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The primary goal of this study was to examine the cracking behavior of the face plate of a CFRD over its
life cycle. Analyses of the construction stage, impounding, long-term deformation and earthquake loading
were conducted in sequential phases using a 2-D plane-strain model with the appropriate nonlinear con-
stitutive relationships for the dam constituents. The state of stress and the cracking behavior of the plate
were found to be substantially different in the short and long term. Earthquake loading appears to be a
critical load condition for the face plate; cracking increased significantly after ground shaking.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete faced rockfill dams (CFRDs) are very popular in devel-
oping countries, as they can be constructed rapidly and easily com-
pared to clay core earthfill dams. Structural and geotechnical
designs of such systems are based on precedence, with little
emphasis on modern analysis techniques. Empirical formulas are
generally used to estimate the crest settlement and the face plate
thickness for design purposes. Recent experiences in a major
dam project [1] raised questions about this common approach
and underlined the importance of conducting more field and labo-
ratory research of CFRDs, especially to develop analytical ap-
proaches in predicting the complex behavior of these systems
using advanced constitutive models.

The significance of using advanced constitutive models in the
simulation of dam behavior was demonstrated in [2], where a
substantial improvement in the deformation prediction for a rockfill
dam was obtained using a work hardening/softening elasto-plastic
model instead of a simple elastic-perfectly plastic (Mohr-Coulomb)
model. Using a similar calibration process, reasonable displacement
predictions were obtained for the construction stage of a dam by
using a fully coupled flow-stress analysis [3]. The hysteretic behav-
ior of soils under slow or rapid cyclic loading can also be simulated
with plasticity models. An elasto-plastic constitutive model was
compared to a critical-state-type model employing a kinematic
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yield surface to predict the effects of drawdown-impounding cycles
on a dam [4]. Multi-surface plasticity models with kinematic hard-
ening [5-8], simulating the behavior of soils under cyclic loading
conditions, were also successfully employed in advanced simula-
tions of embankments [9,10].

There have been several numerical studies on CFRDs focusing
on performance during seismic loading [11-13]. Using a linear
elastic model for the concrete face plate, axial tensile stresses of
up to 20 MPa were obtained during earthquake excitation on a face
plate in [11]. The nonlinear, confinement-dependent behavior of
rockfill and the stick slip behavior of the interface were modeled
in [12]; compressive and tensile stresses as high as 6 and 4 MPa,
respectively, were obtained during shaking. Considering the effect
of the reservoir, principal tensile stresses on the order of 5 MPa
were obtained for the face plate in [13]. A face plate, as described
in these studies, can be subjected to high tensile stress, necessitat-
ing detailed nonlinear modeling for an accurate prediction of its
performance.

The primary purpose of this paper was to investigate the non-
linear behavior of the face plate of a CFRD during impounding,
long-term deformation and earthquake loading. A total strain-
based crack model with embedded reinforcements was used to
predict crack development in the face plate. To model the rockfill
behavior during the impounding and construction stages, a plastic-
ity model that incorporated nonlinear elasticity was used. Time-
dependent deformation after the impounding was simulated using
a visco-elastic model assuming a constant reservoir level during
the operating period. A modified Ramberg-Osgood model that
incorporated confinement-dependent degradation and damping
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Nomenclature

a parameter determining reference shear strain for Ram-
berg-0Osgood model

b parameter determining reference shear strain for Ram-
berg-0Osgood model

A equivalent area encasing a single bar

C six by six dimensionless matrix used in creep formula-
tion

d. clear cover distance

E Young’s modulus

E; Young’s modulus for the ith Kelvin chain in creep model

E®) tangential Young’s modulus for the creep model

fe concrete peak compressive strength

fi concrete peak tensile strength

fy steel yield stress

Gp shear modulus at the base of the dam

G} concrete fracture energy

Gref reference shear modulus

h concrete effective element size

J(t, s) creep function

pi interface element internal parameter

Krer reference compression modulus

m material parameter for nonlinear elasticity

7l effective mean stress

R 6 x 6 factor matrix used in rockfill plasticity formula-
tion

Da atmospheric pressure

p; compression offset used in nonlinear elasticity for rock-
fill constitutive model

De preconsolidation pressure

q effective deviatoric stress

tn, b normal and tangential tractions for the interface ele-
ments

Wmax crack width

o Ramberg-0sgood model backbone parameter

B Ramberg-0sgood model backbone parameter

B1 internal parameter for rockfill plasticity model

B strain gradient factor for Gergely-Lutz formula

Ap' pressure shift for the shear yield surface in rockfill plas-
ticity model

AYP equivalent plastic strain increment

a4, crest settlement

€ strain tensor

& elastic volumetric strain

& plastic volumetric strain

£y volumetric strain

&y steel yield strain

Escr reinforcement strain

13 friction angle

b friction angle of the interface

Pev friction angle at constant volume for rockfill plasticity
model

v deviatoric strain vector

Vxy shear strain in x-y plane

Vr reference shear strain value

M viscosity of the damper used in creep model

K1 internal model variable for tracking of hardening behav-
ior of shear failure surface

