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Abstract - A series of earthquakes in 2018 have ruined thousands of buildings, and affected the stability of many
infrastructures in Lombok Island. The Meninting dam, located at just a 20 km distance from the epicentre of the 5"
August earthquake, is one of the many infrastructures being constructed in the island. Unfortunately, stability prob-
lems might arise to the dam, in particular to its diversion-spillway tunnel, since the tunnel was designed by using the
Indonesian Standards SNI 1726:2012 for the estimation of earthquake forces into the design. After the earthquake
events in 2018, seismic conditions of Lombok Island changed, resulted in changing seismic parameters. Seismic forces
might shear off the friable weak volcanic rocks around the tunnel, and then consequently, the residual strength of the
rocks had to stand the tunnel construction, so its factor of safety reduced. Thus, the tunnel required some stability
improvements by adding more support instalments, including grouting and rock bolting. This is important for the
tunnel to face probable similar severe earthquakes in the future.
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INTRODUCTION ton, 1979); while the Pacific Plate that compresses
the Sunda-Banda Arc moves-westward (Katili,

Background 1989; Bock e al., 2003; Verstappen, 2010). This

A series of shallow earthquakes occurring dur-
ing July to September 2018 have ruined thousands
ofhouses and buildings in Lombok Island (Irsyam
etal.,2018; Pramono, 2018; Agustawijaya et al.,
2019). Unfortunately, Lombok Island is located
in the Nusa Tenggara region, which is one of the
most active seismic parts in Indonesia. As can be
seen in Figure 1 for the particular tectonic setting
of eastern Indonesia, the Australian Continental
Plate subducts beneath the Eurasian Plate (Hamil-

tectonic setting, therefore, exposes vulnerability
to seismic hazards for Lombok Island (Koulali
et al., 2016; Griffin and Davies, 2018), where
seismic forces may trigger the activity of the
Flores Fault just located along the north coast of
Nusa Tenggara (Pranantyo and Cummins, 2019),
as occurred in 2018 (Agustawijaya et al., 2020a).

One of many projects being constructed in
Lombok Island is the Meninting dam. The dam
had two tunnels: intake and diversion-spillway.

Indexed by: SCOPUS
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Figure 1. Tectonic patterns and plate movements of eastern Indonesia, where Lombok Island just located on the edge between

the Sunda Arc and the Banda Arc (modified from Katili,

Unfortunately, the tunnels were designed using
the old Indonesian standards SNI 1726:2012
(BSNI, 2012) for calculating their stability under
earthquakes. Although the standards have been
replaced with the SNI 1726:2019 (BSNI, 2019),
the new standards are still using earthquake data
before the 2018 events, in which the data were
up to 2016.

Agustawijaya et al. (2020b) had proposed
updated seismic data for Nusa Tenggara Region.
The proposed data show increases in seismic pa-
rameter values, which indicate particularly higher
seismic hazard vulnerability to Lombok Island.

Considering changes in seismic parameters
and uncertainty factors in designing the tunnels,
an evaluation on stability should be an important
subject to current seismic parameters, which are
different from those when the tunnels were de-
signed in 2017 (BWS, 2017).

Seismic Intensity and Hazard

A series of earthquakes in 2018 had been dev-
astating the Lombok Island and ruined thousands
of building. These earthquakes were triggered by
the Flores Fault at the backarc basin of Lombok
Island (Pranantyo and Cummins, 2019). The
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1989;

Verstappen, 2010; Koulali et al., 2016).

intensity of the events, particularly in 5" August
2018, was from MMI III to IX (Taruna, 2019).
The Meninting dam location had MMI VII (Fig-
ure 2), and it was reported that people were hard
to stand up, vehicle were shacked, most walls of
building felt down, and many buildings collapsed
(BMKG, 2018). This could mean that the site had
some collapsed area in terms of rock failures and
landslides (Irsyam et al., 2018).

