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Abstract—The non-linear dynamic response of concrete gravity dams under seismic loads is a
little-understood phenomenon due to limitations in the previous studies. The choice of a reliable concrete
constitutive model and constitutive parameters to predict the performance of concrete gravity dams under
severe earthquake ground motion is one of the most complex tasks. The response of a typical
medium-height concrete gravity dam to a realistic motion is examined using the ADINA concrete model.
The fracture energy cracking criterion is applied to remove the unreasonable mesh sensitivity of the results.
The influence of the constitutive parameters on the earthquake response analysis of concrete gravity dams

is also discussed. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Concerns about the seismic safety of concrete dams
have been growing around the world, partly because
the population at risk in locations downstream of
major dams continues to expand and also because it
is increasingly evident that the seismic design
concepts in use at the time most existing dams were
built were inadequate.

Although linear response studies have provided
great insight into the earthquake performance of
concrete dams, it is evident that a rigorous estimate
of the seismic safety of a dam can be obtained only
by a non-linear analysis if a significant amount of
earthquake damage is expected. Unreinforced mass-
concrete dams are likely to experience cracking due
to the low tensile strength of concrete. In fact, minor
local cracks may have little effect on the global
stiffness of a dam, and in such cases it is possible to
make a reasonable estimate of the expected degree of
damage by proper interpretation of the results of a
linear response analysis. However, for cases of severe
cracks, in which cracks penetrate deep inside the dam,
the dynamic behaviour is drastically changed from
the linear-response mechanism, and the true non-lin-
ear performance must be incorporated into the
analysis procedure if a valid estimate of the damage
is to be made [1].

Unlike the static response, the non-linear response
of concrete gravity dams under seismic loads is a
little-understood phenomenon due to limitations in
previous studies, partly because of the inadequacies
of the constitutive models and the paucity of material
property data for mass concrete. Over the last two
decades, various researchers have studied the
non-linear seismic behaviour of concrete dams [2-5].
Hall [6) presented an extensive review of the
earthquake behaviour of concrete dams based on
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experimental, observational and corroborative ana-
lytical evidence. Bhattachadee and Leger [7] reviewed
the concrete-constitutive models used in past
non-linear seismic analysis of gravity dams.

Most of the non-linear analytical investigations in
the past have been conducted on large dams, typically
above 100 m high. A large number of concrete dams
in Europe and in other parts of the world are less than
50 m high. Most of these dams were usually designed
using pseudo-static methods, ignoring the dynamic
characteristics of the structure as well as the
characteristics of the ground motion. Therefore, it is
important to carry out detailed investigations of the
non-linear seismic behaviour of this category of dam
in order to assess and evaluate the safety of existing
dams and improve the design guidelines for
moderately high dams to be constructed in the future.

The predicted responses of a typical medium-
height concrete gravity dam to a realistic ground
motion, using the ADINA concrete model, are
examined. The investigation is carried out with two
main objectives: (1) to assess the effect of the
constitutive parameters on the non-linear seismic
analysis of concrete gravity dams and (2) to extend
our understanding of the non-linear seismic be-
haviour of medium-height concrete gravity dams.

2. ADINA CONCRETE MODEL

The basic information required in non-linear
finite element calculations for concrete structures is
the constitutive model. The inadequacy of the
material model has been a major obstacle for a
rigorous analysis of mass-concrete structures. The
constitutive model for non-linear seismic analysis
should consider the following features: stress—strain
relationships taking multiaxial stress and cyclic
loading conditions into account, crack modelling,
criteria for crack initiation and propagation, closure
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Fig. 1. Uniaxial stress—strain curve for concrete.

and reopening of the crack, and post-failure
behaviour.

The ADINA concrete model [8] is a hypoelastic
model based on a uniaxial stress-strain relationship
(Fig. 1) that is generalized to take multiaxial stress
conditions into account. A loading function is
defined to characterize loading and unloading
conditions, and according to the result, different
stress—strain relationships are used (Fig. 2). Tensile
cracking and compression crushing conditions are
identified using failure envelopes, and strain-soften-

ing effects are included in the compression and tensile
regions.

The fixed orthogonal smeared crack model is
used to represent the discontinuous brittle behaviour
of concrete. Once cracks exist at a point, the
component forms of all vector and tensor valued
quantities are rotated so that they lie in the
local system defined by the crack orientation
vectors (the normal to the crack planes). The model
ensures that these crack plane normal vectors are
orthogonal. Crack closure and reopening may take
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Fig. 2. Stress—strain relations under cyclic loading condition.
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Fig. 3. (a) Fracture energy cracking model; (b) cracking at an integration point.

place along the directions that are normal to the
crack plane.