K2 internal model variable for tracking of hardening behav-
ior of compression cap

e retardation time in creep model

pi interface element internal model parameter

Ai retardation time for the i" Kelvin chain in creep model

0 Lode’s angle

9 dilation angle for rockfill

9 dilation angle for the interface

G stress rate tensor

c stress tensor

o} confinement stress for rockfill triaxial tests

v poisson ratio

Emax maximum damping value for Ramberg-Osgood model

properties was used as the constitutive relationship for the rockfill
material during seismic loading. The rockfill-face plate interface
was modeled using a plasticity model that can simulate gap
opening, sliding and dilation. Using a 2D plane-strain model with
the appropriate constitutive laws for each period of a dam’s life cy-
cle, this study was conducted to investigate the following: (1) the
importance of modeling the construction stages and impounding
to understand face plate behavior, (2) the effect of the interface
and the stress transfer mechanism on the formation of plate stress,
(3) the effect of long-term settlement of the fill on plate perfor-
mance and (4) the performance of the face plate during a moderate
seismic event.

There are some limitations to this study. First of all, the defor-
mations of the face plate parallel to the dam axis or the opening
of the vertical construction joints cannot be predicted within the
scope of this work as such an investigation would require a 3D
model of the system. The study is also limited to a numerical pre-
diction of the dam behavior, as lab and field monitoring data for
the investigated embankment are not available. Finally, due to
the incapability of a single constitutive hypothesis to simulate
the mechanical behavior of an embankment dam under different
loading conditions within its lifetime, several different constitutive
models and sets of parameters had to be used. The artificial strat-
egy of adopting different constitutive models for different loading
conditions may be avoided with the use of novel visco-plastic con-
stitutive relations for such granular materials.

2. Cokal CFRD

The Cokal Dam is an 83-m-high CFRD with a crest length of
605 m that is being built for irrigation and flood prevention in
northwest Turkey at the Thracian peninsula. The dam site is lo-
cated less than 10 km from an extension of the North Anatolian
Fault under the Marmara Sea. Positioned in a wide canyon, the
dam geometry permits the use of the plane-strain analogy utilized
in this study. A typical cross-section of the dam is shown in Fig. 1a
along with a selection of the materials that will be used at the site.
The side slopes are 1H:1.4 V, whereas the face plate is 50 cm thick
with a 0.3% reinforcement ratio.

The Cokal Dam was modeled and analyzed using the general
purpose finite element software DIANA [14]. The high aspect ratio
of the dam (crest length/height = 600 m/83 m = 7.2) allows for an
idealization of the system as a 2-D plane-strain model. A total of
4600 six-node isoparametric plane-strain triangular elements with
a three-point integration scheme were used in modeling the rock-
fill, whereas 54 three-node infinite shell elements, with each node
having two in plane and one rotational degree of freedom, were
used to represent the face plate. The infinite shell formulation,
based on the isoparametric degenerated solid approach given in
DIANA [14], introduces two shell hypotheses, i.e., the normals re-
main straight in the element and the stress perpendicular to the
axis of the element is zero. Embedded reinforcements, which do
not have degrees of freedom of their own, are smeared in the face
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Fig. 1. The Cokal Dam and the finite element model.

slab elements. The strains of the embedded reinforcement ele-
ments are computed from the displacement field of the mother
element, implying a perfect bond between the reinforcement and
the material. The face plate elements were connected to the rockfill
with line interface elements, based on quadratic interpolation,
describing the relationship between the normal and shear tractions
and the relative normal and shear displacements at multiple nodes.
A nodal interface element was used at the bottom of the face plate
to properly model any possible separation from the foundation at
the plinth. The Cokal Dam rests on medium-hard rock with a
Young’s modulus that is approximately two orders of magnitude
greater than that of the dam material; therefore, the foundation
of the dam was not included in the model, and the base was as-
sumed to be a fixed support. A sketch of the modeled constituents
of the Cokal Dam is shown in Fig. 1c.

3. Material modeling

The various constitutive models used in the analyses of the Co-
kal Dam are described in this section (compressive stresses are ex-
pressed as negative values in this work, whereas tensile stresses
are expressed as positive.)

3.1. Reinforced concrete

The constitutive model used for concrete is based on the total
strain fixed-crack model [15]. The compressive behavior is defined
by a parabolic response, with f. defining the peak strength (Fig. 2).

Compression Tension

¥

LG
. Gf
o

e

(o3
I

¢ b J, | 20 MPa
P f, |1.5MPa
/, 420 MPa
P e | & | 0.0021
— £, | 0.005
£, & sh) 9 |
(b) Steel Stress-Strain

Relationship

Fig. 2. Constitutive relations for a reinforced concrete face plate.