Proposed probabilistic seismic hazard analysis
(PSHA) by Agustawijaya et al. (2020b) showed
that seismic sources of Lombok Island were de-
veloped by three sources: subduction, background,
and shallow fault. This probabilistic seismic haz-
ard analysis resulted in higher seismic parameter
values compared to those suggested by Irsyam
et al. (2017). The Gutenberg-Richter a- and b-
parameters, peak ground acceleration values, as
well as other spectral hazard values were higher
than those estimated in 2017. These values in-
dicate that Lombok and surrounding islands are
exposed to a higher seismic hazard than that was
predicted before the earthquake events in 2018.
Based on this analysis, after the events in 2018,
seismic hazard parameters increased about 6%
than those estimated in 2017 (Irsyam ez al., 2017).
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Figure 2. The intensity of the earthquake event in 5" August 2018 around Lombok Island, the location of Meninting dam

included into MMI VII (Modified from USGS, 2018).

The probabilistic analysis with an applied
exceedance probability of 2% in fifty years, re-
sulted in the PGA values of bed rocks were 0.6
- 0.7 g for mostly Lombok, and the highest PGA
value was (.75 g for Bayan located at the North
Lombok District, where the epicentre of the 5%
August 2018 event was located. The short seismic
spectrum Ss was in the range of 1.0 - 1.2 g, and
the north part of Lombok Island had the highest
value of 1.2 g. The long seismic spectrum S, was
in the range 0f 0.25 - 0.6 g.

Tunnel Design

The Meninting dam was designed to have two
tunnels: intake, and diversion-spillway. The intake
tunnel had a dimension 0f4.6 x 4.6 x457.15m, lo-
cated at the left flank of the dam. Two tunnel shapes
were applied depending on the position along the
tunnel: the square shape for inlet through intake
gate; while the curved shoe-shape for the rest of the
intake tunnel of 330.3 m in length. The elevation
of the tunnel base was at +167 m above the mean
sea level (MSL), and the top surface elevation of
this tunnel was at +202.0 m above the MSL.

The diversion-spillway tunnel was designed
to be of two types: Type 1 and Type 2 (Figure 3).

The type lwas a diversion tunnel, which had a
dimension of 5.20 x 5.20 x 129.5 m. The type 2
was a spillway tunnel, which had a dimension of
9.40 x 9.40 x 252.5 m. Then, the type 1 would be
connected with a 10 m transitional tunnel to the
type 2 to become a diversion-spillway tunnel. A
spillway inlet would be above the tunnel, a con-
necting shaft of' a 9.18 m diameter would then be
inclined 22° from the spillway inlet to the base
of the diversion-spillway tunnel. The position of
this tunnel was planned at the right flank of the
dam. The elevation of the tunnel base would be at
+147.8 m above the MSL, while the top surface of
the tunnel would be at +211.9 m above the MSL.

The diversion-spillway shoe-shaped tunnel,
which is similar to the typical tunnel of the Cirata
mega project reported by Harjomuljadi (2010), was
planned to have full support systems, including
wiremesh with a 0.15 m thickness of shotcrete,
steel H-beams installed with a spacing of 1 m, a
concrete lining of 0.6 m thickness, consolidation
and curtain grouts. Then, far field stresses, P on
vertical and kP on horizontal directions,were esti-
mated on each part of the tunnel: A, B, C, D, E; and
additional stresses of earthquake were estimated
working on perpendicular to tunnel axis (Figure 4).
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Figure 3. Long section of the Meninting tunnel of Typel (diversion tunnel) and Type 2 (spillway tunnel), excavated into
volcanic breccia rocks. The diversion tunnel will be connected with the spillway tunnel through transitional connecting part
to become a diversion-spillway tunnel (modified from BWS, 2017).
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Figure 4. Type 2 of diversion tunnel with stresses working
around tunnel: Crown A, Crown B, Wall C, Base D,and Base
E are parts of tunnel being analyzed. Earthquake forces are
horizontally working perpendicular to the tunnel axis, where
a is radius and r is a point distance of estimations (tunnel
design modified from BWS, 2017).

