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Seismic damage-cracking analysis of arch dams using
different earthquake input mechanisms
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In this study, a nonlinear model is presented for analysis of damage-cracking behavior in arch dams
during strong earthquakes using different seismic input mechanisms. The nonlinear system includes a
plastic-damage model for cyclic loading of concrete considering strain softening and a contact
boundary model of contraction joint opening. Two different earthquake input mechanisms are used for
comparison, including massless foundation input model and viscous-spring boundary model consid-
ering radiation damping due to infinite canyon. The results demonstrate that effects of seismic input
mechanism and radiation damping on nonlinear response and damage-cracking of the dam are sig-
nificant. Compared with the results of using massless foundation input model, the damage-cracking
region and contraction joint opening are substantially reduced when using viscous-spring boundary
model to take into account radiation damping. However, if the damping ratio of the dam is artificially
increased to about 10%—15% for massless foundation input model, the joint opening and dam-
age-cracking of the dam are comparable to the results obtained from the viscous-spring boundary

model.

earthquake input mechanism, damage-cracking, radiation damping, contraction joints, arch dam

1 Introduction

In current design practice, the linear elastic theory is
commonly used for earthquake resistance design of arch
dams and the criteria of maximum principal stresses are
adopted to evaluate safety factors of dams''), where the
nonlinear behavior of contraction joint opening and
damage-cracking of the material are ignored. However,
as a quasi-brittle material, concrete behaves as linear
elastic only when it is subjected to limited normal loads,
while damage-cracking will occur when the tensile
stresses exceed the concrete strength during strong
earthquakes. Therefore, in safety evaluation of a high
arch dam during the maximum credible earthquake, it is
necessary to assess the damage-cracking development
and contraction joint opening in the dam.

The behavior of nonlinear contraction joint opening
in arch dams during earthquakes has been studied for

2-9

years 1 However, few, if any, researches have touched

the nonlinearity of concrete material, i.e. damage-crack-
ing behavior of arch dams. Early studies of seismic
cracking analysis mainly focused on gravity dams based
on procedures of fracture mechanics'"® '?), and the dis-
crete crack model'"! for analysis of cracking develop-
ment in concrete was a common approach. As an alter-
native procedure, the continuum method with a crack
band model was also developedm] for cracking study of
gravity dams, which takes into account the strain sof-
tening behavior of concrete. The crack band model de-
scribes the crack as a band containing concentrated par-
allel fissures, while the material outside the crack band
remaining linear elastic. This model replaces the iso-
tropic constitutive relation with orthotropic properties in
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the failure zone. Once the concrete reaches its tensile
strength, the material inside the crack band exhibits
strain softening behavior and follows the corresponding
softening constitutive relation. Some researchers have
employed the crack band theory to model the failure of
dams subjected to strong earthquake!'*'”. Recent de-
velopments using continuum damage mechanics to
model nonlinear response of concrete dams!'® included
consideration of inelastic (or plastic) strains for dila-
tancy control, which is important for modeling concrete
structures under cyclic loading and unloading or
multi-axial loading conditions. This is so-called the
plastic-damage model proposed by Lubliner et al.l'”.
The model uses one scalar damage variable based on
fracture energy to represent damage states. Besides, the
model introduces variables to describe the degradation
of elastic stiffness. However, when coupled with plastic
deformation in the constitutive relations, the degradation
variables may cause some numerical instability prob-
lems. In addition, a single damage variable cannot ap-
propriately simulate concrete structures subjected to cy-
clic loadings in several damage states. Thus, Lee and
Fenves improved the plastic-damage model® by using
two fracture-energy-based damage variables, one for
tensile damage and the other for compressive damage,
and a yield function with multiple damage variables to
account for different damage states under cyclic loading.
The constitutive relations for elastoplastic response are
decoupled from the degradation damage response, lead-
ing to straightforward numerical implementation. The
improved plastic-damage model was used to simulate
the response of Koyna dam during 1967 Koyna earth-
quakem], and it demonstrated that the model is capable
of modeling failure process of the dam.

