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Abstract

This paper compares the analysis of a Roller Compacted Concrete (RCC) dam with and without galleries under seismic loading.
The effects of different sizes and shapes (circle, octagon and square) of gallery have also seen in the analysis. For this purpose, two-
dimensional (2D) Finite Element Model (FEM) is used for nonlinear dynamic analysis by means of finite element software,
ABAQUS. In addition, Concrete Damaged Plasticity (CDP) model is also implemented to inspect the tensile damage of the dam
during earthquake excitation. Kinta RCC dam of Malaysia is considered as a case study in analysis. From the seismic analysis, it was
found that by increasing the size of openings, stress is developed around the galleries. As a result, the gallery with circle shape is
more appropriate for the dam in comparison to gallery with square and octagon shapes. From crack propagation analysis and
displacement response, it was also found that the gallery with circle shape behaves better than the gallery with square and octagon

shaped.
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1. Introduction

The estimation of the seismic response of RCC dams under
earthquake excitation is a complex problem and several factors
play the roles in this field, such as interaction effects amongst
dam, reservoir and foundation. On the other hand, effects of
openings inside the dam body and the presence of tension
centralization around the openings cause tensile damage inside
and outside of body of dams which take away the water into the
core of the dam (Jin ef al., 2005). In addition, the hydrodynamic
pressure due to the impounded water and dam deformation under
earthquake excitations interact with each other and the significance
of hydrodynamic pressure effect on dam behavior subjected to
earthquake has been recognized. Thus, the effect of water level
under earthquake response has to consider in the nonlinear
dynamic analysis (Akkose et al., 2008; Perumalswami and Kar,
1973). (Bower, 2010; Aguiiiiga et al., 2010; Ahmad, 2007;
Akkose et al., 2008).

Skrikerud and Bachmann (1986) studied the crack propagation
of the Koyna gravity dam by using single crack model. The
results showed that there was a relationship between aggregate
forces and surface of openings. Ayari (1990) investigated the
fracture mechanics based model and discrete crack closure

model for Koyna dam under dynamic loading in transient
condition.

Guanglun ef al. (2000) proposed a mathematical model based
on the nonlinear crack band theory to investigate the dynamic
fracture behavior of gravity dams in two-dimensional FEM.
Also, they presented the finite element remesh for the front
cracks via shifting the element edge couples of cracks in
direction of the tensile stresses. The smeared crack model was
used to inspect the nonlinear dynamic response of dams
considering reservoir water effect under earthquake excitations
(Arash Mazloumi et al., 2012; Ayari, 1990). Zhu and Pekau
(2007) employed and adopted the Incremental Displacement
Constraint Equations (IDCE) model along the crack to consider
the behavior of dynamic contact states in the cracks. The
damping model of IDCE was validated in dynamic contact
conditions for flexible and rigid bodies. The obtained results
revealed very attractive occurrences such as peak rocking
direction, jumping and large damping effect of multi cracks on
the peak residual sliding. Researchers have also discussed about
seismic behavior of dams by implementation of two-dimensional
finite element modeling, such as Calayir and Karaton (2005),
Yuchuan et al. (2009), Akkose and Simsek (2010), Jiang and Du
(2012), Mazloumi et al. (2012), Zhang et al. (2013), Paggi et al
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(2013) and others. However, the effects of opening on dams have
been neglected in the above studies.

The researchers have carried out seismic analyses of concrete
gravity dams, but the effect of galleries is ignored. Shirkande and
Dawari (2011), however have considered three models of
galleries on a typical concrete gravity dam body. The study was
about the effect of size and shape variations of huge galleries
without considering the hydrodynamic pressure effect of the
reservoir water on the dam. Currently there is a need to pay more
attentions to gallery effects in the analysis of Roller Compacted
Concrete (RCC) dams under dynamic loadings, including the
hydrodynamic pressure. The construction of concrete gravity
dams and RCC dams are highly dissimilar. In this research, the
galleries effect on tensile damage is inspected on RCC dams,
when their shape and size is changed. The hydrodynamic pressure
effect of reservoir water on dam is also taken into account. The
effects of hydrodynamic pressure and galleries on RCC dams
under earthquake ground motions will also help in assessing the
actual nonlinear dynamic behavior and tensile damage response
of the dam. This paper attempts to focus on the gallery’s shape
and size effects on RCC dams by considering of the opening
inside the dam body under earthquake excitation. Meantime,
dam-reservoir interaction with fixed foundation is implemented,
therefore, through this study the dam is fixed at its base level. No
sediment effect has been established for model. Kinta RCC dam
which is located in Malaysia with 81.8 m height and 63.5 m
width is chosen as a case study.