Geological Setting

Based on the geological map of Lombok
Island (Andi Mangga et al., 1994), the island
comprises Tertiary (Early Miocene) until Holo-
cene sedimentary rocks and intrusive andesitic
igneous rocks. The oldest rock formation is the
Pengulung Formation of Late Oligocene-Early
Miocene sedimentary rocks, overlain by the
Kawangan Formation of Middle Miocene sand-
stone. Both formations are located in the south
where intrusive igneous rocks of Middle Mio-
cene can also be found. The Ekas Formation of
Late Miocene limestone overlaid the Pengulung
and Kawangan Formations. In the north, young
volcanic rocks dominate the geology of the is-
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land, including the Kalipalung, Kalibabak, and
Lekopiko Formations.

The location of the Meninting dam is at Dasan
Gria, where the last three rock formations cov-
ered the area. These sedimentary rock materials
contained volcanic breccias, lava, and poor com-
pacted volcanic rock materials of agglomerates
and colluviums. Most rock materials were from
erupted rock materials of the RinjaniVolcano
(Lavigne et al., 2013).

As can be seen in Figure 3, based on the
drilling holes of B14-2 and B15-4, rocks at the
Meninting tunnel contained volcanic breccias on
the base, with lava, agglomerates, and colluviums
on the top of the tunnel (BWS, 2017).

Geological structures seem to be invisibly sig-
nificant within the area, since thick sedimentary
rocks covered the area. There were no physical
features of faults within the area. But, when con-
sidering alignments at the south part of the island,
general geological structures within the island
might follow the model of Harding and Lowell
(1979), such that the geological structure seems
to develop on a basement sinistral strike-slip fault
as the main structure in the direction of NW - SE,
then minor shear strike-slip faults developing in
the direction of SW - NE (Agustawijaya et al.,
2018). From this structural pattern, a direction
of main forces working at Lombok Island can be
drawnonN 171°E - N 351°E, and N 22 °E - N 202
E. The NE - SW could be of the main major force
direction working within the island, and it is in line
with the regional tectonic pattern of the Sunda Arc
(Katili, 1989); it might also be in a similar pattern
with that of Java Island (Agustawijaya et al., 2017).



Earthquake Forces on the Stability of the Meninting Diversion Tunnel Design
Based on Current Seismic Conditions of Lombok Island (D.S. Agustawijaya et al.)

METHODS

The Meninting dam and its tunnels have al-
ready been under construction since 2019 after a
long delay due to the Lombok Earthquake 2018.
The tunnel construction followed the New Aus-
trian Tunnelling Method (NATM) (Harjomuljadi,
2010). The support systems of the tunnels utilized
the geomechanic classification by Bieniawski
(1989), in which the geological data inputs were
based on the suggested methods by the Interna-
tional Society for Rock Mechanics (1981).

For the current stability analyses in this paper,
the estimations of rock mass strength followed
two criteria: the nonlinear Hoek-Brown (HB)
(Hoek and Brown, 1994) and linear Mohr-
Coulomb (Labuz and Zang, 2012). The HB was
initially for jointed rock materials, and then used
for rock mass, as follows (Hoek et al., 2002):

a
9
6, =6, + o, (mb_3+sj ......................... (1)

According to Equation 1, the strength of rock
masses will depend on parameters m,, s and a,
which can be obtained from the rock mass rating
(RMR) proposed by Bieniawski (1989).

For weak granular rock masses, however, the
linear Mohr-Coulomb might be modified by ap-
plying rock mass parameter R and M, as follows
(Agustawijaya, 2018):

where:
R is ratio of uniaxial compressive strength of rock
mass and intact rock (¢ /G _),
=1 + sing
1 -sing , and
¢ is friction angle.

Based on Equation 2, the rock mass strength
will linearly depend on rock mass properties and
confining stress o..

Many uncertainties are involved in estimating
rock mass strength, brought by the nature of rock

materials, testing condition, and design applica-
tion (Kulhawy et al., 2001; Prakoso and Kulhawy,
2011; Serra and Miranda, 2013). For a seismic
area, additional uncertainties will be from earth-
quake forces. When earthquake forces work on
rock, the rock is under dynamic shear conditions.
Then, the shear strength of rock depends on coef-
ficient of friction and normal force of two condi-
tions, i.e. static and dynamic (Brady and Brown,
1993). In these conditions, static stresses develop
until the acceleration of earthquake forces gets the
peak (Equation 3), and then the dynamic shear
strength (Equation 4) will have a stress drop up
to 10% from the static shear strength.