The crushing behavior and ultimate strain are governed by the
compressive fracture energy G, so that the model is objective and
mesh-independent. The tensile behavior is modeled by using a lin-
ear softening function beyond the tensile strength f;, with the ulti-
mate tensile strain based on the tensile fracture energy G}. The
utilized tensile-compressive constitutive relationships are pre-
sented in Fig. 2a and b, respectively, with h denoting the effective
element size. A typical strain hardening diagram was chosen for
the embedded reinforcement with the stress—strain diagram as gi-
ven in Fig. 2c, where f, and ¢, represent the yield strength and
strain, respectively.

3.1.1. Rockfill constitutive model: static loading
Triaxial experiments conducted on rockfill specimens reveal the
following [16]: (a) the stress—strain behavior of rockfill material is
nonlinear, inelastic and stress-dependent; (b) an increase in the
confining pressure tends to increase the values of the peak devia-
toric stress, axial strain and volumetric strain at failure; and (c)
an increase in the size of the particles results in an increase in
the volumetric strain at the same confining pressure. A modified
Mohr-Coulomb formulation [17], as implemented in [14], was
used in this study to model (1) the hardening of the rockfill with
increasing shear stress, (2) the volumetric deformations and (3)
the dependency of the mechanical properties on the confinement
stress. This constitutive relationship utilizes nonlinear elasticity
combined with a smooth, hardening shear yield surface and a cir-
cular-shaped compression cap. Within the failure surfaces, nonlin-
ear elasticity is employed through the use of a power law. The
compression modulus K; is assumed as some power (1 —m) of
the current mean effective stress level p’ = 1/3(ay, + 0,, + 03,)
and the reference compression modulus K. as given in (1):
’ N\ 1-m
Ke = Kyes (p +pt>

(1)
a

where p, and p; represent the atmospheric pressure and a compres-
sion offset value used to improve the model performance for ten-
sion, respectively. The yield function for this model is a double
hardening model in which the shear and compressive failures are
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Fig. 3. Rockfill constitutive model.

uncoupled. In p’ — g’ space, where q' denotes the deviatoric stress,
the functions (f;) and (f>) defining the shear and compression failure
surfaces (Fig. 3a) can be written as:

_q 6sing N
flle(O)—ﬁ_siw(p +Ap)=0 (2)
/ N2 2 2 2
L= +Ap) +gd —p:=0 3)

where ¢ is the friction angle, Ap’ is the pressure shift for the shear
yield surface, p. is the preconsolidation pressure, and R;(6) is a func-
tion of Lode’s angle 0. The direction of the inelastic strain rate is set
by the plastic potential surfaces g; and g, given in Eqgs. (4) and (5),
where ¥ represents the angle of dilatancy.

6sin
3 —sin®

/

&1 =q- (0 +Ap) 4)

/ / 2 /
&= +Ap) +50" P (5)

The evolution of the shear yield surface is governed by a multi-
linear variation of the sine of the friction angle (sin ¢ = sin ¢(x1))
with respect to an internal model variable x4 (Fig. 3b), while the
evolution of the compression cap is governed by changes in the
preconsolidation pressure p. with respect to an internal variable
K>. A detailed description of this model is provided in Appendix A.

Because well-documented test results were not available for the
filler material of the Cokal Dam, test results on the rockfill material
from [16] were used to calibrate the material model in this study.
The constitutive model was calibrated to triaxial tests that were
conducted at three levels of confining stress (i.e., 0.35, 0.7 and
1.1 MPa) using the deviatoric stress-axial strain and volumetric
strain-axial strain results. Hardening of the shear yield surface is
prescribed by the multi-linear variation of the sine of the friction
angle in this model. Calibration of the hardening of the compres-
sion cap was not attempted, as the stress levels were below the
stress state at which the cap yield surface is reached. The final
parameters for the constitutive model are presented in Table 1. A

Table 1
Parameters for the rockfill plasticity model.
Parameter Value
A 0.2 MPa
Ap' 0.02 MPa
Pc 3.5 MPa
Kies 133 MPa
m 0.22
sin qb(K§ )2 0.52(0.00)/0.66(0.007)/0.70(0.014)/0.74(0.036)/0.90(0.44)
sin ey 0.755
v 0.32

@ Refer to Fig. 3b.
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Fig. 4. Comparison of triaxial test results [16] vs. model predictions.

comparison of the model estimations and the triaxial test results
is provided in Fig. 4.

3.1.2. Rockfill constitutive model: time-dependent deformation

The long-term behavior of the rockfill material is simulated
using a visco-elastic constitutive relationship [14,18] with a creep
function J(t,s) defining the time-dependent equivalent stiffness
E(ty given in (6) for each (j) plane-strain element.

o 1 e -1
E(ty = {— J(t+ At, s)ds} (6)
At J,

The creep function J(t, s) is defined by a Dirichlet series that can
be interpreted as a Kelvin chain with two elements, a spring comple-
mented by a spring-damper system, as presented in Fig. 5. The mod-
ulus E{) represents the stiffness of the j™ plane-strain element at the
end of the impounding stage and was obtained from Eq. (1) for a con-
stant Poissonratio (v). The viscosity of the added damper 11’1 =1 E"1 is
expressed in terms of the retardation time 4, and the modulus of the
added spring E"1 . E’ll was expressed as a constant multiple ofE{) for all
plane-strain elements. These model parameters were calibrated by
comparing the simulated long-term deformation of the dam crest
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observations [19].

and the data obtained from field monitoring of many CFRDs [19]. As
presented in Fig. 5b, the permanent deformation at the crest of the
Cokal Dam was 0.4% of the dam height (H), which compares reason-
ably well with the observed behavior of many dams. Further details
of this creep model, generally used in long-term creep simulations,
are provided in Appendix A.

