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ABSTRACT. Cisumdawu Tunnel is located approximately 3.95 km southeast of the active
Lembang Fault. Earthquakes induced by movement of the the active the strike-slip fault
may influence stability of the twin tunnel. This paper presents results of numerical anal-
yses carried out to demonstrate effect of a worst-case scenario of earthquake load poten-
tially induced by the Lembang Fault on the stability of the Cisumdawu Tunnel. Static and
pseudo-static tunnel stability analyses were carried out at 11 observation stations of tun-
nel face mapping using RS2 finite element package (Rocscience, Inc.). In the pseudo-static
analyses, a 0.48 horizontal seismic load coefficient, which was obtained from a determin-
istic seismic hazard analysis (DSHA) based on a 6.8 maximum magnitude of estimated
earthquake sourced from the Lembang Fault using Campbell-Bozorgnia (2014) attenua-
tion relationship, was applied to the finite element models. The numerical analysis results
showed that strength factors of the rock masses around the twin tunnel were greater than
unity, both under the static and earthquake loads. The forepolling zones, however, ap-
peared to be under an overstressed condition. Reduction of rock strength factor around
the tunnel roof due to application of the earthquake load occurred at all observation sta-
tions. Total displacement contours of rock masses around the twin tunnel indicated an
increased rock mass displacement due to the earthquake load, as compared to that due
to the static load. Under the static load, the largest displacement occurred at the tunnel
inverts. The predicted roof displacements obtained from this study were in a reasonably
good agreement with those obtained from the field measurements. Number of yielded
elements and extend of shear and tension failure zones in the rock masses around the twin
tunnel also appeared to increase due to the earthquake load. Despite slight tunnel dis-
placement as predicted in the numerical analyses, the worst-case scenario of earthquake
load potentially induced by the Lembang Fault may only cause failures of the rock masses
around the Cisumdawu Tunnel. To prevent the twin tunnel displacement caused by such
relatively severe earthquake loads, however, stabilizing surrounding the relatively poor
ground condition may be necessary.
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1 INTRODUCTION Sumedang) at the STA. 12 + 628 - STA. 13 + 100
(Figure 1). Referring to the Earthquake Map
of Indonesia (National Earthquake Research
Center, 2017), the 12 m high, 15.7 m diameter
twin tunnel is located approaximately 3.95 km
- southeast of the active Lembang Fault. A num-
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The Cisumdawu Tunnel is located on the Cile-
unyi - Sumedang - Dawuan Toll Road Sec-
tion (Cisumdawu) Phase II (Rancakalong -
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(2016) based on tectonic geomorphology and
paleoseismology methods suggested the slip
rate of the strike-slip fault ranging from 2 to 6
mm/yr. National Earthquake Research Center
(2017) estimated the Lembang Fault potentially
caused a 6.8 maximum magnitude of earth-
quake. Earthquakes induced by movement of
the the active Lembang Fault may influence the
stability of the Cisumdawu Tunnel.

Numerical stability analyses of tunnels sub-
jected to earthquake loads are commonly car-
ried out using pseudo-static analysis and dy-
namic analysis approaches. In the pseudo-
static analysis approach, ground motion pa-
rameters are represented by constant horizon-
tal and/or vertical seismic (earthquake) accel-
erations and the ground deformations are im-
posed as a static load. The pseudo-static analy-
sis is relatively simple and straightforward. The
soil-underground structure interaction, how-
ever, does not include dynamic or wave prop-
agation effects (e.g., Kramer, 1996; Hashash et
al., 2001). In the pseudo-static analysis, earth-
quake load is applied by assigning a seismic
coefficient, which is dimensionless coefficient
and represents the peak earthquake accelera-
tion as a fraction of the acceleration due to grav-
ity. Peak earthquake acceleration can be deter-
mined using deterministic seismic hazard anal-
ysis (DSHA) and probabilistic seismic hazard
analysis (PSHA) (Hung et al., 2009). A DSHA
aims at finding the combination of the maxi-
mum possible earthquake magnitude and the
corresponding distance which would generate
the highest level of ground motion at a site of in-
terest. It provides a straightforward framework
for evaluation of worst-case ground motions.
However, it provides no information about the
probability or frequency of occurrence of the
controlling earthquake. The PSHA, on the other
hand, incorporates the uncertainties in source-
to-site distance, magnitude, rate of recurrence
and the variation of ground motion characteris-
tics into the analyses (Kramer, 1996, Hashash et
al., 2001; Gupta, 2002).