T_ = static shear strength

u, = coefficient of static friction

o =normal force

7, = dynamic shear strength

u, = coefficient of dynamic friction

Then, the estimation of stresses around the
tunnel followed the Kirsch solutions (Hoek and
Brown, 1994). Within these estimations (Equa-
tion 5), the far field stresses are P in the vertical
direction, and kP in the horizontal direction. Then,
stresses at a point (r, 6) around the tunnel will
be calculated as radial (o), tangential (c,), and
shear stresses (6,), where 0 is the angle between
the vertical and r is line from the axis point, as in
Figure 4 (Hoek and Brown, 1994):

4a*

2 4 7
6. = O5P|:(1+k)[1-a—2J+(l-k)[1+3i4-—Zj cos 20
T r T

a’ 3a* 1
c. =0.5P (l+k) l+—2 —(l—k) 1+—4 cos 20
r r
3a 2a%) . (5)
(O =0.5P —(l—k) 1——4+—2 sin 20 |-
T T

Seismic parameters applied for the tunnel
design were based on the SNI 1726:2012(BSNI,
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2012), which has been replaced with the SNI
1726:2019 (BSNI, 2019). However, data used
in the standards were those proposed by Irsyam
et al. (2017), which were before the events in
2018. Updated seismic parameters based on data
of up to 2018 have been proposed by Agustawi-
jaya et al. (2020b). Although, for seismic force
estimations, the procedures still followed the
SNI 1726:2019, and therefore, shear forces on a
horizontal direction perpendicular to the tunnel
axis are following Equation 6:

S N ©6)
R
V = shear force/earthquake force
S,s = short spectrum acceleration at 0.2 second
le = earthquake factor
R =reduction factor
W =weight
REsuLTS

Rock Mass Strength Around Tunnel

The Meninting diversion-spillway tunnel was-
mainly excavated into volcanic breccias, although
on the top of the tunnel, rocks consisted of lava,
agglomerates, and colluviums. The RMR should
be different for each rock type, and of course,
other rock material parameters should also be dif-
ferent, such as cohesion, friction, and unit weight.
As the tunnel Type 2 contained volcanic breccias,
the rock mass quality index of RQD was 65% in
average. This massive rock mass has been slightly
to medium weathered, so it had a permeability co-
efficient (k) during drilling of 5x10- cm/second.
Then, laboratory tests for uniaxial compressive
strength of rock material show a low o of 5.9
MPa for typical volcanic breccias taken from
the borehole B15-4 (BWS, 2017).These all rock
parameters resulted in an RMR of 40. According
to Hoek and Brown (1994), this poor rock mass
quality would have a stand up time for the tunnel
up to one week without any support system. The
RMR of 40, m, of 19 and confining pressures of
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0.06 MPa were, therefore, used for estimations
of rock mass strength (Equation 1).

However, as the tunnel is on the surface,
confining pressure should be limited. The MMC
parameters for the Equation 2 were a friction angle
of 35° and cohesion of 0.10 MPa, respectively.
Estimations for rock mass parameters of 6 and
M for volcanic breccias followed Agustawijaya
(2019). Therefore, rock mass strength calculations
were given for each part of the tunnel according
to Figure 4, and the results can be seen in Table 1.

Equation 1 provided low o values from 0.31
to 0.41 MPa depending on the rock position on
the tunnel. These low o values were very much
influenced by low confining pressures of 0.06
MPa. Also, a RMR of 40 did not really increase
the rock mass strength, as it should be (Priest,
1993). However, using Equation 2, the ¢, values
were in the range of 0.56 - 0.65 MPa, which are
higher than those of Equation 1. Although, c_
was low of 0.09 MPa, obtained from low o
(Agustawijaya et al., 2004; Agustawijaya, 2007),
the strength was really not sensitive to confining
pressure. The strength depended on frictional
characteristic of the rocks, i.e. friction angle and
cohesion.