3.1.3. Rockfill constitutive model: dynamic loading

A modified Ramberg-Osgood formulation [14] described by Eqgs.
(7) and (8) was used to simulate the stiffness degradation and hys-
teretic damping of the rockfill material under cyclic shear strain.
The parameters « and g that define the dynamic backbone function
for this formulation are determined using the reference shear
strain (7y,) and the maximum damping value (&nax)-

Ox
Ty = ¢ (1+0/Tyl") )
2 U znfmax
*= (E) & ﬁ B 2 - Tcémax (8)

G = Grep' /pa)®? is the tangent shear modulus in the above formula-
tion, defined by the current mean effective stress p’, the
atmospheric pressure p, and the reference shear modulus
Grer=30 MPa. The unloading and reloading behavior is described
by Masing’s rules [20].

The dependency of the damping ratio and stiffness degradation
on the confining stress [21-23] was considered by defining the ref-
erence shear strain in Eq. (7) as a function of the mean stress p’
(yr=aexp (bp')). The parameters a = 0.0042 and b = 0.62 were ob-
tained by calibrating the backbone curves at three confinement
levels to tests results in [16], as given in Fig. 6. The shear strain
vs. damping ratio curves obtained with the model compare well
with the test results for Changheba Dam [23] rockfill, but are
somewhat lower than the curves suggested for Oroville Dam
material in [21]. To account for the low damping provided by the
Ramberg-0sgood formulation at very small shear strains, a 2% vis-
cous damping was added to the model using Rayleigh damping.
Separate values of vy, for each plane-strain element within the
embankment were calculated based on the mean effective stress
p’ of an element at the end of impoundment (Eol) stage.

1
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Fig. 6. Performance of the dynamic model.

3.2. Interface modeling

Experimental data on the interface behavior of CFRD systems
are rather limited [12,24]. Monotonic and cyclic shear tests on
the interface were conducted in [24], leading to the conclusion that
failure of the interface is a combination of contact and filler failure.
Residual friction coefficients between 0.6 and 0.8 were obtained. A
friction-dominated response with observed volumetric dilation
behavior was presented in tests conducted for the interface be-
tween a concrete slab and a gravel cushion layer in [12]. Consistent
with the findings of these studies, the interface between the slab
and the cushion layer was assumed to be governed by frictional
behavior simulated using a simple Mohr-Coulomb plasticity mod-
el [14,25]. The Coulomb friction model employs the following yield
(fy) and plastic potential (g;) surfaces defined in terms of the normal
traction t, and the tangential traction t;.

fi=\/tt+tatang; —c; =0 9
g =/t + tytany, (10)

where tan ¢; and ¢; are the friction coefficient and the cohesion,
respectively. Tan 9, represents the tangent of the angle of dilatancy.
The rate of plastic displacement Ai/? is governed by:

P — (ig

AP =) ot (11)
where / is a multiplier. The tangent stiffness matrix is nonsymmet-
rical if the friction angle is not equal to the dilatancy angle (¢; # ;).
The interface element was calibrated to the test results given in [12]
for a concrete-gravel layer contact, as shown in Fig. 7. Except for the
later stages of sliding, in which dilation is overestimated, the agree-
ment is quite reasonable.

4. Phased analysis of the Cokal Dam

CFRD deformations start at the construction stage only to stabi-
lize in the very long term. The behavior is dependent on the intact
particle strength, rockfill gradation, minerology and foundation
conditions as well as construction technique. Early CFRD structures
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built without proper compaction settled up to 5.5-6% of their
height (H) in their lifetime; the use of vibro-cylinders and a better
preparation of the rock material led to reduced settlement values
(<0.5% H) in the long term [26]. During the impounding stage,
the CFRD deformations are small. Observations of crest settlement
ranging between 0.02-0.05 and 0.1-0.15% H after the initial reser-
voir filling were reported in [27] for rockfill embankments with
very high strength and intermediate minerology, respectively.
Some exceptions to these settlement limits were observed, attrib-
uted to the low modulus of elasticity and relatively large height of
these systems [19].