Once the crack initiates, a linear strain-softening
relationship is assumed. The material loses strength
through a softening mechanism. This assumption
introduces mesh sensitivity in the results, since the
finite element predictions do not converge to a unique
solution as the mesh is refined, because mesh
refinement leads to narrower crack bands. Hilleborg’s
fictitious crack concept [9] can be used to allay the
concern for many practical purposes. Hilleborg
defined the energy required to open a unit area of
crack as a material parameter. With this approach,
the concrete’s brittle behaviour is characterized by a
stress—displacement response [Fig. 3(a)] rather than a
stress—strain response. Under tension, a concrete
specimen will crack across some section and after the
crack has been pulled apart sufficiently for most of
the stress to be removed (so that the elastic strain is
small), its length will be determined primarily by the
opening at the crack, which does not depend on the
specimen’s size.

The implementation of this stress-displacement
concept in a finite-element model requires the
definition of a characteristic length, 4. The square
root of the integration point area can be defined as
the characteristic crack length for the two-dimen-
sional analysis in this model [Fig. 3(b)]. The reason
for using this definition of the characteristic crack
length is that the direction in which cracks will occur
is not known in advance. This means that elements
with large aspects ratios will have rather different
behaviour depending on the direction in which they
crack. Elements that are as close to square as possible
are therefore recommended. The value of the
characteristic length, 4., should be under several times
the aggregate dimension.

The uitimate crack opening displacement, u,, at
which a linear approximation to the post-failure
strain softening gives zero stress, is independent of
specimen size. So the ultimate tensile strain,
é, =& x &, can be defined as:

< Uy

=3 (1)

The fracture energy, G;, can be calculated from taking
the tensile stress as a function of the crack opening
displacement, u, as:

G = f&(u)du = %&luu )

then the ultimate tensile strain can be derived from
eqns (1) and (2), as

S 2G

€m = hc&zz (3)
_ 2GiE,

After cracking, the new material stress-strain matrix
for the two-dimensional analysis is:

Eottn 0 0
|0 ‘Ey 0
C=1|o T=¢ En, )
0 21 +v)

where ‘£, is the uniaxial Young’s modulus evaluated
in the principal stress direction using the uniaxial
stress—strain relationships. The constant #,, is a
small value, normally 107% to reduce the stiffness
normal to the tensile failure plane; it is not set exactly
equal to zero in order to avoid the possibility of a
singular stiffness matrix. The constant n,, the shear
retention factor, reduces the shear stiffness in the
tensile failure plane. The fixed orthogonal crack
model has been criticized mainly because the
traditional treatment of ‘shear retention’ employed in
the model tends to make the response of the model
too stiff [10]. This problem may be resolved by using
a small shear-retention factor, which is discussed in
Section 3.2.

3. NUMERICAL EXAMPLES

A typical medium-height concrete gravity dam
monolith was selected for the numerical examples; the
dam is 30 m high with upstream and downstream
slopes of 2 and 70%, respectively. A water depth
of 28.5m was considered for the full reservoir
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condition. The dam was discretized into 248,
four-node isoparametric finite elements as shown in
Fig. 4(a). It was assumed that the dam monolith,
which is generally unkeyed or lightly grouted to its
adjacent monolith, would vibrate independently
under severe ground excitations, and was in the state
of plane stress. The foundation condition was
assumed to be rigid in all the analyses.

In the non-linear analysis, both static and seismic
loading were considered. The self-weight of the cross
section was applied as a mass-proportional body
force. The hydrostatic loading from a full reservoir
was accomplished through pressure loading on the
upstream surface of the structure. For simplicity, the
hydrodynamic loading of the reservoir was approxi-
mated by Westergaard’s added mass method [11] on
the upstream face. The uplift pressures, the potential
effects of water penetration into open cracks and the
effects of material on the reservoir bottom were not
included in the analyses. Stiffness-proportional
damping was adopted in the non-linear analyses,
corresponding to 5% viscous damping.

The ground motion used for the dynamic analyses
of the dam was a synthetic U.K. hard rock response
spectrum compatible earthquake [12], shown scaled
to a peak acceleration of 1g in Fig. 4(b). The rigid
foundation condition, the hydrodynamic loading
approximated by Westergaard’s added mass method,
and the single horizontal ground motion condition
were chosen to limit parametric variables to the most
relevant to the concrete model.