In this paper, a nonlinear system is presented to study
contraction joint opening and damage-cracking in arch
dams under strong earthquakes. This system combines
three components: the plastic-damage model for simu-
lating the damage-cracking behavior of concrete, the
contact boundary model for joint opening, and the
earthquake input mechanisms including massless foun-
dation input model and viscous-spring boundary model
considering radiation damping. Herein, firstly the accu-
racy of viscous-spring boundary model is verified. Sec-
ondly, the plastic-damage model and the contact bound-
ary model are briefly introduced. Finally, as an engi-
neering application the nonlinear response of the 210 m
high Dagangshan arch dam subjected to the design

earthquake with PGA of 0.557 g is evaluated. In addition,
the results obtained from linear elastic material analysis
were reported elsewhere and are cited herein for com-
parison.

2 Modeling of the system

This seismic nonlinear analysis of arch dams using finite
element method includes three integrated components:
modeling of damage-cracking of concrete, consideration
of contraction joint opening, and the two different
earthquake input models, i.e. massless foundation input
model and viscous-spring boundary model. Herein, the
three components of the system are briefly described.

2.1 Earthquake input mechanisms

It is a common practice to use a truncated foundation in
the FE model for seismic analysis of arch dam-founda-
tion system. Earthquake input mechanisms associated
with the foundation models should ensure that the dy-
namic response of the dam-foundation system is objec-
tive. Thus, two earthquake input models are introduced
and compared in this study, i.e. massless foundation in-
put model and viscous-spring boundary model consid-
ering radiation damping due to infinite canyon.

The massless foundation input model was proposed
by Clough™™ and has been used extensively in seismic
analysis of concrete dams. It is assumed that the founda-
tion is absence of mass, only the flexibility of the rock is
considered. The specified free-field acceleration time
history is applied uniformly at the truncated foundation
base. Since the wave propagation velocity in the as-
sumed massless rock approaches infinity, the input mo-
tions are transmitted instantaneously through the rock to
the dam-foundation interface, and the motions at the
interface is the same as the input one. It neglects the ef-
fects of radiation damping due to infinite canyon. How-
ever, the radiation effects significantly influence the re-
sponse of arch dam-foundation system during earth-
quakes. The viscous boundary proposed by Lysmer and
Kuhlemeyer®™ and the multi-transmitting boundary
proposed by Liao et al.*!! are the two traditional non-
reflecting boundaries for FE method to take into account
the radiation effects, and this type of artificial boundary
was later improved by other researchers®™?". In this
study, a viscous-spring boundary model is employed for
considering the radiation effects of the infinite canyon.
This model is efficient and convenient to incorporate
itself with current FE code and has sufficient accuracy
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without much increasing computational efforts.

The viscous-spring boundary model is derived based
on the free-field motions in a half-space assuming that
waves are absorbed when reaching the truncated bounda-
ries. For modeling this absorptive mechanism, pairs of
springs and viscous dampers are installed at the truncated
boundaries to satisfy the boundary conditions. Figure 1
shows an FE model with viscous-spring boundaries cut
from the half-space. Normal and tangential springs and
dampers are installed in the nodes of the truncated
boundaries. The stiffness of springs and the coefficient
of dampers are given as follows:

Kln =ay, - 2G7 Cln Zb,DCP, (1)
r

Kls =dy 'Eﬂ Cls :prS’ (2)
2r

where subscript / is the node number on the truncated
boundary; n and s refer to the normal and tangential di-
rections of the boundary plane; G is the shear modulus;
cp and cg denote the velocities of P and S waves respec-
tively; p is the mass density; 7 is the distance from the
wave source to the node /; a,, a, and b are modification
coefficients, which may be determined from parameter
analysis.

P Free surface

= 2
,/ Pl i i
et #(&/ r
Per = !