The most important aspect of performance for a CFRD dam is usu-
ally seen as the flexibility of the face plate to conform to rockfill dis-
placements without extensive cracking. During construction, the
settlement of rockfill causes compressive stress on approximately
90% of the face plate [28]. Hence, settlement of the embankment un-
der the face plate is a loading condition for the plate. Modeling of the
construction, loading stages and long-term settlements is thus
important in realistically predicting the behavior of the face plate.
In order to properly investigate these stages in the lifetime of a CFRD,
a phased analysis technique was used in this study. The rockfill was
placed in 27 stages using 3-m lifts. The concrete plate was created on
the top of the rockfill afterwards, connected to the rockfill slope with
interface elements (corresponding to the end of construction (EoC)
stage). The impounding process was then modeled with the reser-
voir rising to the maximum water level (MWL) in 27 steps (Eol).
Creep of the rockfill was taken into consideration after the Eol stage,
and the visco-elastic model was used for the rockfill (deactivating
plasticity) to determine the accumulating displacements in the
embankment and their effects on the face plate in the long term.
Since a limited zone of the embankment reached yielding in the
plasticity model at the Eol stage, such an approach was appropriate.
The sequence of modeling, from the construction stage to the end of
long-term analysis, is presented in Fig. 8.

4.1. Behavior of the Cokal Dam during construction, impoundment and
long-term deformation

The state of vertical stress at the EoC and Eol stages for the Co-
kal Dam is presented in Fig. 9a. Impounding changes the state of
stress relatively significantly only near the upstream face of the
dam. The maximum compressive vertical stress is around
—1.4 MPa at the core of the dam near the base. A maximum settle-
ment of around 30 cm is observed at the center of the rockfill. The
long-term deformation of the fill at the end of 14 years is compared
to the Eol deformations in Fig. 9c.

In order to properly display the force transfer mechanism be-
tween the plate and the rockfill, the face plate was modeled ini-
tially as linear elastic. The variation of the plate axial stresses
during impounding is presented in Fig. 10a as a function of dis-
tance from the plinth along the dam face for the Eol stage. Before
impounding, the plate is under uniaxial compression due to its
own weight, with a maximum value of approximately —0.9 MPa
at the bottom. Due to rising of the reservoir, the face plate begins
to experience tensile stresses (Fig. 10a), leading to separation from
the plinth for a reservoir level of approximately 27 m. At the MWL,
the tensile stresses on the plate are as high as 4 MPa near the bot-
tom. By comparing the tensile stress demand with the tensile
strength (1.5 MPa), one can easily justify the need for nonlinear
modeling of the face plate.

In the long term, tensile stresses on the face plate are incremen-
tally reduced while the creep deformations increase (Fig. 10b). Set-
tlement of the rockfill causes compressive stresses on the plate
pulling it towards the foundation, confirming the observations in
[28]. For a long-term crest settlement of 0.10% of the dam height,
the maximum tensile stress is reduced to 3 MPa. On almost 80%
of the face plate, compressive stresses are again observed for a set-
tlement of 0.3% H; the tensile stress near the foundation is reduced
to 1 MPa, whereas compressive stresses as high as —1.5 MPa are
observed near the crest.

The level of axial stress on the face plate is limited by the ability
of the cushion layer-face plate interface to transfer shear force. In
order to investigate the nature of this stress transfer, the shear/nor-
mal stress ratio along the interface between the face plate and the
rockfill was studied (Fig. 11). In Fig. 11, a positive shear/normal
stress ratio implies that the stress on the face plate is directed to-
wards the crest of the dam; i.e., the rockfill is supporting the face
plate. On the other hand, a negative shear stress ratio implies that
the rockfill is pulling the face plate towards the plinth. The initial
state of stress given in Fig. 11a shows that the rockfill is supporting
the face plate at the EoC. A reservoir level rise to H = 42 m signifi-
cantly decreases the shear stress ratio, but the rockfill still supports
the plate. For the MWL, shear stress is reversed only along the bot-
tom 10 m of the face plate, which accounts for the reduction in the
tension on the plate from the maximum value shown in Fig. 10a
near the plinth. The friction capacity of the interface is not over-
come during impounding except near the bottom, at the plinth.
Long-term settlement changes the pattern at the Eol stage consid-
erably near the crest of the dam. The shear stress ratio on the face

Construction Stage

Impounding

Long Term

T

MWL=81m

(1) Fill Completed in
27 Stages

(2) Slab Elements
Created EoC

(3) Impounding in 27
Stages Eol

(4) Deformation of Fill
and Plate Together

Fig. 8. Analysis schemes to simulate short- and long-term behavior.
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(c) Vertical Displacement (m)
(excludes EoC displacements)

Fig. 9. Vertical stresses and displacements of rockfill.
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Fig. 10. Axial stress on the face plate in the short and long term.

plate for the bottom half changes very little, as shown in Fig. 11b,
but near the crest, the direction of the shear stress is observed to
reverse. This reversal leads to a reduction in the tension on the face
plate, i.e., the rockfill pulls the face plate down during settlement.
The top half of the face plate regains its compression status as a re-
sult of this settlement (for crest settlement, 4, > 0.10%H).
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Fig. 11. Variation of shear/normal stress ratio during impounding and settlement of
the fill.