Several studies have been carried out to eval-
uate construction of the Cisumdawu Tunnel.
For instance, Halomoan (2018) evaluated the
engineering geological conditions and effects
of excavation method and support system on
the twin tunnel deformation. Umbara et al.
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(2019) evaluated the excavation methods of the
Cisumdawu Tunnel by numerical approach.
The Cisumdawu Tunnel was initially designed
empirically and stability analyses of the twin
tunnel under earthquake loads have never been
conducted.

This paper presents results of numerical anal-
yses carried out to demonstrate effect of a
worst-case scenario of earthquake load poten-
tially induced by the movement of the Lembang
Fault on the stability of the Cisumdawu Tunnel.
Strength factors and total displacements of rock
masses around the twin tunnel resulted from
static and pseudo-static tunnel stability anal-
yses are presented. Deformation of the twin
tunnel subjected to a seismic coefficient deter-
mined by the DSHA is highlighted.

2 METHOD

Input data for the numerical analyses were ob-
tained from core drilling during design stage
and face mapping during tunnel excavation.
Core drilling was carried out at 15 locations
along the tunnel line by the Cisumdawu Toll
Road Contractor (Metallurgical Corporation of
China, Ltd) (Figure 2). Face mapping of tun-
nel excavation was carried out at 11 obser-
vation stations (STA), namely STA. 12+658.8,
STA. 12+662.4, STA. 12+667, STA. 12+672, STA.
12+674.3, STA. 12+676.5, STA. 12+678.5, STA.
12+681.3, STA. 12+682, STA. 12+682.5 and STA.
12 684. Soil sampling for laboratory tests of the
engineering properties was conducted at every
observation stations.

The results of core drilling and face map-
ping showed that the Cisumdawu Tunnel and
its surroundings consisted of tuff breccia that
have undergone high to complete weathering
so that they were dominated by residual soil.
Core drilling records compiled by CV. Geocipta
Bangun Optima (2014 and 2016) and Geotechni-
cal Engineering Consultant (2012) showed that
the tuff breccia along the tunnel alignment had
different engineering properties so that it could
be divided into three layers, namely tuff brec-
cia 1, tuff breccia 2, and tuff breccia 3 (Figure 3).
The groundwater levels were located at depths
ranging ranges from 24.7 to 24.93 m and low-
ered during the twin tunnel construction.

Numerical analyses were performed in two
dimensions using the finite element method in
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Figure 1: Location of Cisumdawu Tunnel.
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Figure 2: Rock layer, bore hole location, and facemap data.
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Figure 3: Simplified geometry of finite element model.

RS2 software package (Rocscience, Inc.). Sim-
plified geometry of the finite element models is
shown in Figure 3. Distance between the twin
tunnels was taken from the midpoint of each
tunnel. The sides of the outer boundary con-
ditions were set at a distance of 10 times the
tunnel radius and allowed to shift vertically.
The bottom was set at a distance of 5 times the
tunnel radius and restrained in x and y direc-
tions, while the top was set at the actual ground
surface elevation and unrestrained. Stages of
tunnel excavations in the numerical analyses
followed those in the field. Properties of the
tuff breccia layers are shown in Table 1. The
shear strength parameters (cohesion and fric-
tion angle) were obtained from laboratory tri-
axial consolidated-undrained (CU) tests. Prop-
erties of the support systems provided by KSO
PT. Hi Way Indotek and JO. PT. Wahana Mi-
tra Amerta (2014) are shown in Table 2. Fore-
polling reinforcement was modeled as a com-
posite material following a method proposed
by Hoek (2000). The rock layers were assumed
to have plastic behavior, while the support sys-
tems were assumed to have elastic behavior.

A gravity type of field stress was applied as
the tunnel location was considered relatively
shallow. Because direct measurement of in situ
stresses was not carried out, the values for ver-
tical and horizontal stresses in the finite element
models were estimated. Vertical stress was au-
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tomatically calculated based on the thickness of
overburden. Meanwhile, the horizontal stress
was calculated using a stress ratio (k) calculated
using the coefficient of earth pressure at rest
(kO) by Jaky (1944). The meshes were generated
automatically where the finite element models
were divided into more than 2,200 triangular
nodes.