L1

|1

LA
L4
1
1
1
LA
LA
LA

Node /onthe =C,
truncated boundary

-1 z
54 d ) ¥
|/ T'runcated
boundaries v

Figure 1 Sketch of the viscous-spring boundary model for square foun-
dation.
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The viscous-spring boundary is available for outgoing
waves, but incident waves such as earthquake motion
can not be directly input from the truncated boundaries.
Herein, the incident wave motions are converted to
equivalent tractions exerted on the truncated boundaries.
For satisfying these displacement and traction conditions
at the truncated boundaries due to the free field in
half-space, the equivalent input force f;(¢) at the node
/ may be obtained as

[i()=Kuy(x;,y;,z;,t) + Cragg(x;, y,,2;,1)

+0-0(x17yl’zl7t)7 (3)
where wu,(x,,y,,z,,t) and w,(x;,y,,2,,t) are the dis-
placements and velocities of free field at node /; K; and
C, are the stiffness and viscous coefficients of the
springs and dampers at node /; &,(x;,y,,z,,t) are the

tractions at node / caused by the free field.

The first two terms on the right-hand side of eq. (3)
are respectively the added elastic and damping forces to
counteract those exerted on the truncated boundary by
springs and dashpots. The third term represents tractions
at the truncated boundaries due to the input waves which
usually take one half values of the free-field motions on
the ground surface by 1-D deconvolution.

Herein, an idealized square foundation is given to
verify the feasibility of the viscous-spring boundary in-
put model. A cubic region with a size of 500 mx 500
mx500 m is cut from the elastic half space, and discre-
tized into two meshes of 8-node-brick elements with
element size of 25 mx25 mx25 m and 15 mx15 mx15 m,
respectively. The monitoring points 4, B, C and D are
shown in Figure 1. The shear modulus is G =1x10’ Pa
and the mass density is p =2000 kg/m’. The propagation
velocities of P-wave and S-wave are cp=1224.7 m/s and
¢s=707.1 m/s, respectively. In this case, r is set to be 500
m; the modification coefficients: a~1.3, a,=0.6 and
b=1.0.

The displacements of incident wave are defined as

u(r) = 4,[16G(r) - 64G(r — 0.25) + 96G(r — 0.5)

—64G(z - 0.75) +16G(r - 1)], “)

G(r)=7’H(r), t=t/T,
where T is the time duration and in this analysis 7=1 s;
A; are the amplitudes of the pulses in the three directions

of x, y and z respectively. In this example, 4,=1.0 cm,
A4,=0.75 cm and 4.=0.5 cm. H(7) is the Heaviside func-

tion, defined as
1, >0,

H(z) ={ ©)

0, 7<0,

The time histories of displacements and corre-
sponding accelerations of incident waves are shown in
Figure 2(a) and (b) respectively.

The acceleration responses in z direction at the free
surface (responses in x and y directions are similar to
that in z direction and not shown here for space limita-
tion) are shown in Figure 3. The pulses are input from
the bottom surface at the same time instant, i.e. =0 s.
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Figure 2 Time histories of incident waves for square foundation. (a) Displacement; (b) acceleration.
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Figure 3 Time histories of acceleration responses at

When the waves reach the free surface, they are re-
flected to the bottom. It also shows that reflected mo-
tions at the bottom points 4 and B can be seen and then
are completely absorbed by the viscous-spring boundary
leading nothing in response at points C and D after
about 2 seconds. The peak accelerations at the corner
point D on the free surface are exactly double of the in-
put pulses, while a little less than double values are ob-
served at the center point C. This is due to the filtering
effects of the FE discretized system, as shown by the
response spectra in Figure 4, where the original high
frequency peaks of the input are cut off. Comparing
Figure 4(a) and (b), it is evident that the fine mesh can
efficiently reduce the cut-off of the high frequency peaks.
In reality, this cut-off of the high frequency peaks only
has little effects on structural response. The results of the
example demonstrate that the viscous-spring boundary
input model is capable of reproducing the free field mo-
tions and thus has sufficient accuracy for seismic analy-
sis of mass infinite foundations.