4.2. Face plate nonlinearity and cracking

As shown above, the tensile stresses on the face plate of the Co-
kal Dam are strong enough to lead to cracking. Incorporating the
total strain crack model for the reinforced concrete face plate with
embedded reinforcement, the stresses on the face plate were recal-
culated for the impounding stage and the long term, as given in
Fig. 12a and b, respectively. The axial compressive stress on the
plate incrementally increases from an initial value of —0.9 MPa to
give way to tensile stresses during impounding, similar to the re-
sults provided for the analysis with linear elastic face plate behav-
ior (Fig. 10). The first sign of nonlinearity is the separation from the
plinth, occurring when the reservoir level reaches 30 m (Fig. 12a).
Cracking takes place in the plate after this stage, leading to a redis-
tribution of the stresses to the reinforcement. The tension (crack-
ing) zone spreads higher on the plate as the reservoir level rises.
The plot of the stresses on the face plate for the MWL shows the
presence of cracks in the first 45 m of the plate near the plinth
base. In the long term, settlement of the fill reduces the tensile
stresses on the face plate, leading to compression (Fig. 12b). For
a crest settlement of 0.3% of the dam height, 4/5 of the plate reverts
back to axial compression, similar to the results given in Fig. 10. In
the remaining portion of the plate, the tensile stresses are reduced;
however, the cracked region near the plinth does not regain its
integrity (Fig. 12b).

The crack widths on the face plate near the plinth were esti-
mated using the empirically well-established Gergely-Lutz expres-
sion [29], which is commonly used in reinforced concrete design
[30], relating the maximum crack width wy,.x to three variables:
the reinforcement steel strain at the crack (&), the concrete cover
over the reinforcement d. and the area of concrete around each bar
A:

Whax = 2~2ﬁ(;[_83cr \/3 ch (12)

where fg; is a factor that accounts for the strain gradient within the
member. Reinforcement stresses at the bottom of the face plate in-
crease during impounding and barely reach the yield stress at the
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Fig. 12. Variation of face plate stresses during impounding and settlement of the
fill.

MWL (Fig. 13a). Crack widths as large as 1.0 mm are obtained for
this case, while the average crack width is around 0.5 mm for a
45-m section of the face plate (Fig. 13a). Long-term settlement of
the rockfill does not significantly decrease the maximum reinforce-
ment stress, but it reduces the average stress in the bottom 1/3 of
the face plate, as shown in Fig. 13b. A reduction in the maximum
crack width to 0.7 mm is observed, with a significant reduction in
the cracked region (down to <30 m) and in the average crack width
(down to 0.4 mm) of the face plate (Fig. 13b). As shown in Fig. 12b,
the existing cracks do not close at the bottom of the plate, but their
extent and width are reduced. Perhaps this phenomenon explains
why the seepage from impounded dams is quite high right after
impounding, decreasing and approaching a steady state in the life-
time of the structure as in the Foz de Areia Dam [31]. The initial
seepage level of 236 L/s reduced to a steady state level of 70L/s
5 years after filling the reservoir for this system.

The shear/normal stress ratio for the face plate is presented in
Fig. 14 for impounding and long-term settlement of the fill. The
use of nonlinear properties for the face plate did not result in sig-
nificant changes from the earlier results obtained with the linear-
elastic plate assumption (Fig. 11). For both cases, the shear/normal
stress ratio on the interface was far smaller than the transfer
capacity of the layer between the plate and the rockfill.

5. Effect of earthquake loading on the Cokal Dam

A site-specific seismic hazard study was conducted for the Co-
kal Dam, establishing a design response spectrum for opera-
tional-based earthquake (OBE) and maximum design earthquake
(MDE) levels [32]. OBE events are defined as earthquakes with a re-
turn period of 144 years in accordance with the national practice;
during an OBE event, the dam must sustain minimum damage and
must remain operational. For nonlinear transient time history
analyses of the Cokal Dam, three different time histories that were
matched to the OBE target spectra were used. The ground motions
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Fig. 13. Face plate stress and crack width during impounding and settlement of the
fill.

OBE1, OBE2 and OBE3, with PGA levels of 0.28, 0.22 and 0.25 g,
respectively, are presented in (Fig. 15) along with a comparison
of the spectrum of these motions and the target spectra for the Co-
kal Dam site. After the Eol stage, the plasticity model for the rockfill
was deactivated, and transient analyses of the Cokal Dam were
conducted using the modified Ramberg-Osgood formulation for
the rockfill. For these analyses, the initial shear modulus
G= Grej(p’/j:»a)o'5 for each element of the finite element model was
obtained in accordance with the effective stress p’ on the element
at the end of the static analysis (Eol stage). The initial shear mod-
ulus along the centerline of the dam (normalized with respect to
the modulus G, at the base) increases with depth (z) from the crest
as given in Fig. 16, comparing well with the field data obtained
from 12 actual earth dams [33]. Newmark’s method with y,=1/2
and p,=1/4 was chosen as the time stepping algorithm for the
transient analyses and uniform base excitation was applied to
the model with equivalent inertial forces in the customary fashion.
A 2% viscous damping was added to the model using Rayleigh
damping to account for the deficiency of the Ramberg-Osgood
model in providing damping at small shear strains.