Since ground acceleration due to earthquake
originated from the Lembang Fault was of par-
ticular interest in this study, a deterministic
seismic hazard analysis (DSHA) was carried
out based on a 6.8 maximum magnitude of
estimated earthquake sourced from the Lem-
bang Fault using Campbell-Bozorgnia (2014) at-
tenuation relationship, following data and pro-
cedures described in National Earthquake Re-
search Center (2017). Detailed calculations of
the DSHA were described in Nugraha (2019).
The DSHA result indicated that the Cisum-
dawu Tunnel was potentially subjected to a 0.48
g horizontal ground acceleration. To investi-
gate effect of the earthquake on the twin tun-
nel stability, therefore, a 0.48 horizontal seismic
load coefficient was applied to the finite ele-
ment models, while vertical component of seis-
mic load was assumed to be small. The hori-
zontal seismic load coefficient may represent a
worst-case scenario of earthquake load applied
to the Cisumdawu Tunnel. Tunnel stability was
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Table 1: Properties of rock layers.

Layer 0% E (kPa) ¢ (kPa) ¢ (0) v Koy
(kN /m?)
Tuff breccia 1 (unsaturated) 14.1 53039.92 40.21 25.7 0.3
Tuff breccia 1 (saturated) 15.8 57074.7 40.6 27.75 0.3 0.5
Tuff breccia 2 (saturated) 16.3 58055.37 35.8 31.5 0.3
Tuff breccia 3 (saturated) 16.3 58545.7 44.13 31 0.3

Note: v= unit weight; E = Young’s modulus; ¢ = cohesion; ¢ = friction angle; v = Poisson’s ratio; Ko =

horizontal stress ratio.

inferred from the strength factor and total dis-
placement values at 11 observation stations.

3 RESULTS AND DISCUSSION

Typical strength factor contours of rock masses
around the twin tunnel subjected to static and
earthquake loads are shown in Figure 4. In gen-
eral, strength factors of the rock masses around
the twin tunnel both under the static and earth-
quake loads were greater than unity. Both un-
der static and earthquake loads, strength fac-
tors in the forepolling zones appeared to be less
than unity, indicating overstressing. Strength
factors of the rock masses around the tunnel
roofs at all observation stations are shown in Ta-
ble 3. Under the static load, the roof strength
factors ranged from 1.72 to 1.97. Under the ap-
plied earthquake load, the roof strength factors
ranged from 1.1 to 1.106. Reduced rock strength
factor around the tunnel roof due to the earth-
quake load occurred at all observation stations.

Total displacement contours of the rock
masses around the twin tunnel subjected to
static and earthquake loads indicate an in-
creased rock displacement due to earthquake
load (Figure 5). Under the static load, total
displacements of the rock masses around the
twin tunnel ranges from 0 to 0.13 m and the
largest displacement occurs at the tunnel in-
verts. Total displacement at the invert of the
right tunnel was slightly higher than that of the
left tunnel (Figure 5(a)). Under the earthquake
load, total displacements of the rock masses
ranges from 0.88 to 1.32 m. Total displacements
of the rock masses around the tunnel roofs at all
observation stations are presented in Table 3.
Under the static load, the roof displacements at
all STA ranged from 0.075 to 0.0975 m. Field
measurement data at nearby observation sta-
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tions (i.e., STA 12+649.6 to 12+654) presented
in Umbara et al. (2019) indicated that the roof
displacements were approximately 0.024 to
0.029 m. The predicted roof displacements
obtained from this study were, therefore, in
a reasonably good agreement with those ob-
tained from the field measurements. Under the
earthquake load, the roof displacements at all
observation stations ranged from 1.17 to 1.23
m. Number of yielded elements and extend
of failure zones (shear and tension) in the rock
masses around the twin tunnel also appeared
to increase due to the earthquake load. Figure 6
shows slight deformation of the twin tunnel
to the right, in response to application of the
positive horizontal seismic load. Under rel-
atively severe earthquake load, however, the
twin tunnel structural integrity appeared to be
still maintained. To prevent the twin tunnel dis-
placement in response to such relatively severe
earthquake loads, however, stabilizing sur-
rounding the relatively poor ground condition
may be necessary.