For further verification of accuracy of the viscous-
spring boundary model, a wave scattering effect due to
semi-spherical cavity subjected to vertical harmonic P
wave incident is analyzed. Since this problem is a sym-
metrical problem, only 1/4 spherical cavity is considered.
As shown in Figure 5, the semi-spherical cavity with
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free surface (normalized amplitude) in z direction.

radius, Ry, contains an extension region, [;=2R,. The
material properties are selected as shear modulus
G=8.4x10° Pa, mass density »=2400 kg/m® and Poi-
son’s ratio v=0.25. Dimensionless frequency, a¢=Roa/
nicp (cp denotes the velocity of P wave), is selected as
0.25 and 0.50. The results are shown in Figure 6 and
compared with that obtained by Sanchez-Sesma'**!. The
response obtained by the viscous-spring boundary
within the spherical cavity region (where x/R is less
than 1.0) is close to the results from Sanchez-Sesma, but
there are some differences beyond the cavity (where x/Ry
is larger than 1.0). Since the ground motions beyond the
canyon have little effect on the seismic response of arch
dams, the viscous-spring boundary model has sufficient
accuracy for seismic analysis of arch dams. Also, it is
found that a larger area extending from the cavity does
not seem to improve the accuracy for the viscous-spring
boundary model.

2.2 Modeling of contraction joint opening

The nonlinear response of high arch dams due to con-
traction joint opening and closing during earthquakes is
significant. It is of importance to appropriately model
this nonlinear behavior in seismic safety evaluation of
arch dams. Herein, the contact model proposed by Bathe
and Chaudhary'® is improved by the authors by install-
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Figure 4 Acceleration response spectra at free surface. (a) Coarse mesh; (b) fine mesh.

ing shear springs to simulate keys to constrain tangential
movement in contraction joints and is used in this study.

The contact boundary model consists of master and
slave surfaces as shown in Figure 7(a). Each node on
the slave surface is associated with a unique point on
the master surface. The interaction between the slave
and master surfaces is determined by the relation of the
slave node and its corresponding master point as well as

Figure 5 Geometry and FE mesh of 1/4 semi-spherical cavity. the pressure-overlap constitutive relation. Herein, the
< 401
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Figure 6 Surface amplitudes of vertical and horizontal displacements of semi-spherical cavity. (a) a,=0.25; (b) a¢=0.50.
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Figure 7 Contact boundary model for contraction joints. (a)
Contact relation; (b) pressure-overlap constitutive relation.

exponential-type pressure-overlap constitutive relation
(Figure 7(b)) is implemented into the model to prevent
the slave node from overlapping the master surface. De-
tails of the contact boundary model and the constitutive
relations were discussed elsewhere!****!,

The constitutive relations are

0, for h<c,,
p= Po (1_£J[exp(l—£]—lj ,fOf h>co,
(exp(1)—1) Co %
(6)

where ¢ is an initial overlap, and py is the critical pres-
sure value at zero overlap (2=0).

To simulate joint opening with perfect shear keys in
arch dams, tangential springs with sufficiently large
stiffness between monoliths are introduced in the contact
boundary model to prevent shear slip from occurring.

2.3 Plastic-damage model for concrete

A simple plastic damage and thermodynamically con-
sistent scalar degradation model proposed by Lee and
Fenves"™ is introduced to simulate the damage-cracking
of arch dams subjected to strong earthquakes. The main
ingredients of the model are introduced here, a full de-
scription can be found in ref. [18].

In the plastic-damage model, the stress is factorized
into two parts, one is stiffness degradation and the other
is effective stress, and has the form

oc=(1-d(o,e’")o=(1-d(,e’)E,:(¢-€"), (7)
where & is the effective stress; Ej is the initial elastic
stiffness; d(&,&”) denotes the scalar stiffness degrada-

tion variable, which can take values in the range from
zero, for undamaged material with elastic behavior, to

one, for fully damaged material; £ and &° are the total
strain and the plastic part of the strain, respectively.

The plastic strain rate is evaluated by the flow rule,
which is governed by a scalar plastic flow potential

function, G. The plastic potential is defined in the effec-
tive stress space, and the plastic strain rate is given by

&= /iaG—(f), ®)
oo

where A is the nonnegative plastic multiplier. For fric-
tional material, such as concrete, a non-associated flow
rule is introduced to obtain the proper dilatancy. A
Drucker-Prager hyperbolic function which is continuous
and smooth to ensure the unique flow direction is chosen
in the model.