2. Kinta Rcc Dam and Galleries

The Kinta dam is the first Roller Compacted Concrete (RCC)
dam which is located in Malaysia, in the province of Ipoh. The
location of opening inside the Kinta RCC dam body is illustrated
in Fig. 1 (Board of Engineers Malaysia (BEM), 2006).The shape
and size of openings will vary in this study based on this figure.

Typical geometry of the Kinta RCC dam including reservoir
water is elaborated in Fig. 2. In design of the large dams, the
openings are not considered unless the maximum cross-sectional
dimension of the gallery ‘d’ is either > 6 m or concrete cover
anywhere around < d (IS 12966-2, 1990).

In this case study, the selected size and shape of galleries is
defined as Table 1. The different sizes of square, octagon and
circle, defined in Table 1, are considered to evaluate the seismic
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Fig. 2. Geometry of the Dam and Reservoir Water

analysis of the dam and can be categorized into following
systems:

(a) Dam without gallery (System 1)

(b) Dam with small size gallery includes square and octagon

shape (System 2)
(c) Dam with large size gallery includes circle, square and
octagon shape (System 3)

The modeling of the above systems is carried out using finite
element software, ABAQUS (version 6.10). This software is
used for different nonlinear static and dynamic analysis such as
water wave and seismic loadings (M.A. Lotfollahi Yaghin and
Hesari, 2008).

Table 1. The Size and Shape of Openings

Gallery Square Square Octagon Octagon Circle
B B B B
Shape A A Octagon A Octagon .
A=25 A=6.5
Size(m) B=2.5 B=6.5 D=65
C=1.18 C=3.06
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Table 2. Number of Nodes and Elements for Finite Element Dis-

cretization

Block No. of Nodes | No. of Elements
Dam Without Gallery 609 560
Dam with Small Square Shaped 747 677
Dam with Large Square Shaped 778 694
Dam with Small Octagon Shaped 898 820
Dam with Large Octagon Shaped 900 825
Dam with Large Circle Shaped 1182 1095
Reservoir Water 551 504

3. Finite Element modeling of the Dam and Res-
ervoir

A typical section of the Kinta RCC dam with the reservoir has
been shown in Fig. 2. The number of nodes and elements for
modeling of the systems with different size and shape of the
galleries are given in Table 2.

A piece of the deepest section is used for finite element
discretization. The specified elements for discretization of the
dam-reservoir are mentioned as below:

a) CPS4R: Four node bilinear plane stress quadrilateral finite
elements, reduced integration and hourglass control to repre-
sent the dam body.

b) AC2D4: Four node linear two-dimensional acoustic quadri-
lateral finite elements to represent the reservoir water.

The finite element discretization of the dam section and
reservoir is carried out as shown in Figs. 3 and 4 respectively.
The mesh of the dam body is generated in such a way to simulate
the construction phase. The RCC dams are made by concrete and
it is defined as a composite material which undergoes major
strain softening (J.GM., 1997). FE modeling of this behavior of
the concrete materials may engage the matter of mesh sensitivity.
To solve this difficulty, many solutions have been offered. One of
the solutions is Concrete Damaged Plasticity (CDP) model
which provide a general capability for the analysis of concrete
structures under cyclic and/or dynamic loading. The major
failure mechanisms in the dam body are crushing in compression
and cracking in tension. The brittle behavior of concrete vanishes
while the limited pressure is sufficient to avoid crack propagation.
In these conditions, failure is driven by the stabilization and
collapse of the concrete microporous microstructure lead to a
macroscopic response which resembles the ductile material with
work hardening (Abaqus Inc., 2010).