It is important to note that the seismic load
coefficient applied in this study was obtained
from a DSHA based on a 6.8 maximum mag-
nitude of estimated earthquake sourced from
the Lembang Fault. As suggested in a number
of publications (e.g., Kramer, 1996; Hashash et
al., 2001), ground motion parameters obtained
from DSHA represented a worst-case scenario
of earthquake. Furthermore, the maximum pos-
sible ground motion at a site obtained from
DSHA may not occur during life period (Gupta,
2002). Further numerical analyses incorporat-
ing a PSHA-determined earthquake load are
suggested to understand stability condition of
the Cisumdawu Tunnel under a more realistic
earthquake load.
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Figure 4: Strength factor contours at STA 12+658.8 under (a) static and (b) earthquake loads.
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Figure 5: Displacement contours at STA 12+658.8 under (a) static and (b) earthquake loads.

Journal of Applied Geology



NUMERICAL EVALUATION OF EARTHQUAKE EFFECT ON CISUMDAWU TUNNEL STABILITY

®

Figure 6: Deformed mesh and boundaries of the twin tunnel under (a) static and (b) earthquake

loads.

4 CONCLUSION AND RECOMMENDATION

Static and pseudo-static numerical analyses
were carried out at 11 observation stations of
tunnel face mapping using a finite element
method to demonstrate effect of a worst-case
scenario of earthquake load on the stability of
the Cisumdawu Tunnel. The numerical anal-
ysis results showed that strength factors of
the rock masses around the twin tunnel were
greater than unity, both under the static and
earthquake loads. The forepolling zones, how-
ever, appeared to be under an overstressed
condition. Reduction of rock strength factor
around the tunnel roof due to application of
the earthquake load occurred at all observa-
tion stations. Total displacement contours of
rock masses around the twin tunnel indicated
an increased rock mass displacement due to
the earthquake load, as compared to that due
to the static load. Under the static load, the
largest displacement occurred at the tunnel in-
verts. Total displacement at the invert of the
right tunnel was slightly higher than that of the
left tunnel. The predicted roof displacements
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obtained from this study were in a reasonably
good agreement with those obtained from the
field measurements. Number of yielded ele-
ments and extend of shear and tension failure
zones in the rock masses around the twin tunnel
also appeared to increase due to the earthquake
load.

Despite slight tunnel displacement as pre-
dicted in the numerical analyses, the worst-case
scenario of earthquake load potentially induced
by the Lembang Fault may only cause failures
of the rock masses around the Cisumdawu Tun-
nel. To prevent the twin tunnel displacement
in response to such relatively severe earthquake
loads, however, stabilizing surrounding the rel-
atively poor ground condition may be neces-
sary. Further numerical analyses incorporat-
ing a PSHA-determined earthquake load are
suggested to understand stability condition of
the Cisumdawu Tunnel under a more realistic
earthquake load.
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Table 3: Displacements and strength factors at 11 STA under static and earthquake loads.
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STA
Parameter 12+658.8 12+662.4 12+667 12+672 12+674,3 12+676.5 12+678.9 12+681.3 12+682 12+682.5 12+684
Strength Factor
Static load 1.808 1.778 1.83 1.97 1.72 1.75 1.75 1.74 1.86 1.79 1.87
Earthquake load 1.102 1.101 1.103 1.103 1.101 1.102 1.102 1.1 1.1 1.102 1.106
Total Displacement
Static load 0.086 0.075 0.075  0.084 0.083 0.09 0.088 0.098 0.09 0.098 0.097
Earthquake load 1.18 1.18 1.19 1.17 1.18 1.19 1.225 1.22 1.2 1.23 1.16
Table 2: Properties of support systems.
Type L D o t S A I E v O or Pr
m mm (°) m m m? m* kPa kPa kPa kN
Steel archrib H-150x150x7x10 - - - 06 0.003965 1.62x107> 210000000 0.3 490000 490000
Wire mesh - - - - 05 1.2566x1071 1.62x107> 210000000 0.3 400000 400000
Shotcrete - - - 025 - - - 24246500 0.2 31000 1550
Rock bolt Full Bended 5 763 - - - - 210000000 - - 488.659
Forepolling Composite 5 H@Homm Mo - 06 - - 228971929 0.3 - - -

Note: L = length; D = diameter; a = angle; t = thickness; s = spacing; A = area; I = moment inertia; E = Young’s Modulus; v = Poisson’s
ratio; 0. = compressive strength; or = tensile strength = 5-6% x UCS (Ruggeri, 2001); Pr = tensile capacity. Properties of steel arch ribs

adopted from BSN (2013).
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