The yield function based on the one isotropic damage
variable model proposed by Lubliner et al.'”! was modi-
fied by Lee and Fenves''™. It includes two independent
variables considering different evolution of strength un-
der tension and compression. In terms of effective

stresses the yield function takes the form
_ 1 p\/ 2
F(O',Sp) =m|:all +w[3J2 +ﬂ(gp)<0max>
_7<_&max >:| —C (gp )a (9)

where

I, =tr(&) is the first invariant of effective stress ten-
sor o ;

J, =1/2s, s is the second invariant of deviatoric ef-
fect stress tensor;

&P is the equivalent plastic strain;

O, denotes the algebraically maximum eigenvalue
of &, i.e. the first principle stress;

a is a coefficient which is evaluated by the initial
shape of the yield function; it can be determined from
the initial equibiaxial and uniaxial compressive yield
stresses, oy, and o, as & =(0yy —0,)/ (20, — Oy)

yis a dimensionless material constant; it enters the yield
function only for stress states of triaxial compression;

¢.(EP) is the compressive cohesion stresses;
P(EP)is a function defined as

ﬂ(ép)=%(l—a)—(l+a), (10)

¢ (&
where ¢, (E7) is the tensile cohesion stresses.

The dam safety is controlled by the tensile stresses
during earthquakes, while compressive stresses usually
do not approach the compressive strength of concrete in
most cases. Consequently, for simplification, only the
tensile damage of concrete is considered in this study.
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The tensile damage state is characterized by the
hardening variable, &P, which is referred to as equiva-

lent plastic tension strain. The evolution equation for the
damage variable is expressed as

&0 =r(@) &', (11)
where é"lp is the maximum plastic strain rate; and

£L.(6)

A

(&)= , 0< (o) <1, (12)

i=1|i

the Macauley bracket <-> is defined by (x) =0.5(]x|+x).

The mechanism of stiffness degradation under cyclic
loading conditions is very complex, involving the open-
ing and closing of microcracks, as well as their interac-
tion. Considering the constitutive relation with linear
strain-softening of concrete shown in Figure 8, com-
pressive stiffness is recovered upon cracks closure as the
load changes from tension to compression, while there is
no tensile stiffness recovery as the load changes from
compression to tension.

Gy
Oy|—————
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IUnl\oadmg | 2=Gi/lL.
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E, | | /
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/ & g €
&) & ]
1 1

Figure 8 Response of concrete to cyclic loading.

The plastic-damage model is closely related to the
dissipated fracture energy, which is defined as the en-
ergy required to form a unit area of crack. To eliminate
the mesh-sensitivity in FE method, Lubliner et al."'” and

[18]

Lee and Fenves' °' assumed that the area under the o—&®

Table 1 Material properties of Dagangshan arch dam

curve is equal to g, such that

where Gy is the fracture energy of the concrete; /. is the
characteristic length related to the mesh size.

The stress-strain relationship satisfies that the fracture
energy required to form a unit area crack is unique. Then
the maximal strain is obtained as
_2g  2G;

0y Oy l c

(14)

u

where o, is uniaxial tensile strength of concrete. The

stress—strain relationship used in the analysis is deter-
mined by the values of the fracture energy, uniaxial ten-
sile strength and initial elastic stiffness, as well as the
characteristic length, /.

3 Seismic damage-cracking analysis of
Dagangshan arch dam

The 210 m high Dagangshan arch dam is under con-
struction in the Dadu River of Southwest China. The
normal water depth in upstream of the dam is designed
as 195 m, and the depth of sedimentation during opera-
tion is assumed to be 125 m. This dam is being built in
an extremely strong earthquake region with the design
peak ground acceleration PGA=0.557 g. Safety evalua-
tion of the dam subjected to the design earthquake is a
crucial factor for the project. By combining the afore-
mentioned models, the dynamic response of the dam is
analyzed considering damage-cracking of dam concrete
with 28 contraction joints. Massless foundation input
model and viscous-spring boundary model are employed
and compared.

