Mixed-mode pressurized fracture at the dam-foundation joint
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ABSTRACT: When fracture occurs in a concrete dam, the crack mouth is typically exposed to water. Very
often this phenomenon occurs at the dam-foundation joint and is driven also by the fluid pressure inside the
crack. Since the joint is the weakest point in the structure, this evolutionary process determines the load bearing
capacity of the dam. In this paper the cracked joint is analyzed through the cohesive model, which takes into
account the coupled degradation of normal and tangential strength. Some numerical results are presented which
refer to the benchmark problem proposed in 1999 by the International Commission On Large Dams. During
the evolutionary process the horizontal dam crest displacement has been found to be a monotonic increasing
function of the external load multiplier. As the fictitious process zone moves from the upstream to the down-
stream edge a transition occurs in the path of crack formation: the initial phase is dominated by the opening
displacement, on the contrary afterwards the shear displacement dominates. Therefore, crack initiation does not

depend on dilatancy. On the contary the load carrying capacity depends on dilatancy.

1 INTRODUCTION

When cracking occurs in a concrete dam the crack
mouth is typically exposed to water. \ery often this
phenomenon occurs at the dam-foundation joint and
is driven also by the fluid pressure inside the crack.
Since the joint is the weakest point in the structure,
this evolutionary process determines the load bear-
ing capacity of the dam. In this paper the cracked
joint is analyzed through the model proposed by Coc-
chetti, Maier, and Shen 2002 (shortened CMS), which
takes into account the coupled degradation of normal
and tangential strength at the dam/foundation inter-
face. The water pressure inside the crack, which re-
duces fracture energy and increases the driving forces,
is analyzed through the model proposed in Reich,
Briihwiler, Slowik, and Saouma 1994, Briihwiler and
Saouma 1995a and Briihwiler and Saouma 1995b.
The crack opening displacement induces two conse-
quences:

e concrete permeability increases,
e Water pressure increases.

Each one of these two phenomena drives the other.
Some results are presented which refer to the bench-
mark problem proposed in 1999 by the International
Commission On Large Dams (ICOLD 1999). Similar
water/fracture interaction phenomena are observed in
the analysis of retaining walls and rock slope stability.

2 JOINT MODELS

A joint is a locus of possible displacement discontinu-
ities. The separation phenomenon is analyzed in the
plasticity framework since an irreversible process oc-
curs. The displacement vector w is assumed to be the
sum of a reversible (superscript €) and an irreversible
(superscript p) contribution:

W= W + W’ (1)

p=Kow* = Ko (w—w") (2)

where p represents the traction vector across the
joint and K, the stiffness of the joint.

2.1 Damage initiation phase

According to the CMS model proposed in Cocchetti,
Maier, and Shen 2002 and Bolzon and Cocchetti
2003, damage initiation occurs when the stress path
achieves the piecewise linear yield or activation func-
tion shown in Fig. 1, where p,, is the normal traction,
Xo its ultimate value in pure tension, p; is the tangen-
tial traction, ¢, the cohesion and 1 the Coulomb fric-
tion angle. The activation function consists of a vec-
tor of o, whose components or modes correspond to
half-planes in the bi-dimensional stress space. The in-
tersection of such half planes is a convex domain that
constitutes the region of elastic behaviour of the joint.



Figure 1. Piecewise linear model.

Each component ; depends on cohesive tractions
p and static internal variables x:

= oi(p,X) < 0 inactive joint
vi=ilPX)\ = active joint

The point where damage initiation occurs is called
fictitious crack tip (FCT). During the evolutionary
process, it moves from the upstream edge to the
downstream edge.

2.2 Damage evolution phase

Once the necessary activation condition ¢ = 0 is met,
irreversible displacements w? can develop along the
interface:

wr — 9P x)

Op

where the plastic potential Q(p,x) is defined in
such a way that the interface fracture work without
friction is controlled as explained later. The portion
of joint where damage evolves is called fictitious pro-
cess zone (shortened FPZ).

The main features that differentiates the
CMS model from Carol, Prat, and Lopez 1997
and Cervenka, Kishen, and Saouma 1998 is that all
equations are linearized, hence the nonlinearity of
the model is contained only in the complementarity
conditions. A first set of five relations, also referred
to as Kuhn-Tucker conditions, can be written with
reference to the plastic multiplier A, associated with
the inelastic displacement direction V; (shown in
Fig. 1). Following the notation used by Puntel 2004,
we can write:

A>0 (3)

@y >0 }\yZO ‘Py)"yzo (4)

When the stress path is inside the elastic domain,
all components ¢, are positive and therefore all com-
ponents \; vanish. When the stress path achieves the
activation function, a component ; vanishes and the
corresponding \; becomes positive. A first set of com-
plementarity relations specifies the conditions for the
onset of softening along a branch.