4. Equation of the Coupled Dam-reservoir Inter-
action

The system of dam-reservoir acts as a couple system under
seismic analysis, thus the equations below can be represented as
a comprehensive equation of the dam-reservoir interaction which
includes two differential equations of the second order (Ghaemian,
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Fig. 3. Finite Element Discetization of Kinta Dam by ConS|der|ng

the Galleries: (a) No Gallery (b) Small Square (c) Small Octa-
gon, (d) Large Circle, (e) Large Square, (f) Large Octagon

Fig. 4. Finite Element Discretization of the Reservoir Water

2000):
[MI{U} +[CI{ U+ [KI{U} = {£,} - [MI{ U} +[Q1{p} )
={F}+[0l{pr}
[GU{p}+{C"}H{p}+[K'{p} = {F}—plO1 { UL +{U}) )

= {F,}-p[01{U}

In Eq. (1) and (2), M, C and K represents mass, damping and
stiffness of the dam and G, C’ and K' are mass, damping and
stiffness of reservoir water, respectively.The [Q] is the coupling
matrix, {f;} is the body force vector and hydrostatic force, { F'}
is the force vector, {U} and {p} are the displacements and
hydrodynamic pressures vectors. The {U,} is the earthquake
acceleration and p is the water density of reservoir.The dot is
representative of the time derivative.

5. Concrete Damaged Plasticity (CDP)

The linear assumption may not suitable for seismic analysis of
the RCC dams (Zhang and Wang, 2013). In order to explain the
complicated mechanical response of the concrete materials under
seismic excitations, many constitutive approaches have been
proposed including damage model, anisotropic damage and
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isotropic damage model. A fundamental constitutive model
proposed (Lubliner ef al., 1989) and modified (J and GL, 1998).
The method explaining the nonlinear behavior of each combinatorial
material in a multiphase composite material is generally used in
the cracking analysis for concrete dams. This model factorizes
the uniaxial strength functions into two divisions to stand for the
permanent degradation of stiffness and deformation. The model
assumes two major failure mechanisms for concrete materials,
the first for cracking and the second one for crushing in tension
and compression, respectively.

In the incremental theory of plasticity the strain tensor (&) is
divided into two parts including the elastic strain (&) and plastic
strain (&”) in which for the linear elasticity can be written as:

e=&+¢ 3)

The variables {&°, &, k} are assumed to be identified at time
(t). With mentioned information, for stress tensor the following
can be obtained:

o=(-dyo=(1-d)E,(e—&") and d = d(k) @)

In which d is the scalar stiffness degradation variable which
can be in the range of 0 (undamaged) to 1 (fully damaged); £, is
the undamaged elastic stiffness for concrete material. The failure
mechanism of the material associated with the damage, thus,
reduction of the elastic stiffness that supposed a function of the
internal variable {k} including of the compressive and tensile
variables, namely & = (k,, k.) . Function of damages consisting
tension (d,) and compression (d,) which are nonlinear functions
computed by uniaxial response in compression with practical
data. Hence, the effective stress is determined as:

— = E\(e-¢") )

5_ O
1-d

6. Material Propertiesand Loading Parameters

Three different types of materials are considered in the nonlinear
dynamic analysis for the RCC dam body, CVC facing and CVC
foundation. The isotropic material properties of the model in the
nonlinear analysis are demonstrated in Table 3 (GHD, 2002).

The necessary parameters of the reservoir water includes Bulk
modulus (K) and mass density which is considered as 2107 MPa
(p,) and 1000 kg/m’respectively.

Table 3. Material Properties of the Dam

Material properties RCC CViCrl-;ac- CVdCa;i(;lun-
Young modulus (N/m?) 0.23E+11| 0.32E+11 | 0.23E+11
Poisson ratio v 0.2 0.2 0.2
Mass density p 2386 2352 2325
Compressive strength (Mpa) 20 40 20
Tensile strength (Mpa) 2 4 2
Dynamic Tensile strength (Mpa) 2.5 5 2.5
Allowable tensile strength (Mpa) 32 6.25 32
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6.1 Hydrodynamic Pressure

In general, the reservoir hydrodynamic pressure in the preserved
water is governed by the 2-D wave equation which is subjected
to boundary conditions at: (1) the absorptive reservoir bottom (2)
The free surface of the reservoir and (3) the upstream side of the
dam (Fenves and Chopra, 1983). In this paper, the hydrodynamic
pressure is modeled and subjected to aforementioned boundary
conditions by means of the modeled water in the finite element
software to assess the actual behavior of the dam under nonlinear
time history analysis.