3.1 Material parameters and loading conditions

The material parameters adopted in the analysis are
shown in Table 1. The values of parameters are obtained
from material tests carried out by Institute of Chengdu
Hydroelectric Investigation & Design, except those of
fracture energy, Gy, and damping ratio, £ An estimated
value of 350 N/m is assumed for fracture energy in this

Elastic modulus (MPa)

Tensile strength (MPa)

Poisson ratio v Fracture energy (N/m) Unit weight (kN/m®)

3.12x10* 3.25
Rock 1.885x 10" -

Concrete

0.17 325 24.0
0.258 - 26.5
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study. The material damping ratio is considered via
Rayleigh damping assumption.

The extreme loadings including the normal static and
design earthquake loads are considered. The normal
static loads include the dam gravity, upstream water
loads, silt pressures, and design temperatures. The dy-
namic loads include design earthquake in three direc-
tions with the peak ground acceleration (PGA) of 0.557
g in the stream and cross-stream directions, and 0.371 g
in the vertical direction. The time histories of the design
earthquake are produced from the design response spec-
tra (Figure 9). The hydrodynamic interaction is modeled
via the added mass assumption, based on the finite ele-
ment method with incompressible reservoir fluid

3.2 Finite element discretization

From the results of linear elastic material analysis, the
tensile stresses at the upper portion of the dam far ex-
ceed the concrete tensile strength. Besides, due to the
problem of stress concentration and element distortion,
the tensile stresses at the upstream heel and near the
dam-abutment interface are also larger than the tensile
strength of concrete. The problem of stress concentration
at the upstream heel of the dam is beyond the topic of
current study and is not considered herein.

As shown in Figure 10, 8-node-brick elements with
2x2x2 Gauss integration are applied in the finite ele-
ment discretization of the dam-foundation system. Den-
L6
1.4
1.2
1.0
0.8
0.6}
0.4
0.2
0.0 : :

Acceleration (g)

—a— Stream direction
—o— Cross-stream direction
—o— Vertical direction

sified element mesh discretization of about 2 m is
adopted in the upper portion where the tensile stresses
may exceed the tensile strength of concrete and dam-
age-cracking is expected in this region. The densified
element size is used for calculation of the characteristic
length /. compatible with the constitutive relation of
concrete!').

The plastic-damage model is adopted for the region
with densified mesh. The material in the region with
coarse mesh of the dam and the foundation rock is con-

sidered as linear elastic.
3.3 Results of damage cracking analysis

The case study includes using two seismic input models,
i.e. massless foundation input model and viscous-spring
boundary model. Different structural damping ratios of
0.05, 0.10, 0.12 and 0.15 for massless foundation input
model and 0.05 for viscous-spring boundary model are
assumed and compared.

The distributions of damage variable, i.e. stiffness
degradation, d, of the dam are shown in Figures 11 and
12. It can be found that the most severely damaged re-
gion is in the upper portion of the dam, where, the
cracks penetrate the whole section of the dam with a
maximum damage variable, dp.x, of 0.9 when using the
massless foundation input model. However, when the
viscous-spring boundary model considering radiation
damping is employed, the damage region is limited to a

0.0 0.5 1.0

Period (s)

Figure 9 Design acceleration response spectra.

2 Contraction joints

s Rollers for .
| massless foundation

Vicous-spring for
infinite foundation

(a)

A Mesh densified regions

I_ ) = =,—i-...__ ) o
x Contraction joints 3

(b)

Figure 10 FE discretization of Dagangshan arch dam. (a) Dam-foundation system; (b) arch dam FE mesh.
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Figure 11 Distributions of damage variable d of the dam by massless foundation input model with different structural damping ratios.
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Figure 12 Distributions of damage variable d of the dam by viscous-
spring boundary model with a 5% structural damping ratio.

localized area near the down-stream face of the dam,
and the maximum damage variable, dp.y, is also greatly
reduced to 0.6. Interestingly, the damage variable con-

tours obtained from massless foundation input model
with an artificially increased value of about 10% struc-
tural damping ratio are close to that obtained from vis-
cous-spring boundary model. When increasing the
structural damping ratio to 15%, the damage region may
further reduced and become smaller than that from the
viscous-spring boundary model.