The non-linear problem was then solved through
direct time integration using the Newmark method

RRN\\Y
1RRR LAY

IANANNN

-

-~

g

o

~
Accelerstion (g)

g

M. Mao and C. A. Taylor

(x = 0.5, B = 0.25) with a time step of 0.002 s. This
time step was small enough to describe the energy of
the ground motion and to approximate reasonably
the response of the structure to the excitation. The
BFGS matrix update method with linear search [13]
was employed to solve iteratively the equilibrium
equations with an energy convergence criteria.
Stiffness reformation and equilibrium iteration were
performed in each time step.

3.1. Response of the dam with different material
parameters

In order to evaluate the response of dam with
different material parameters, the numerical analy-
ses were performed for two cases with the assumed
Young’s modulus of the concrete, E,=20 and
25 GPa, and the various uniaxial tensile strengths,
6, specified later. The other material properties
assumed in the analyses were: Poisson’s ratio,
v = 0.20; mass density p = 2450 kg m~*; the frac-
ture energy, G;=200 N m~'; maximum uniaxial
compressive strength, & = —25 MPa; maximum
uniaxial compressive strain, e, = —0.002; ultimate
uniaxial compressive strength, ¢, = —23 MPa; and
ultimate uniaxial compressive strain, é, = —0.003.
The stiffness reduction factor, #,, was selected as
0.0001 and the shear-retention factor, n, = 0.01.
The default option of using the Kufer failure
envelope was selected. The ground motion was
scaled to various peak accelerations to illustrate the
dependence of cracking on the amplitude of
excitation.
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Fig. 4. (a) Finite element model of dam monolith (dimensions in m); (b) ground motion used in analyses
(scaled to 1.0g peak acceleration).
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Fig. 5. (a) and (b) Cracking response of dam (Es =20 GPa, 6, = 2.0 MPa, G, = 200 N m~', @, = 0.21g);
(c) crack profile of dam (£, = 20 GPa, ¢, = 2.4 MPa, G; =240 Nm™', q, = 0.21g).

3.1.1. Case study 1. The Young’s modulus, E,, was
taken as 20 GPa and the uniaxial tensile strength,
6,=15 20 and 2.5 MPa, individually. For
é, = 2.0 MPa, when the scaled peak acceleration, q,,
was below 0.105g, no crack occurred in the dam.
When the peak acceleration was between 0.105 and
0.19¢g, a crack initiated at the heel of the dam and
propagated along the interface with the foundation
through one or two elements. When g, was above
0.19g, the base crack propagated deep into the dam
and a crack at the neck appeared. When q, = 0.21g,
a crack at the neck occurred and quickly extended
through the width of the dam. The progression of
cracking of the dam for a4, =0.2lg is shown in
Fig. 5(a). The cracked zones are indicated by the

shaded area. The vertical displacement time history
of node 18 [see Fig. 4(a)], which can be taken as the
crack mouth opening displacement time history of
the base crack, is shown in Fig. 5(b).

To evaluate the significance of increasing the
concrete constitutive parameters by 20% to allow for
strain-rate effects, a uniaxial tensile strength of
§,=24MPa and a fracture energy of
G; = 240 N m~' were used in the analysis. No crack
occurred until the peak acceleration reached 0.16g.
The base crack at the heel kept in one element when
the peak acceleration was between 0.16 and 0.20g.
The cracking profile of the dam for 4, =0.2lg is
shown in Fig. 5(c). When g, = 0.215g, a neck crack
occurred, and when a, = 0.225g, it extended through
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the width of the dam. The result shows that
increasing the constitutive parameters for strain rate
effects may vary the cracking response of the dam
significantly.

For 6,= 1.5 MPa, the base crack occurred and
propagated in one or two elements when the peak
acceleration was between 0.08 and 0.17g. When g,
was above 0.17g, the base crack propagated into
three to eight elements along the interface with the
foundation and a crack at the neck appeared. When
a, = 0.2g, the neck crack extended through the width
of the dam.

For 6, = 2.5 MPa, when the peak acceleration was
below 0.23g, the base crack was just in one or two
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elements. When q, = 0.24g, the base crack propa-
gated nine elements into the dam and a crack at the
neck occurred and quickly extended through the
width of the dam.

