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SUMMARY

The numerical simulation of concrete dams subjected to earthquake loading requires realistic material
laws which take into account material properties as affected by seismic action. Experiments under
simulated seismic action were performed to examine the effect of rapid compressive loading on the
fracture properties of mass concrete at high tensile deformation rates. Loading histories, representing
typical seismic action, were applied to the specimens. Fracture properties have been investigated by
two types of tests:

¢ Uniaxial tensile tests were performed to study the ascending stress against strain curve (up to
tensile strength) to describe continuous material under tensile stresses; and,

o wedge splitting tests were conducted to investigate tensile softening properties and cracking of
mass concrete.

The test results showed that the effect of high deformation rates and loading histories must be
considered in the seismic analysis of dams. The tensile strength and the specific fracture energy
showed a high rate sensitivity. Compressive pre-loading led to some damage of the concrete and a
significant decrease in the values of fracture properties. A procedure for the development of material
laws, based on these results, is proposed.

Introduction

The numerical simulation of concrete dams sub jected to earthquakes is a very complex task which has
to include aspects such as modelling of crack formation, nonlinear structural behaviour of the dam as
a result of cracking, effect of soil-structure and reservoir-structure interaction, effect of construction
joints and realistic assessment of the seismic action. For a comprehensive analysis, simple but realistic
material laws for the mass concrete are required. Such material laws have to take into consideration
conditions which typically occur under seismic action.

Seismic action is characterized by mainly horizontal motions. Irregular vibrations of a frequency
of 1 to 15 Hz and maximum ground acceleration of 0.2 to 0.5 g occur. The structure and hence the
material is exposed to alternating excitations at high loading rates, expressed by strain rates ¢ of:

107% 1<é<1s™?
Seismic strain rates are much lower than strain rates caused by impact for which ¢ is:
1s7! < ¢ < 100571

During an earthquake, several parts of the dam exhibiting compressive stresses under service condi-
tions, may experience tensile stresses. Other parts may be subjected to compression before tensile
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stresses form. Since concrete has a relatively low tensile strength, the dam may undergo the formation
of structural cracks. Thus, the safety of these large unreinforced concrete structures when subjected
to earthquakes is controlled by the tensile behaviour and cracking of concrete.

Efforts have been undertaken to study, both theoretically and empirically, the behaviour of concrete
under high loading rates including impact (Mindess & Shah [ed] 1986). A summary of test results
and a description of testing methods is provided by Reinhardt (1990). The literature indicates that
both tensile and compressive strength of concrete increase with increased strain rate, but the tensile
strength is more rate sensitive. Furthermore, theories have been developed to explain the strength
increase caused by high loading rates (Curbach 1987, Reinhardt 1986).

Shrinkage resulting from concrete hydration leads to the formation of microscopic cracks in the
composite structure. Before concrete is loaded, microcracks exist both in the cement matrix and at the
interface boundaries between the matrix and aggregate inclusions. Under loading, these microcracks
may grow and join to form continuous cracks. Concrete is likely to undergo damaging processes
caused by sustained, static and fatigue loading under compression or tension. Under seismic action,
excessive stresses higher than the stresses caused by service loads may occur leading to further material
damage and microcracking. To predict the remaining ultimate strength of such structures, the effect
of the loading history on the strength and fracture properties of the material must be known. Few
investigations on the effect of pre-loading, that is, loading prior to failure of the specimen, on fracture
properties of plain concrete are reported in the literature. Recent studies of Hordijk & Reinhardt
(1989) and Pons et al. (1988) showed that strength and fracture properties are likely to decrease as
a result of pre-loading.

The analysis of concrete dams subjected to earthquake is usually performed using the concept of
strength of materials. However this concept does not provide a realistic simulation of crack formation
and crack propagation in a structure. In this paper, fracture mechanics models are suggested as an
alternative. Fracture mechanics provides a more comprehensive description of concrete cracking by
considering the inherent nature of the cracking and the stress singularity at the vicinity of a crack.
Yet, there is a lack in knowlwedge of fracture properties as influenced by seismic action.

This paper reports on fracture experiments conducted under simulated seismic action. Mass con-
crete specimens are examined to study the effect of rapid compressive loading on fracture properties of
mass concrete at high deformation rates. Fracture properties are discussed in view of their engineering
application to modelling of crack formation in concrete dams subjected to seismic action.