6.2 Seismic Loading

The Kinta RCC dam has been subjected to the transverse and
vertical acceleration of the Koyna earthquake occurred in India
on December, 1967, as plotted in Fig. 5(a) and (b) (Omidi et al,
2013) as well as response spectra (Fig. 5(c)). Therefore, in order
to investigate the effect of earthquake accelerations on the dam,
the transverse and vertical components are applied at the base of
the dam and nonlinear time history seismic analysis has been
carried out.

Damping is extraordinarily vital in dynamic analysis of dams
to reproduce factual behaviors. In present study the nonlinear
seismic analysis is conducted deliberating the damping of 5%.
As a result, the natural frequencies @, and @, with values of
9.571 and 51.238 rad/sec is obtained according to the first and
last modes of vibrations. This approach leads the values to be o
=0.806 and £=0.00164 (Chopra, 2001). The « and fvalues are
considered for nonlinear dynamic analysis.

7. Results and Discussions

The dam-reservoir has been subjected to the Koyna earthquake
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Fig. 5. Components of the Koyna Excitations: (a) Transverse Acceler-
ation, (b) Vertical Acceleration, (c) Response Spectra
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by considering of the galleries effects on the dam in three
systems under nonlinear dynamic analysis. The topmost node
(crest node) of the dam at upstream face is selected to consider
horizontal displacement of the RCC dam body with considering
different size and shape of the galleries, given in Table 1. The
location of said node is shown in Fig. 2 too.

7.1 Displacement Analysis

The horizontal time history displacement in case of without
gallery (system 1) and under different size of the small galleries
(system 2) of the dam crest is plotted in Fig. 6.

From Fig. 6, it can be seen that, the gallery with square shape
has less displacement in comparison to octagon shape for system
2. The maximum displacements values from Fig. 6 are found to
be 2.88 cm and 3.18 cm for small square and small octagon
shaped respectively. Also from this figure it can be seen that the
gallery sizes have a significant direct effect on the dam in related
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to the displacement of the dam crest. The displacement value has
been increased by approximately 80% from 2.88 cm to 5.2 cm
for the small square and large square shaped. This amount is also
observable for small and large octagon shaped, which has been
increased by about 38% from 3.18 ¢cm to 4.4 cm. Thus, when the
size of galleries is increase, the displacements of the dam crest
also increases. To investigate the effect of different shape of
gallery on displacement values of the dam crest, three large
galleries (system 3) including circle, square and octagon shaped
are selected from Table 1. Based on above figure, it can found
that the Kinta RCC dam with large circle shape has 4.17 cm
displacement at the crest. However by changing the shape of the
gallery to square and octagon, this amount varies to 5.2 cm and
4.4 cm respectively. These results show that the shape of the
gallery also affect the dam crest displacement under seismic
loadings.

Table 4 indicates the peak relative horizontal and vertical
displacements of the Kinta RCC dam under earthquake excitation
for effects of openings.

7.2 Stress Analysis
The maximum and minimum principal stress of the dam has to be
carefully investigated. In particular, when the size and shape effects of

Table 4. Peak Horizontal Displacement of the Dam by Consider-
ing Gallery Effect

1 2 3
Syst
ysiem No Gallery| Square |Octagon| Circle | Square |Octagon
Dis. | Hor. 3.15 2.86 3.18 417 5.20 4.40
(em) [ Ver. 1.17 085 | 1.19 | 1.61 | 222 | L75

S, Max. Principal
(avg: 75%)