Now a second set of complementarity relations has
to be introduced. When the traction mode (p; = 0) is
activated, the linear softening law is completely de-
termined by the condition that the energy dissipated
is the traditional Mode | fracture energy G~ (Hiller-
borg, Modeer, and Petersson 1976). The softening
branch is bounded; when the displacement disconti-
nuity, along a pure traction mode, reaches the criti-

I - -
cal values w, = 2 i—F the cohesive forces vanish. The

condition for the arrest of softening in this case can
be written through a sixth complementarity relation.

Similarly, when two shear modes (4 = 0) or (5 =
0) are activated, the linear softening law is completely
determined by the condition that the energy dissipated
is the Mode 11 fracture energy G under high nor-
mal confinement and no dilatancy proposed by Carol,
BaZant, and Prat 1992 in the context of the microplane
model. The determination of pure Mode Il fracture
energy GL would require a pure shear test, without
normal confinement, which is extremely difficult to
perform. That is the reason why GZ/@ is preferred as a
material property. The softening branch is bounded;
when interface fracture work without contribution
from friction, along a pure shear mode, reaches the
critical value G, the cohesive tractions vanish and
the interaction forces are due to friction alone. The
condition for the arrest of softening in this case can
be written through a seventh complementarity rela-
tion. When the cohesive-frictional modes (¢, = 0 or
w3 = 0) are activated, the critical condition is re-
lated to both displacement discontinuity components
as shown in Cocchetti, Maier, and Shen 2002. Along
this separation mode, when the condition for the arrest
of softening is reached, the residual tangential stress
is assumed as constant (see term ¢ in Fig. 1).

The last complementarity relation of the model re-
gards the dilatant behaviour associated with A\, and
A3 (See pqo In Fig. 1). It appears reasonable to assume
that there is a limit to the dilatancy of a joint. There-
fore, plastic multiplier \g is activated in order to store
the total of A\, and A5 exceeding the parameter wg;;.
Along this separation mode, when the condition for
the arrest of softening is reached, the residual tangen-
tial stress is assumed to be dependent on Coulombian
friction (see the dashed line, i.e., i p,, of Fig. 1).

It should be remarked that the model takes into ac-
count a bilinear relationship between tensile strength
and crack opening and between cohesion and crack
opening. The coordinates of knee point are (xi,w;)



d = Puw
Pwo )
1.0 + T e
K4
X4
’
,,,,,,,,,,,,,, KA
V4 .
T : KA '
05 v
1 . N . f
.‘ (‘I’l;¢1) )
0 o | H "
0 0.5 1.0 Y=g

Figure 2. Hydrostatic pressure transition (x = 4,V =
0.25, 1 = 0.5).

while the slopes of the branches are h,, and h,,; for
the former and (c¢;, w,, ) and hyy and hy; for the latter.

3 MODELING WATER INSIDE THE CRACKS
3.1 Damage inside the cracks

As a consequence of additional damage occurring in-
side the FPZ due to the presence of water, it is as-
sumed that fracture energy Gr reduces as pressure
Pwo INcreases. The apparent value of G is assumed
to be expressed by the following relationship (Reich,
Bruhwiler, Slowik, and Saouma 1994):

2
Gr = Gr [1—2@+ (@) ] -GS (5)
X0 X0

The ratio % is identified as damage number. If
Pwo — (), i.e., S = 1, the material is considered un-

X

dz;maged and therefore, the softening law is derived
from the traditional fracture energy measured in dry
conditions. If 2« =1, i.e., S = 0, the material is con-

sidered fully daomaged and fracture energy vanishes.
The stress-opening law is now assumed in such a way
that the openings are scaled through the factor S:

w=Sw (6)

3.2 Pressure distribution

The pressure distribution is assumed to be described
by two polynomial functions. Defining ¥ = —*- and

- w0
P = If—l% we can write:

o= fi(V)= A1+ BV + OV + D WP U<y (7)

P = fo(V) = Ay + BoU + Co¥? + D03 T > 0y (8)

These functions are plotted in a non dimensional
space in Fig. 2 (f,: dotted, f5: dashed). The slope
at (Vy,0) and (1,1) is equal to zero; the slope at
(¥q, ®,) is continuous. Value ¥, corresponds to crack
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Figure 3. Water pressure distribution inside the crack. The
aspect ratios of Petersson’s softening law are 2t = % and
pL_ 1 ‘

X0 3"

opening w below which p,o = 0, while ¥, corre-
sponds to the knee point w;. Value ¥, is defined as:

2
\DOZ\Pl_qul (9)

where x > 2 is a constant.
The transition point between f; and f5 is defined
by the coordinate ¥, see Eq. 9, and ®;:

B 2,
20, R (1- )

(10)
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The value w,,o shown in Fig. 3 is assumed to be:

Wywo = wl + % (u?c - 1171) (11)

4 EXAMPLE OF APPLICATION
4.1 Numerical model

The numerical simulations are performed in the
framework of the finite element code ABAQUS 2005
by means of the so called “user subroutines”.