Horizontal and vertical displacement time histories obtained at
the crest of the dam are presented in Fig. 17a and b, respectively. A
maximum lateral deformation of approximately 40 cm was ob-
served for OBE3. The permanent lateral deformations for all events
are less than 5 cm. The maximum vertical deformation is around
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Fig. 14. Variation of shear/normal stress ratio during impounding and settlement of
the fill.

10 cm, with a negligible residual settlement. The time history of
plinth opening-closing, presented for the three events in Fig. 17c,
shows that the gap between the plinth base and the face plate
(at approximately 1.0 cm before the earthquake) tends to close
after the ground motion.

Time histories for shear strains at various elevations along the
dam centerline (Fig. 18) are presented in Fig. 19a for the OBE1
event. At elevations of 18 and 38 m along the centerline of the
dam, the maximum shear strain is around 0.3%; the residual strains
are around 0.1%. Near the crest of the dam, the maximum shear
strain is much lower (around 0.15%). The envelope of maximum
shear strains in the embankment computed over the whole time
history of OBE1 is presented in Fig. 19b. The shear strain envelopes
for the OBE2 and OBE3 ground motions are similar to this distribu-
tion as well.

The change in the nature of the earthquake motion as it travels
through the embankment was investigated by evaluating the
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Fig. 15. Earthquake ground motion time histories.
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transfer function between the base excitation and the acceleration
at different elevations along the centerline of the embankment
(SM1, SM2, SM3, Fig. 18). As shown in Fig. 20, the ground motion
is amplified nearly two times at various frequencies up to 5 Hz at
the crest. Notably, for the first peak frequency, the motion is
amplified more at the middle (SM2, Fig. 18) and bottom of the
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embankment (SM1, Fig. 18) as compared to the crest. For the sec-
ond peak, deamplification of the ground motion at the middle of
the embankment is observed. Such an amplification within the
embankment may explain the distribution of the shear strains pro-
vided in Fig. 19. The first peak caused the large shear strains ob-
served below the crest while the second peak might be
responsible for the higher strains occurring very close to the
foundation.

Variations in the axial stresses of the face plate, for four differ-
ent elevations (SP1, SP2, SP3, SP4, Fig. 18), are presented in Fig. 21
for the OBE1 event. At SP1 and SP2, which are lower on the face
plate, the plate is under tension (due to impounding) before the
earthquake loading. After approximately 10 s, the tensile demand
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Fig. 21. Variation of axial stress within the face plate for the OBE3 event.
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Fig. 22. Estimated crack width after earthquake loading.

on the face plate increases, reaching the tensile capacity. The stres-
ses are reduced to zero for the rest of the motion, and the rein-
forcements account for the integrity of the plate. The tensile
stresses do not reach the tensile strength of the face plate at loca-
tions SP3 and SP4. While location SP3 is always under tension dur-
ing the period of ground motion, at SP4, the stress on the face plate
oscillates between compression and tension.

The final state of the cracking on the face plate at the end of the
earthquake motions is presented in Fig. 22. After the earthquake
motion, the cracking on the face plate extends by approximately
35 m towards the crest of the dam. The crack width at the bottom
of the plate decreases, while new cracks with widths as large as
1.7 mm develop in the face plate. For the OBE3 event, some small
cracking at the crest of the dam is observed, possibly due to the
separation of the plate from the crest of the dam.

6. Summary and conclusions

In this study, the performance of the face plate of a CFRD was
investigated, with a focus on crack development during impound-
ing of the dam and long-term deformation of the rockfill. The fol-
lowing conclusions can be drawn based on the analysis results.

e The friction capacity of the face plate-cushion layer interface
was not exceeded during impounding or long-term deformation
of the dam.
Impounding of the reservoir caused tensile cracking at the bot-
tom 1/3 of the face plate. The majority of the face plate was
under a low level of tensile stress for the maximum reservoir
level. The maximum crack width (1.0 mm) on the face plate
after impounding was near the plinth base. The average crack
width on the bottom 1/3 of the face plate was around 0.5 mm.
e Long-term settlement of the rockfill significantly changes the
state of stress on the face plate; the rockfill settlement com-
presses the plate. As much as 60% of the face plate reverted back
to the compressive state for a long-term settlement quantified
by 0.20% H at the dam crest. In the long term, the extent of
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the cracked region was significantly reduced as well. The aver-
age crack width within this region was reduced from 0.5 mm to
0.4 mm, with the maximum crack width decreasing from
1.0 mm to 0.7 mm.

e The predicted crack widths for the plate were above the service-
ability limits for concrete structures (<0.1 mm) in hazardous
conditions [30]. If these cracks are not filled during operation
by sediment flow, corrosion and sudden increases in cracking
and seepage in the face plate can be expected.

o For OBE-level earthquakes, significant spreading of the cracking
on the face plate was observed. The maximum crack width also
changed significantly after the event, implying that the rein-
forcement ratio for the case study may not be adequate.
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Appendix A. Rockfill plasticity

The nonlinear elasticity, yield surfaces, flow and hardening
rules utilized in the plasticity model for the rockfill are presented
below [14,17].