Stresses Around Tunnel

Following the Kirsch solutions for stresses
around the tunnel, each part of the tunnel had a
different stress concentration working on each
part. On the boundary when the radius a equals the
distance of the point estimated r, the radial stress
o_and the shear stress o were zero, so the only
tangential stress o, had a nonzero value. When r
= a+1 m, stress values on each part of the tunnel
can be seen in Table 2.

The tangential stresses worked significantly
on the Crown B, Wall C, and Base D; shear stress
concentrations should be on the Crown B and
Base D; while, the Crown A should be tensioned,
and some heave might occur on the Base E.

Earthquake Stresses
Procedures given by the SNI 1726:2019
(BSNI, 2019) were followed to estimate earth-
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Table 1. Results of The Rock Mass Strength of The Mininting Tunnel Type 2

Parameter Crown A Crown B Wall C Base D Base E
Rock Breccia Breccia Breccia Breccia Breccia
Unit weight, y (MN/m?) 0.021 0.021 0.021 0.021 0.021
Depth of axis, H (m) 26.6 26.6 26.6 26.6 26.6
G, (MPa) 5.9 5.9 5.9 5.9 5.9
,, (MPa) 0.06 0.05 0.06 0.07 0.07
Friction angle, ¢° 35 35 35 35 35
Cohesion, ¢ (MPa) 0.10 0.10 0.10 0.10 0.10
M 3.69 3.69 3.69 3.69 3.69
c,, (MPa) 0.09 0.09 0.09 0.09 0.09
m, 19 19 19 19 19
RMR 40 40 40 40 40
o, (1), (MPa) 0.36 0.32 0.36 0.41 0.39
o, (2), (MPa) 0.59 0.56 0.59 0.65 0.63
Table 2. Stresses Working on Each Part of The Tunnel for r = a+1 m
Stress (MPa) Crown A Crown B Wall C Base D Base E
c, 0.01 0.08 0.18 0.07 0.01
o, -0.09 0.22 0.63 0.29 -0.09
G 0.00 -0.20 0.00 0.20 0.00

quake forces for the Meninting diversion-spillway
tunnel design, although, seismic parameters
proposed by Agustawijaya et al. (2020b) were
adopted for these calculations. Data of the SNI
1726:2019 and SNI 1726:2012 were, then, used
for comparison. All seismic parameters can be
seen in Table 3.

Earthquake forces working on the tunnel were
considered to be horizontally perpendicular to
the tunnel axis, and then the influence on the
tunnel depended on the position on the tunnel.
The earthquake stresses (Equation 6) on the peak
Crown A and Base E were minimum; otherwise,
on the Wall C were maximum of 0.34 MN/m?
using current proposed seismic parameters (Table
4). This value increased by 26% from the value
estimated using seismic parameters of the SNI
1726:2012, and by 18% from the value estimated
using seismic parameters of the SNI 1726:2019.

Then, the earthquake stresses increased radial
and tangential stresses working on the Crown B,
Wall C, and Base D (Table 5). Again, the Wall C
was under higher radial and tangential stresses,
such tangential stresses were up to 1.01 MPa. This
value increased 10% from designed value in 2017.
However, tangential stresses 6, decreased as the
distance r increased. This can be seen in Figure
5, the stress was less significant to influence the

Wall C when the ratio r/a>1.5. Thus, the boundary
of the Wall C would have more severe ruptures
than that along the horizontal distance .

Support Systems and Stability

The stability of the tunnel was described in
terms of a factor of safety of each part of the tun-
nel. The factor of safety (FoS) of the tunnel after
excavation and under the influence of earthquakes
was calculated in terms of a ratio between rock
mass strength and forces working around the
tunnel subject to Kirsch formulations (Hoek and
Brown, 1994).