4.2 Benchmark problem

As an example of application, the benchmark problem
proposed in 1999 by the International Commission
On Large Dams (ICOLD 1999) was analyzed. The
gravity dam shown in Fig. 4 was discretized through
57313 triangular elements and the foundation through
11020.The joint was discretized through 1000 quadri-
lateral elements (0.01m thick and 0.06m wide), the
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Figure 4. Gravity dam proposed as benchmark by ICOLD
(1999).

boundary through 115 infinite elements. The follow-
ing lists show the material properties assumed.

- Dam and foundation Young modulus: 2.4e10Pa

- Dam and foundation Poisson ratio: 0.15

- ¢;: 2.33e6Pa

- ¢. 1.0Pa

- ¢p. 6.0e6Pa

- w: 0.577

- g0 0.1

- Xo: 2.0e6Pa

- GHe: 514N/m

- GL:147N/m

- pwo: Water pressure

- wyi- 2.0e-3m

- x1. 0.66e6Pa

- ¢ 2.33e6Pa

- wy: 1.5e-4dm

- wy. 6.75e-4m

4.3 Numerical results
The dam is analyzed under the following conditions:

e self weight application,
e reservoir filling,

e imminent failure flood.
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Figure 5. Crack opening displacement vs. distance from
upstream edge.

Since the joint is the weakest part in the structure,
the remaining material behaves in a linear elastic way.
In order to deal with a ratio ”;—0 belonging to

the range tested by Reich, BrU’hWiI%,r, Slowik, and
Saouma 1994, an appropriate value of tensile strength
Xo 1S chosen. After the application of the self weight,
the structure behaves linearly up to 87.5% of hydro-
static water pressure corresponding to the height of
the dam crest (h. = 80m). Above this level, start-
ing from the upstream right angle, where the elastic
stress field is singular, a fictitious process zone begins
to grow along the joint. As the load proportionality
factor grows from 0.875 to 1 the crack mouth open-
ing displacement reaches the value w,,, and the wa-
ter pressure penetrates into the crack and becomes an
additional driving force for crack propagation. Nev-
ertheless, when the water level reaches the dam crest,
the crack turns out to be still stable in load control. In
the last load step the water level is fictitiously raised
up to the level that leads to the collapse of the dam.
This level is often termed as the level of imminent
failure flood h, ;. The load-carrying capacity and the
safety of the dam against failure are evaluated in terms
of the maximum overtopping coefficient ;;, = hhi
After each load increment, the fluid pressure acting on
the crack faces is updated according to the new values
of displacement discontinuity. All the states reached
during the evolutionary quasi-static analysis are sta-
ble in load-control.

Figure 5 and 6 show the crack opening and slid-
ing distribution near the crack, Fig. 7 the displace-
ment paths. Figure 8 and 9 show the related normal-
ized (with respect to o) normal and tangential stress
distribution.

Finally, Fig. 10, 11 and 12 show the overtopping
coefficient as a function of the horizontal crest dis-
placement, crack mouth opening and sliding displace-
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Figure 6. Crack sliding displacement vs. distance from up-
stream edge.
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Figure 7. Crack mouth displacement path.

ment, respectively.

5 CONCLUSIONS

The main contribution of this research is to as-
sess the influence of water penetration inside a
dam/foundation joint. For the material properties and
boundary conditions analyzed the following conclu-
sions can be drawn:

e During the evolutionary process the horizontal
dam crest displacement has been found to be
a monotonic increasing function of the external
load multiplier.

e As the fictitious process zone moves from the up-
stream to the downstream edge a transition oc-
curs in the path of crack formation: the initial
phase is dominated by the opening displacement,
on the contrary afterwards the shear displace-
ment dominates.
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Figure 8. Normal stressvs. distance from upstream edge.
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Figure 9. Tangentia stress vs. distance from upstream
edge.

e The crack initiation does not depends on dila-
tancy. On the contary the load carrying capacity
depends on dilatancy.
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