+1.62%e+
+1.5550+406
+1.4910+
+1.407e+
+1.333e+
+1.25%e+
- +1.185e+!
+1.111e+
+1.037+06
+9.6268+0!
+8.855e+0!
+8.145e+05
+7.404e+05
+6.664e+05
+5.9240+05
+5.1820+0!
44 4430
+3.702e+
+2.962e+
+2.221e+
+1.481e+

S, Max. Principal
(Awg: 75%)

+1.3310+06
+1.270e+06
+1.210e+06
+1.149e+06
+1.089€+06
+1.028e+06

4967

BS4e+
363

()

Fig. 7. Maximum Principal Stresses in Dam with and without Gallery: (a) No Gallery, (b) Small Square, (c) Small Octagon, (d) Large Cir-

cle, (e) Large Square, (f) Large Octagon
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the openings are taken into account, these stresses are significantly
visible on the dam and must be specifically inspected.

7.2.1 Stress Distribution around Galleries

The stresses in whole RCC dam body are also investigated by
means of contour lines. Fig. 7 displays the distribution of the
maximum principal stresses for entire RCC dam body under
earthquake excitation by taking water hydrodynamic pressure
into account. From Fig. 7, it can be observed that the stresses
around large openings are tangible compared with small
openings and without opening. Also, the distribution of the
maximum principal stresses around large openings shows that in
the square shaped the stresses are lesser than circle and octagon
shaped especially around top openings and right side openings for
system 3. These descriptions are indicated in part (d), (¢) and (f).

The gallery effects in case of the minimum principal stresses
on the Kinta RCC dam under seismic loading are depicted in
contour lines in Fig. 8. The minimum stress value for dam
without gallery is -3.014 Mpa. This amount is decreased in
system 2 with existence of two small square and octagon shaped
to -3.321 Mpa and -3.524 Mpa respectively. While the size of
galleries is increased, the aforesaid values are rapidly reduced to
-8.144 Mpa, -6.355 Mpa and -5.127 Mpa for circle, square and
octagon shaped by 170%, 111% and 70% respectively. However,
the stresses around gallery with circle shape has lesser compared
to two other cases in system 3 as shown in Fig. 8§(d) given by
colors in contour lines.

7.2.2 Stress Concentrations around Galleries
Time history analysis of maximum and minimum stresses

5, Min. Principal
(Avg: 75%)

S, Min. Principal

5, Min, Principal
5, Min. Principal (Awg: 75%)
(Avg: 75%) +0.000¢+00
+0.000e+00 -2.88%e+0%
-3.702e+05 -5.778e+03
-7.403e+05 -B.6668+05
-1.110e+06 -1.156e+06
- ag s+gg =1.444a+0
-1.8518+ -
2.221e+06 a3l
-2.591e+06 -2.311e+
-2.600e+
-2.88%
-3.178e+
-3.467e+
=3.7558+
4043
-4.333e+
4,622 +!
-4.911e4
- .2928!
-5.778e+06
-6.066e+06
-6.355e+06

around galleries is illustrated in Fig. 9 for system 2 and 3 under
Koyna earthquake. As depicted in this figure, stress around
galleries increases when large galleries are taken into account in
system 3. In addition, amongst three different shapes of galleries
in system 3, it can be concluded that the gallery with octagon and
square shapes have highest stress values around themselves.

7.3 Tensile Damage and Crack Pattern in RCC Dam Body

Based on the uniqueness of the cracking development in
various dams, the damage propagation of the Kinta RCC dam is
inspected in different conditions with and without effect of
galleries. The starting point of the cracking is formed from the
lowest element at heel region in upstream face and it propagates
toward downstream side. By reaching to the peak acceleration of

——— Small Square

Small Octagon

Large Circle
——— Large Square
weeeo Large Octagon

——— Small Square

e Smiall Octagon

Large Circle

Large Square

a5 ‘ seeeeees Large Octagon
(b)
Fig. 9. Stress Concentration around the Galleries under Koyna
Excitations: (a) Maximum Stress, (b) Minimum Stress
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(Avg: 75%)
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1646

S, Min. Principal
(Avg: 75%)

(d)
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Fig. 8. Minimum Principal Stresses in Dam with and without Gallery: (a) No Gallery, (b) Small Square, (c) Small Octagon, (d) Large Circle,

(e) Large Square, (f) Large Octagon
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Fig. 10. Tensile Damage Response of the Dam with and without Gal-

lery: (@) No Gallery, (b) Small Square, (c) Small Octagon,
(d) Large Circle, (e) Large Square, (f) Large Octagon

(d)

the Koyna earthquake and by considering the effect of hydrodynamic
pressure due to the reservoir water, the middle zone of the RCC
dam in upstream face absorbs some damages as well. The tensile
damage response of the dam with and without gallery is shown
in Fig. 10.