A.1. Nonlinear elasticity

Elastic behavior is assumed to be isotropic in this model. The
tangential compression modulus sets the rate relationship be-
tween the current mean effective stress p’ and the elastic volumet-
ric strain &% as given in Eq. (A.1). Using the tangent modulus as a
function of the mean stress p’, the reference compression modulus
Krer and the power parameter m, the volumetric stress-strain rela-
tionship given in Eq. (A.3) is obtained.

P =K (A1)
/ N\ 1-m
Ke = Ky (p “’t) (A2)
Pa
’ ’ m-1
PP} gy = Kopdes, (A3)
pref

where p, and p; represent the atmospheric pressure and a compres-
sion offset value used to improve the model performance for ten-
sion, respectively. Assuming isotrophy and a constant Poisson
ratio (v), one can define a tangent shear modulus G, (A.4).

G = (A4)

3
2
A.2. Yield criteria

Plastic behavior is controlled by shear (f;) and compressive (f5)
yield surfaces that are assumed to be uncoupled.

. q/ _ 651n¢ / / .
fi “R(0) 73_Sin¢(p +Ap) =0 (A.5)
’ n2 2 2 2
fa=( +Ap) +gd —pP:=0 (A.6)

where ¢/, ¢ and p. are the effective deviatoric stress, the friction an-
gle and the preconsolidation pressure, respectively. Ap’ is a pres-
sure shift introduced to move the shear yield surface, simulating
cohesive behavior. The function R;(0), given in Eq. (A.7), accounts
for the difference in triaxial strength for compression and tension
by making use of Lode’s angle 0 and the factor ;.

_(1—pysin36\ *%
Ry (0) = <W> (A7)
_ (34sing\ T (3 4sing) T
b= (m) W(m) +1 (A8)
A.3. Flow rule

The direction of the inelastic strain rate is determined by the
potential surfaces g; and g, implying an associative behavior in
P’ — q space and a non-associated flow in the deviatoric space.

6sind
3 —sind

!

g =q- (0’ +Ap) (A.9)

/ / 2 I
&= +Ap) +50° P (A10)
The dilatancy angle ¥ is a function of the friction angle accord-
ing to Rowe’s stress dilatancy theory.

sin ¢ — sin ¢,

1—-sin¢siné,,

(A11)
where ¢, is a constant value that can be conceived as the friction
angle at constant volume.

A.4. Hardening behavior

The evolutions of the failure surfaces are uncoupled in this
model. The hardening behavior for the shear failure surface is mod-
eled through the evolution of the friction angle sin ¢ = sin ¢(x). A
multi-linear variation of the friction angle with respect to the
internal variable x; is specified. Both hardening and softening
can be simulated with the prescribed multi-linear variation in this
formulation (softening terms were not needed/utilized in this
study). Changes in x; for the model are tracked using the equiva-
lent plastic deviatoric strain increment AyP and a diagonal factor
matrix R (Eq. (A.12)). The hardening behavior of the compression
cap is modeled through evolution of the preconsolidation pressure,
Do as a function of the internal variable x,. The variation in x; is
equal to the change in the volumetric plastic strain A&, as given
in Eq. (A.13) (hardening of the compression cap was not utilized
in this study.)

Aky — @) (A7) R(Ay) (A12)

Arc; = —A&b (A13)

A.5. Rockfill creep: visco-elastic model

The viscoelastic behavior of a material can be modeled using a
creep function J(t, s) which is used to obtain the time dependent
mechanical properties. In a general form, the strain ¢(t) at any time
t can be written as a function of a six by six dimensionless matrix C
and the stress rate tensor 6.

&(t) = /0 t J(t,s)Cé(s)ds (A14)
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1 -v -v 0 0 0
-0 1 -» 0 0 0

— -v —v 1 0 0 0

C= A15
0 0 0 21+v 0 0 ( )
0 0 O 0 2(1+v) 0
0 0 O 0 0 2(1+4v)

The strain increment Ae=&(ti+q) — &(ti+1) can be expressed as
below:

tisq

As:/Ofi[](tnhs)*J(ti,S)]éé'(S)dSJr | U(tii1,s) —J(tis)]Ca(s)ds

i

(A.16)

Assuming that the stress varies linearly over the time increment
0 = Ag /At and using a generalized midpoint rule t; < t* < t;,1, the
stress increment Ac = 6(ti+1) — 6(t;) can be written as

A6 =E(t)C'Ae + 6(t) (A17)
where
t+At -1
E(t) = (Alt J(t + At, s)ds) (A.18)
at) = ~E(e){C Az - it s) Jsjedsh  (A19
JO

The creep function J(¢, s) is defined in Eq. (A.20) by the Dirichlet
series that is usually adopted in long-term creep simulations.
Dirichlet series used in this study can be interpreted as a Kelvin
chain with two elements, a spring complemented by a spring-dam-
per system. The retardation time /; and the spring modulus E; for
the ith element of the Dirichlet chain are the required input.

Jt,s) = 21: % (1 - e,r;_:)

More information on the utilized creep model can be found
in [14]

(A.20)
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