The FoS values were estimated from the rock
mass strength estimated from Equations 1 and
2 against stresses working on each part of the
tunnel, particularly on the Crown B, Wall C, and
Base D where stresses under the influence of
earthquakes were concentrated. Under the influ-
ence of earthquakes, the stability of the tunnel
without any support system reduced significantly
down to 69%. The most deformed part of the
tunnel was the Wall C, as earthquake forces were
horizontally most working on the part.

The current seismic parameters increased the
influence of earthquake forces by 5% on the sta-
bility of the tunnel from those estimated using the
seismic parameters of the SNI 1726:2012 when
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Table 3. Seismic Parameter for Estimating Earthquake Forces

Parameter Proposed! SNI 20192 SNI 20123

PGA (g) 0.65 0.50 0.43

Sy (@ 1.08 0.90 0.80

S, (® 0.65 0.40 0.40

F, 1.0 1.00 1.00

F, 1.5 1.50 1.50

S,=Sys.F, (8 1.08 0.90 0.80

Sy =S, -Fy (@ 0.98 0.60 0.59

S,s=2/3.8,(2) 0.72 0.60 0.53

S,,=2/3.8,,(2) 0.65 0.40 0.40

T,=0.2*(S,/S,,) (sec) 0.18 0.13 0.15

T, = (S,,/S,) (sec) 0.9 0.67 0.74

Ie 1.25 1.25 1.25

1.2 1.2 1.2

PGA peak ground acceleration T = period of shaking
S, = short spectrum acceleration at 0.2 second le = earthquake factor
Sy, = long spectrum acceleration at 1 second R = reduction factor
F, = coefficient of acceleration 'Agustawijaya et al. (2020b)
F, = coeflicient of velocity 2SNI 1726:2019 (BSNI, 2019)

Table 4. Earthquake Forces Working on Each Part of
The Tunnel Based Current Proposed Seismic Parameters
Compared with Those of 2019 and 2012

2
Tunnel Part Earthquake Force V (MN/m?)

Proposed' SNI 20192 SNI 20123
Crown A 0.00 0.00 0.00
Crown B 0.24 0.20 0.18
Wall C 0.34 0.28 0.25
Base D 0.24 0.20 0.18
Base E 0.00 0.00 0.00

the tunnel was design. The increase from the SNI
1726:2012 to the SNI 1726:2019 was only 1% in
terms of the influence of seismic parameters on
the stability of the tunnel.

According to Hoek and Brown (1994), the
RMR of 40 provided stand up time for the tunnel
up to one week prior to the installation of tunnel
supports. If the FoS of <1.0 was considered, the
estimated stand up time would be too long; and it
would shorten, probably down to be twenty-five
minutes when earthquake events were considered.
Thus, supports should be immediately installed.
As the tunnel construction applied the flexible

NATM (De Farias et al., 2004), so all support
systems were consequently installed as primary
and secondary supports (Harjomuljadi, 2010).
When all tunnel supports were installed, in-
cluding wire meshed shotcrete, H-steel beams,
concrete lining of 0.6 m thickness and curtain
and consolidation grouting, the tunnel would had
a total additional strength of 10.23 MPa. This
increased the strength of rock masses around the
tunnel, particularly under influences of earth-

2.57

2.0

Ratio ¢,,/P

0.0 T T T 1
1.0 1.5 2.0 25 3.0
Ratio r/a

Figure 5. Variation in tangential stresses (c ;) on the Wall C
according to ratio r/a.

Table 5. Radial (c,) and Tangential () Stresses after Earthquakes on Particular Parts of The Tunnel. Comparison between
Estimations from Current Proposed, SNI 2019 and SNI 2012 Seismic Parameters

Stresses (MN/m?)
Tunnel Part Proposed' SNI 2019? SNI 2012°
6r 6r(') 6r Gr() Gr Grﬂ
Crown B 0.14 0.39 0.13 0.37 0.13 0.36
Wall C 0.29 1.01 0.27 0.95 0.26 0.91
Base D 0.11 0.42 0.10 0.40 0.10 0.39

'Agustawijaya et al. (2020b); 2SNI 1726:2019 (BSNI, 2019); 3SNI 1726:2012 (BSNI, 2012)
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quake stresses working as shear stresses on the
construction.