With considering small galleries, the cracking pattern is varied
and the dam is suffered at the place of openings too. This
phenomenon is determined in part (b) and (c). By enlarging the
size of galleries, the crack propagations are expanded to verge of
the downstream face. In general, when the cracking starts its
propagation from upstream face, this opens pores to water flow
and cause damage of the dam. In system 3, the cracking around
circle shaped and octagon shaped is observed more than square
shaped in upstream face especially in place of the upper galleries
in three cases as illustrated in part (d), (e) and (f). This event is
dependent on the tensile stresses of the dam due to the
hydrodynamic pressure and galleries shape under dynamic
analysis.

8. Generalization

To generalize the results of the nonlinear dynamic analysis of
the Kinta RCC dam under Koyna earthquake, two more earthquake
excitations are considered and the outcomes are plotted in below
figures. For this aim, the excitations of the Altadena and Petrolia
are applied to the dam. The results are given in terms of the crest
displacement, stress concentration around galleries and the crack
propagations. Fig. 11 shows the component of two mentioned
earthquakes.

8.1 Displacement Analysis
Time history horizontal displacements of the dam crest for the

dam models under two mentioned earthquake excitations are

Vol. 20, No. 1 /January 2016
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Fig. 12. Time History Displacement Response of the Dam under
Selected Motions: (a) Altadena, (b) Petrolia

separately shown in Fig. 12.

From Fig. 12(a) it can be observed that, the maximum horizontal
displacement of dam crest for dam without gallery is 3.42 cm in
downstream direction. For system 2, there is 7.6% and 3%
increase of displacement with 3.68 cm and 3.52 cm for small
square and small octagon gallery respectively. These percentages
of difference for system 2 relative to system 1 can be neglected.
However, the percentages of variations for system 3 compared to
system 1 are remarkable and have to be taken into account.
Presence of large gallery inside the dam body causes the crest
displacement of 8.1 cm, 6.81 cm and 6.95 cm for dam with large
square, circle and octagon shape respectively. These amounts
gives 137%, 99% and 103% difference compare to the case
when no gallery is considered. By comparing the displacement
values in system 3, it is found that the dam with large circle has
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Table 5. Peak horizontal Displacement (cm) of the Dam Considering Gallery Effect

1 2 3
Syst
ysiem No Gallery Square Octagon Square Circle Octagon
Altadena Response 3.42 3.68 3.52 8.1 6.81 6.95
Petrolia Response 3.89 431 423 7.43 6.81 7.03

5, Max, Principal

5, Max. Principal

(Avg: 75%)
+2.0690+06
+1.975e+06

S, Min. Principal
(Avg: 75%)

5, Min. Principal
(awg: 75%)

7570404
0.000e+00

5, Min. Principal
(Awg: 75%)

5, Min, Principal

S, Min. Principal (Avg: 75%)

(Avg: 75%)

(k)

-7.0508+06

0]

Fig. 13. Maximum and Minimum Principal Stresses in Dam with and without Gallery under Altadena Excitations: (a) No Gallery, (b) Small
Square, (c) Small Octagon, (d) Large Circle, (e) Large Square, (f) Large Octagon, (g) No Gallery, (h) Small Square, (i) Small Octa-

gon, (j) Large Circle, (k) Large Square, (I) Large Octagon

minimum displacement relative to large square and octagon
shape. In contrast, existence of the large square causes maximum
displacement.