The comparison of crest displacements and joint
openings are shown in Figures 13 to 15. In all cases, the
damage cracking model with massless foundation input
using a 5% structural damping ratio gives the maximum
response envelop of displacements with a peak value of

5r —O—Linear elastic material (massless foundation input with 5% damping)
50 —&— Linear elastic material (massless foundation input with 10% structural damping)
45 F —— Linear elastic material (viscous-spring boundary model with 5% structural damping)
40 F —&— Damage cracking (massless foundation input with 5% structural damping)
35k —&— Damage cracking (massless foundation input with 10% structural damping)
30k —&— Damage cracking (massless foundation input with 12% structural damping)
—*—Damage cracking (massless foundation input with 15% structural damping)
_ 251 —w— Damage cracking (viscous-spring boundary model with 5% structural damping)
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Figure 13 Envelope curve of peak displacement along crest.
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50
—m— Massless foundation with 5% structural damping
45+ —*— Massless foundation with 10% structural damping
—w— Massless foundation with 12% structural damping
40 —a— Massless foundation with 15% structural damping
—e— Viscous-spring boundary model with 5% structural damping
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Figure 14 Comparison of joint openings by the damage-cracking model with different damping ratios and input models.
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Figure 15 Comparison of joint opening by linear elastic material and damage-cracking model. (a) Massless foundation input with 5% structural damping;

(b) massless foundation input with 10% structural damping; (c) viscous-spring boundary model with 5% structural damping.
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30 cm toward upstream and the maximum joint opening
of 36 mm from Figures 13 and 14. When using massless
foundation input model with a 10%—15% structural
damping ratio, the crest displacements and joint open-
ings are greatly reduced and close to that from viscous-
spring boundary model. From Figures 13 and 15(a),
great difference of the displacements and joint openings
are observed between the two material models when
using massless foundation input with a 5% structural
damping ratio, due to the significant degradation of
structural stiffness in the upper portion of the dam.
However, as shown in Figure 15(b) and (c) by consider-
ing the radiation damping effects or by increasing the
structural damping ratio to about 10% for massless
foundation, the effects of different material models on
the displacement and joint opening responses become
much smaller. Noticeably, in this case, the joint openings
at the central portion of the dam by the damage model
are still larger than that by the linear elastic model, while
the joint openings at the quarter or side portion of the
dam behave as an opposite tendency due to different
capability of load transfer in arch direction between the
two material models.

4 Conclusions

A comprehensive and nonlinear model consisting of a
plastic-damage constitutive relation for concrete and a
contact boundary simulation for contraction joints is
presented for seismic damage-cracking analysis of arch
dam-canyons. Two earthquake input procedures, i.e. the
massless foundation and the viscous-spring boundary
input models are employed for comparing the effects of
different seismic input mechanisms and radiation damp-
ing. For examining whether there is a relatively higher
structural damping ratio that may approximately imply
the radiation damping of infinite canyons, several cases
for the Dagangshan arch dam under the design earth-
quake are performed by massless foundation model with
damping ratios of 5%, 10%, 12% and 15% for dam, and
a structural damping ratio of 5% for viscous-spring
boundary model. Findings from the analysis are as fol-
lows.

(1) Significant differences in response of contraction
joint opening and damage-cracking development are
observed between the massless foundation and vis-
cous-spring boundary input models when both using the

conventional value of damping ratio of 5% for dam. In
this case, the maximum damage variable, dp.y, is greatly
reduced from 0.9 to 0.6 when the radiation damping is
considered. Also, the maximum joint opening is de-
creased from 36 to 12 mm.

(2) When the structural damping ratio is increased to
10%—15% using massless foundation, the crest dis-
placements, contraction joint openings and damage-
cracking in the dam are comparable to the results ob-
tained by using viscous-spring boundary to take into
account the radiation damping. However, for general
situation of dam-canyon and ground motion, further in-
vestigation is necessary to examine whether a quantita-
tive relationship exists between the equivalent increased
value of structural damping for massless foundation
model and the radiation effects of the infinite canyon in
numerical simulation of arch dam-foundations.
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