Unfortunately, the HB (Equation 1) still
provided low FoS values of below 1.5 on these
parts. However, the FoS estimated from the MMC
(Equation 2) seemed to provide more engineer-
ing sound in terms of stability, as it provided FoS
values of higher than 4.5 on the same parts of the
tunnel (Table 6).

Table 6. Factor of Safety on Each Part of The Tunnel after
The Completion of Support System Installations with
Earthquakes Forces on The Directions of ¢, and g,

Proposed’
Tunnel Part
HB/o, HB/o, MMC/os, MMC/ o,
Crown B 3.65 1.32 32.60 11.79
Wall C 1.93 0.56 15.69 4.54
Base D 6.01 1.52 43.62 11.07
'Agustawijaya et al. (2020b)
SNI 2019
Tunnel Part
HB/o, HB/s, MMC/c, MMC/qc,
Crown B 3.84 1.39 34.29 12.40
Wall C 2.06 0.60 16.73 4.84
Base D 6.32 1.60 45.88 11.65
2SNI 1726:2019 (BSNI, 2019)
SNI 20123
Tunnel Part
HB/o, HB/s, MMC/s, MMC/o,
Crown B 3.95 1.43 35.31 12.77
Wall C 2.14 0.62 17.37 5.03
Base D 6.51 1.65 47.25 12.00
3SNI 1726:2012 (BSNI, 2012)
DiscussioN

Since a number of uncertainties involved in
designing a tunnel, rock properties, size, and con-
finement have contributed into the strength of the
rock mass of the Meninting tunnel. Rock proper-
ties and size might be represented by the RMR
in this strength calculation. In addition to these,
the estimated strength seems to increase when
the confinement increases. The role of confining
pressures seems to be significant when using the
nonlinear equation (Agustawijaya, 2019).

As suggested by Eberhardt (2012), the non-
linear HB equation is dependent on the confine-
ment, in which the criterion is controlled by the
major and minor principal stresses. However, as
the Meninting tunnel was excavated into weak

rocks at shallow depths, the 6, seemed to play a
dominant role in estimating the strength of soft
rock masses, similar to that of the Mila tunnel
(Agustawijaya, 2019).

In terms of strength reduction, the 6 obtained
from the measurement of cohesion and friction
angle seems to provide more reliable results in the
estimation (Al-Awad, 2012), particularly when
the failure behaviour of the rock relies on shear
strength of the rock. However, ac__ 0 0.09 MN/
m? provided a low rock mass strength, as well as
a RMR of 40 resulted in a low rock mass strength
using the nonlinear Hoek-Brown criterion. Al-
though volcanic breccias around the tunnel do
not show any significant structural features, a
value of 40 was still too low to increase the rock
mass strength. As suggested by Priest (1993), a
rock mass that have an RMR of <63 would be
categorized into soft rock masses, otherwise, it
would increase the FoS up to 50%.

Under normal conditions, the instability of
shallow tunnels in weak rocks may not be only
caused by rock properties, but more important also
by lack of confinement causing ground subsidence
due to gravity loads. When the ratio of (3¢ -6,)/c
is higher than 0.8, the tunnel will be very hard to
support (Martin et al., 1999). For the case of the
Meninting tunnel, the ratio was 0.08. In addition
to the ratio, Martin et al. (2003) suggested that the
plastic yield zone around the tunnel would increase
when the ratio of 6_ /o was less than 0.25, as it
was above the case of Meninting tunnel of 0.13.

However, under seismic forces, the stability of
the Meninting tunnel was very much influenced
by earthquake forces, similar to that for buildings
(Kencanawati et al., 2020). The FoS of the tunnel
reduced significantly, particularly on the tangen-
tial directions of 0° on the horizontal line, 45° up
and down the horizontal line, when earthquake
forces worked on horizontal direction. The HB
strength criterion seems to have less sensitive to
the influence of earthquake forces, rather depends
on rock properties. The MMC criterion still pro-
vided the FoS above 2.5 under all seismic condi-
tions; although, the proposed seismic parameters
by Agustawijaya et al. (2020b) provided more
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reductions to the stability of the tunnel compared
to SNI 1926:2019 and SNI 1926:2019. As the
earthquake data for the SNI 1726:2019 were
adopted from Irsyam et al. (2017), they might
not yet represent seismic condition after a series
of earthquake events in 2018.