From Fig. 12(b) similar results can be obtained for Petrolia
earthquake in terms of displacement response. Considering
behavior of the Kinta RCC dam under Petrolia excitations
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illustrates again that, the maximum displacements of the dam
crest in system 2 and 3 belong to the gallery with square shape.
In system 2 the displacement of the dam crest with square shape
is 431 cm. This value gives approximately 11% increase of
displacement compared with system 1 by 3.89 cm movement in
positive (downstream) direction. Likewise, a difference of 91%
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for crest displacement occurred compared to system 1, when the
dam with large square is considered. In contrast, the minimum
crest displacement in system 3 is experienced by the dam with
circle shape (6.82 cm), whereas, this amount is 7.03 cm for the
dam with octagon shape. The tabular values of the dam crest
displacement are shown in Table 5 for two different aforesaid
earthquakes motions.

8.2 Stress Distribution around Galleries

The stress distribution contours in three different systems
under two different earthquakes are shown in Fig. 13 and 14. The
maximum stress developments of the dam body are demonstrated
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in Fig. 13(a) to 13(f). The contour lines show that, when small
and large galleries are taken into account, the position and values
of maximum stresses vary compared to the dam without gallery.
In addition, existence of the gallery causes stress around galleries.
In system 2 and 3, the maximum stresses are experienced by the
dam with presence of square shaped gallery with value of 2.07
Mpa and 1.81 Mpa and it increases by 34.4% and 17.5%
respectively, compared to the dam without gallery. Also, Fig.
13(g) to 13(1) indicates the minimum stresses. Consideration of
the gallery effects shows that the circle shape has less stress
concentration around the gallery in comparison to square and
octagon shapes in system 3. The maximum stress is absorbed by
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Fig. 14. Maximum and Minimum Principal Stresses in Dam with and without Gallery under Petrolia Excitations: (a) No Gallery, (b) Small
Square, (c) Small Octagon, (d) Large Circle, (e) Large Square, (f) Large Octagon, (g) No Gallery, (h) Small Square, (i) Small Octa-

gon, (j) Large Circle, (k) Large Square, (I) Large Octagon
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gallery with square shape.

Figure 14(a) to 14(f) show the maximum principal stresses.
Again, the presence of galleries proves that the stresses are
dragged toward galleries. As shown in Fig. 14(e), the most stress
distribution is occurred around gallery with square shape at the
bottom zones compared to the galleries with circle and octagon
shape. This phenomenon can also be observed for minimum
principal stresses given in Fig. 14(g) to 14(1). Considering the
dam in these figures for small galleries in system 2, shows more
stress concentration around square shaped gallery compared to
octagon shape. The presence of large gallery encourages this
consequence. The value of the minimum stress for dam with
square shape and octagon shape is -7.88 Mpa and -7.37 Mpa.
These values show a difference of 56.7% and 46.5% relative to
the dam without gallery with minimum stress value of -5.03
Mpa. Conversely, the dam experiences less stresses around the
circle shape in comparison to other cases in system 3.

8.3 Stress Concentrations around Galleries

Inspection of maximum and minimum stress time histories
around galleries for system 2 and system 3 are shown in Fig. 15
and 16 under Altadena and Petrolia earthquakes respectively.
The size and shape effects of the galleries can clearly noticed in
these figures. Increase in gallery size in system 3, causes
significant stresses around them in compare to system 2. The
galleries with various shapes have different responses and
behavior in case of stress attraction around galleries in system 2
and 3. However, the maximum and minimum stress concentration
values around galleries are almost near to each other in system 3.
Investigation of the shape effect under general responses during
time history analysis shows that galleries with octagon and
square shapes attract highest stresses around themselves in most
cases.

