tioned as a part of the outlet section of the in-
take structure. The slope inclination design was
45° with a ratio of 1V:1H, a vertical height of 5
m, and a bench of 2 m in length. The geometry
of the inlet slope can be seen in Figure 4.

The analysis result of slope stability due to
the effect of tunnel excavation without earth-
quake load at the Y1 inlet section area had a
critical SRF value of 2.35 in a condition before
the tunnel excavation (Figure 5) and a critical
SRF value of 2.34 after the tunnel excavation
(Figure 6). Using the same analysis, the Y2 out-
let section had a critical SRF value of 13.27 in a
condition before tunnel excavation and a criti-
cal SRF value of 5.55 after the tunnel excavation.

With an added earthquake load at the Y1 inlet
section had a critical SRF value of 2.05 both be-
fore and after the tunnel excavation, the Y2 out-
let section showed a critical SRF value of 11.49
before the tunnel excavation (Figure 5) and a
critical SRF value of 5.54 after the tunnel ex-
cavation (Figure 7). In general, the decreas-
ing percentage of critical SRF without earth-
quake load is more significant than if calculated
with earthquake load because the slope condi-
tion analysis at the static load resulted in a rel-
atively bigger critical SRF compared to analysis
with earthquake load.

At the Y1 inlet section, the tunnel excava-
tion did not have a significant effect on slope
stability. This condition was influenced by
the location of the tunnels, which is located in
good quality of basalt lava, stated by the value
of Rockmass Elastic Modulus (Erm) of 1635.60

Mpa overburden above consisted of very good
quality basalt lava with Erm value of 6000.1
MPa. The analysis results showed that the max-
imum shear strain value was located on the
slope of the tunnel portal, both before and after
excavation, which was dominated by residual
soil.

At the Y2 outlet section, the tunnel excava-
tion had a more significant effect on the slope
stability. This condition was influenced by the
location of the tunnels, which is located be-
tween good quality and very good quality of
basalt lava with Erm values of 1303,4 MPa and
2609,1 MPa. However, compared to the inlet
area, the Erm value at the outlet area was not
as good as the inlet area. The analysis results
showed that the maximum shear strain value
was located on the slope of the tunnel portal
before the tunnel excavation. After the tunnel
being excavated, the maximum shear strength
is concentrated at the tunnel area.

However, the analysis result for all parts of
the slope at the inlet and outlet areas showed a
safe condition under the provision required by
SNI 8460:2017 (BSN, 2017). The modeling result
of slope stability due to tunnel excavation at the
inlet and outlet sections, both with or without
earthquake load, can be seen in Table 5.

5 CONCLUSION

The results of rock cores analysis using the
GSI method showed that the inlet tunnel slope
consisted of four types of materials: residual
soil, fair quality of basalt lava, good quality
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FIGURE 4. Slope geometry of Y1 inlet section and Y2 outlet section area: (A) Inlet; (B) Outlet.

FIGURE 5. The analysis result of the Y1–Y1 inlet section area before the tunnel excavation.

TABLE 5. The analysis result of tunnel stability due to the effect of tunnel excavation.

No Location / Section Slope condition Critical SRF Allowable
SRF

The effect of
excavation
on SRF (%)

Before
excavation

After
excavation

1 Inlet Section Y 1 Static load 2.35 2.34 1.3 -0.43
Inlet Section Y 1 earthquake load 2.05 2.05 1.1 0.00

2 Outlet Section Y 2 static load 13.27 5.55 1.5 -58.18
Outlet Section Y 2 earthquake load 11.49 5.54 1.1 -51.78

Note: SRF= Strength reduction factor
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FIGURE 6. The analysis result of the inlet Y1-Y1 section area after the tunnel excavation.

FIGURE 7. The analysis result of the Y2-Y2 outlet section area before the tunnel excavation (earthquake load
applied).
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FIGURE 8. The analysis result of the Y2-Y2 outlet section area after the tunnel excavation (earthquake load
applied).

of basalt lava, and very good quality of basalt
lava. Meanwhile, the outlet portal slope con-
sisted of three types of materials: residual soil,
good quality basalt lava, and very good qual-
ity basalt lava. The calculated horizontal seis-
mic coefficient for the pseudo-static slope sta-
bility analysis was 0.0375. The stability anal-
yses of tunnel inlet and outlet slopes showed
that all were above the allowable safety factor
values. At the Y1 inlet section, the tunnel exca-
vation did not have a significant effect on slope
stability. It was demonstrated by an extremely
small decrease in a critical SRF value of 0.43 %
for a condition without an earthquake load and
an unchanged critical SRF value in a condition
with an earthquake load. At the Y2 outlet sec-
tion, the tunnel excavation had a more signifi-
cant effect on the slope stability. It was exhib-
ited by the decrease in the critical SRF value of
58.18 % in the static condition and a decrease in
the critical SRF value of 51.78 % in the condition
of earthquake load application.
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