One solution of many suggestions (Hoek and
Brown, 1994) would be the improvement of the
application of grouting and rock bolting installa-
tions (Aldiamar et al., 2015). This could increase
the shear strength, leading to reduce deformation
of rock masses (Zhang et al., 2016; Agustawijaya
et al.,2020a). A rock mass-support system inter-
action analysis could, therefore, be conducted as
by Soenarso (1994) and Harjomuljadi (2010).

The most significant influence for a shallow
tunnel is 6, which in turn will depend on friction
characteristics of the rock (Stiros and Kontogi-
anni, 2009). The failure mechanism of the rock
will depend on how shear forces working on the
rock, most probably shear forces due to earth-
quake. But, the stability of a structure at shallow
depths could be subjected to ground subsidence
caused by gravity loads, thus, in general it will
depend very much on rock characteristics, then
shear, tension, and compression stresses gener-
ated by earthquakes.

The Meninting tunnel construction might be
sufficient to stand earthquake stresses, but since it
was excavated into a hill of various volcanic rock
materials, the stability of rock masses would be a
problem. On the top of the tunnel, loose bouldery
agglomerates and colluviums would have low
strength, particularly with a high coefficient of
permeability; they could easily lose their shear
strength under earthquake forces. As the events
in 2018, the surrounding area of the Miniting dam
collapsed, where many landslides occurred during
the events (Irsyam et al., 2018). Modeling shows
that the upper tunnel cross section could be more
vulnerable than the lower part, but it might due
to the PGA<0.3 g (Wen et al., 2017). Therefore,
the stability of the tunnel would not only depend
on the support systems installed to the tunnel, but
it also could depend on the stability of residual
rock mass strength around the tunnel.
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According to Brady and Brown (1993), dy-
namic shear strength (Equation 4) could drop 10%
from static shear strength (Equation 3). Research
on the Luk Barat bridge of North Lombok Re-
gency after Lombok earthquake events in 2018
(Agustawijaya et al., 2019) found that residual
shear strength of tuffaceous sandstone of the
Lekopiko Formation could drop 41% from that
before the events when the bridge was designed.
Similarly, the strength drop of the same rock
formation might occur at the Meninting tunnel.
When residual shear strength is considered to be
the strength of rock masses around the tunnel, the
FoS of the tunnel could be as low as 2.43 using the
MMC on the Wall C. Thus, the diversion-spillway
tunnel of the Mininting dam might have a stability
problem on rock masses around the tunnel due to
similar severe earthquakes in the future.

CONCLUSION

The Lombok earthquake 2018 has changed
seismic conditions of Lombok Island, and
changed seismic parameters for construction. The
Meninting dam and its diversion-spillway tunnel
were designed according to seismic parameters
before the 2018 events; they should therefore
face consequences in their construction. Current
seismic parameters of peak ground acceleration
(PGA), short and long spectrum parameters (Ss
and S,) would reduce the stability of the tunnel
by 69% soon after the construction, and stand
up time should also reduce from one week to
probably 25 minutes. Support systems should
be applied immediately; these would result in a
factor of safety of the tunnel above 2.5 under the
influence of earthquake forces, when the modified
Mohr-Coulomb criterion was applied. However,
this would not be the case for the application
of the Hoek-Brown criterion, since it depends
on rock properties and confining pressure. As,
the Meninting diversion-spillway tunnel was
constructed into volcanic breccias at the surface;
it was significantly influenced by shear forces.
When such forces were generated by earthquakes,
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the tunnel certainly required improvement in
its support systems. These could mean a lot of
additional grouting and rock bolt installations
to reduce shear failures of rock masses around
the tunnel.
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