8.4 Tensile Damage and Crack Pattern in RCC Dam Body
Figure 17 depicts the crack pattern under Altadena excitations.

—— Small Square
s Small Octagon

Large Circle

Large Square

weeeee Large Octagon

——— Small Square
= Small Octagon

Large Circle

Large Square

wonnees Large Octagon

(b)

Fig. 15. Stress Concentration around the Galleries under Altadena
Excitations: (a) Maximum Stress, (b) Minimum Stress
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Small Square
m— Small Octagon

Large Circle

Large Square

Large Octagon

——— Small Square
s Small Octagon

Large Circle

Large Square

- Large Octagon
(b)

Fig. 16. Stress Concentration around the Galleries under Petrolia
Excitations: (a) Maximum Stress, (b) Minimum Stress

As shown in Fig. 17(a), cracks appeared at the heel and
downstream zones for the dam without gallery. However, the
dam with small square and octagon shape (Fig. 17(b) and Fig.
17(c)) experiences cracks almost at same locations, but it suffers
some damages around the left bottom openings for both cases in
system 2. From Fig. 17(d) to Fig. 17(f) the effect of large
galleries is apparent, where the location of cracks is totally
changed with more intensity at upstream face. Amongst various
shape of galleries in system 3, although, it seems that the dam
with circle and octagon shape have less level of damage, but
considering the right bottom gallery in both condition, shows
less cracking for circle form compared to the octagon shape. Fig.
17(e) illustrates severity of damage level of dam with large
square shape gallery.

The damage responses of the Kinta RCC dam under Petrolia

(d) () 0]

Fig. 17. Tensile Damage Response of the Dam with and without
Gallery under Altadena Earthquake: (a) No Gallery, (b) Small
Square, (c) Small Octagon, (d) Large Circle, (e) Large
Square, (f) Large Octagon
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(b)

(d) () [§3]

Fig. 18. Tensile Damage Response of the Dam with and without
Gallery under Petrolia Earthquake: (a) No Gallery, (b)
Small Square, (c) Small Octagon, (d) Large Circle, (e)
Large Square, (f) Large Octagon

excitations are demonstrated in Fig. 18. Comparison of the
different shape and size of galleries shows the noticeable effect
of galleries. From Fig. 18(b) and Fig. 18(c) the crack propagation
of the middle area at the upstream side caused by galleries is
observable, whereas, the dam without gallery has no crack in this
region. Fig. 18(d) to Fig. 18(f) shows the intensity of crack for
the dam with circle, square and octagon shapes. As illustrated in
figures, the maximum and the minimum cracking is occurred for
square and circle shapes respectively.

9. Conclusions

The nonlinear time history displacement, stress analysis and
damage response of the Kinta RCC dam has been inspected by
considering the effect of galleries divided into three systems on
the basis of different sizes and shapes. The hydrodynamic pressure
due to reservoir water has been imposed to the dam. For this
purpose, 2-D finite element discretization has been performed by
means of finite element software, ABAQUS. To generalize the
conclusions, two more earthquakes are applied to the dam. From
the obtained results, following points are drawn:

1. Displacements of the dam crest with existence of large gal-
leries (system 3) are 65%-80% larger than that with small
galleries (system 2) and without gallery (system 1) under
Koyna earthquake. Crest displacement under Altadena and
Petrolia earthquakes increases by 120%-137% and 72%-
91% respectively.

2.Presence of galleries changes the position of maximum
stress contours. It attracts the stresses around galleries.

3. Minimum principal stresses of the dam heel zone in system
3 are approximately 19%, 48%, 100% and 25% higher than

Vol. 20, No. 1/ January 2016

system land about 37%, 43%, 75% and 13% more than
stresses in system 2 under Koyna, Altadena, Petrolia and
Pomona earthquake respectively.

4. Generalization of the results indicates that the dam with
large circular gallery has minimum stresses around the gal-
lery in comparison to the dam with large square and octagon
shape in system 3.

5. Minimum stress distributions inside the dam body are sig-
nificantly increased when the large openings are taken into
account.

6. Cracking pattern and its propagations is changed when the
small and large galleries are considered in the analysis.

7. Based on the damage response, the circular gallery experi-
ences lesser damage around itself compared to other two
cases in system 3.

In general, from above discussions it can be concluded that the
top displacement is significantly affected by the area of gallery
and by the location of the gallery. When the area of the gallery is
small, its shape is not significant for the displacement. Therefore,
the dam with circle shaped gallery behaves better than square
and octagon shape gallery in relation to crack propagations,
displacements and stress concentration around gallery. Conversely,
in case of the displacement response, gallery with large square
and octagon shape had maximum displacement and the most
stresses around galleries are attracted by square shape.
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