3.1.2. Case study 2. The Young’s modulus, £, was
taken as 25 GPa and the uniaxial tensile strength,
6, =20, 2.5 and 2.75 MPa, individually. For
6, = 2.5 MPa, no crack occurred until the scaled peak
acceleration, a,, reached 0.14 s. When 4, was between
0.14 and 0.22g, the crack initiated at the heel and
propagated along the interface in just one to two
elements. When a, exceeded 0.22g, the base crack
propagated deep into the dam section and a crack
occurred at the neck and propagated quickly through
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Fig. 6. (a) and (b) Cracking response of dam (£, = 25 GPa, 6, = 2.5 MPa, G; =200 N m"', aq, = 0.22¢
and #, = 0.01); (c) crack profile of dam (£, = 25 GPa, ¢, = 2.5 MPa, G; =200 N m~', q, = 0.22g and
1, = 0.5).
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the entire width of the dam. The cracking response of
the dam for this case is shown in Fig. 6(a,b). It seems
that there is a peak acceleration ‘threshold’. If the
scaled peak acceleration is below this ‘threshold’, the
crack just occurs in a small area. If the scaled peak
acceleration is above the ‘threshold’, the base crack
penetrates deep into the dam section and the crack
near the neck occurs and propagates through the
entire width of dam. The analyses for ¢ = 2.0 and
2.75 MPa gave similar results. The peak acceleration
‘threshold’ for & = 2.0 MPa was 0.17g and was
0.195g for ¢, = 2.75 MPa.

3.2. Influence of shear retention factor, n,

The shear-retention factor, 7, is normally taken as
0.5 [8]. This value has been criticized as making the
response of the fixed orthogonal crack model too
stiff. The analyses prescribed so far followed the
recommendation of Rots and Blaauwendraad [10]
who took 5, ~ 0 (0.01 was used to avoid numerical
problems) to obtain the best possible solution. The
two cases in Sections 3.1.1 and 3.1.2 were reanalysed
with n,=0.5 to evaluate the influence of the
shear retention factor on the cracking response of
the dam. The cracking profile of the dam
(Fy,=25GPa, 6,=25MPa and #,=0.5) for
a, = 0.22g is shown in Fig. 6(c). The crack near the
neck kept stable during the calculation, although it
propagated to about half the width of the dam,
which is different from the cracking response of dam
with n, = 0.01 [Fig. 6(a)]. The material is clearly
more ‘brittle’ with a smaller shear-retention factor.
More research is required to determine a reasonable
value for the shear-retention factor which not only
removes the over-stiffness of the fixed orthogonal
crack model but also takes into account the effect
of aggregate interlock that occurs across an open
crack.

4. CONCLUSIONS

(1) The ADINA concrete model considered the
principal features for the non-linear seismic cracking
analysis of concrete structures. The fracture-energy
cracking criterion can be used to remove the mesh
sensitivity of the results. The characteristic length of
the crack, A, can be selected as the square root of an
integration point area, which improves the compu-
tational efficiency and is significant for the non-linear
seismic analysis of concrete gravity dams.

(2) The numerical analyses indicated that, for
medium-height concrete gravity dams, cracking is
concentrated near the base and the discontinuities in
the face slope of the dam. Cracks initiated at the heel
and propagated downstream along the interface with
the foundation. Cracking near the neck occurred and
propagated after the crack at the base had penetrated
deep into the dam section. Once the crack near the
neck propagated, it extended through the entire width
of the dam quickly.
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(3) It seems there is a peak acceleration ‘threshold’.
If the peak ground acceleration is below the
‘threshold’, no crack occurs or the crack just occurs
in a small area. If the scaled peak acceleration exceeds
the ‘threshold’, the base crack penetrates deep into
the dam section, and the crack near the neck occurs
and propagates through the entire width of the dam.
This phenomenon is much more obvious with the
higher concrete tensile strength.

(4) The static modulus of elasticity, £, the fracture
energy, Gy, and the tensile strength, &, are the most
important concrete constitutive parameters in deter-
mining the seismic response of concrete dams. The
dynamic magnification factors of constitutive par-
ameters which are normally estimated and based on
few available test results should be selected very
carefully. Material parameters need to be determined
more realistically from experiments or parametric
studies to perform a reliable non-linear seismic
cracking analysis.

(5) The shear retention factor, #,, is a significant
parameter for the constitutive model using the fixed
orthogonal crack model. The traditional treatment of
‘shear retention’ employed in the model tends to
make the model too stiff. This problem could be
resolved by using a small shear retention factor.
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