1 Modelling of crack formation under seismic action

Until the late seventies, the only concept for crack growth was based on a strength criterion in which
the crack was assumed to propagate whenever the computed tensile stresses exceeded the tensile
strength of the material. However, the strength criterion does not account for the stress singularity
that exists at the crack tip, and, the analysis was found to be dependent on the size of the finite
element mesh (Bazant & Cedolin 1979). As the mesh size is reduced, the analysis is more likely to
capture the stress singularity at the crack tip, and higher stresses are computed. Hence, any result
could be obtained by simply modifying the element size, demonstrating the futility of the strength
approach. Additionally, the strength approach does not account for the structural size effect inherent
in dams. Brittle structures such as unreinforced concrete masses show smaller strength with larger
structural size. This phenomena, called structural size effect, was observed first by Galileo in the
17th Century (Galileo, G. 1638).

Crack formation in dams and the subsequent nonlinear structural behaviour are more realistically
analysed using fracture mechanics approaches. Fracture mechanics takes into account the stress
singularity at the crack tip and the inherent nature of concrete cracking. The static response of
dams based on a fracture mechanics model has been addressed by many authors (Saouma et al.
1990), but very few researchers have investigated the response of dams under seismic action using
a fracture mechanics model. While numerous fracture mechanics models have been presented for
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concrete (Elfgren (ed.) 1989), two major groups of models, linear elastic and fracture energy models,
are of relevance to the analysis of concrete dams.

Fracture energy models are for the most part attributed to Hillerborg et al. (1976) for the discrete
crack approach in their Fictitious Crack Model (see Section 2) and Bazant & Oh (1983) for the
smeared crack approach. The fracture parameters of the fracture energy models are the specific
fracture energy, G, the tensile strength, f;, and the softening diagram (describing the relationship
between the stress and the width of the fracture process zone). A discrete crack model incorporating
the fictitious crack model of Hillerborg has been used for dynamic analysis of a gravity dam by Feltrin
et al. (1990).

Linear elastic fracture models are a direct adaptation of classical Linear Elastic Fracture Mechanics
(LEFM) with the fracture toughness, K., as the material parameter describing fracture resistance
of concrete. LEFM has been used in the numerical simulation of gravity dams during an earthquake.
Chapuis et al. (1985) developed a finite element approach based on LEFM combined with a discrete
crack model to analyse crack propagation of Pine Flat dam. Further developments of this approach
have been made by Droz (1987) who used crack propagation based on LEFM but combined with a
smeared crack model to prevent remeshing. Ayari & Saouma (1990) presented a LEFM approach for
the structural response of the dam under seismic action. This approach is based on a discrete crack
model and accounts for crack contact/impact of a closing crack (Ayari & Saouma 1989) and crack
growth under seismic action.

In modified linear elastic fracture models, classical concepts of LEFM are maintained by using an
‘effective’ crack which is longer than the true crack but shorter than the true crack plus the fracture
process zone (FPZ, see Figure 1c). This is required because classical LEFM models do not account
for the FPZ presence. The critical stress intensity factor, or fracture toughness, K., is used in the
LEFM structural analysis. For the determination of objective Kf.-values using laboratory specimens,
LEFM with an effective crack concept is applied (Saouma et al. 1989). The fracture toughness can
also be estimated using the relationship between K. and Gr from classical LEFM as derived by
Irwin (1957) for plane stress conditions:

K1c= m (1)

where E is the Young’s modulus.

2 Softening behaviour of concrete

Fracture properties evaluated from test data must be interpreted in close conjunction with the fracture
model considered. Consequently, before discussing fracture properties of mass concrete under seismic
action, the inherent nature of concrete cracking and the fracture models considered in this paper
must be defined.

A typical stress against strain (elongation) relationship for a mass concrete from a uniaxial tension
test is shown in Figure la. The experiment was performed under deformation control which enabled
the descending post-peak branch to be tracked. At the beginning of the experiment, a linear rela-
tionship between stress and elongation was obtained for up to 60 % of the maximum stress. Then,
microcracks within the specimen were extended which is indicated by the nonlinearity in the stress
against elongation curve up to tensile strength f; as shown in Figure 1b.

In the post-peak regime, more microcracks are developed in the weakest cross section of the
specimen. As mentioned above this localized zone with extensive microcracking is called the fracture
process zone (FPZ). The microcracks away from the FPZ are unloaded elastically, while the FPZ
shows a continual decrease of its tensile carrying capacity from a peak stress of f; to 0, together with
an increase in deformation. More and more microcracks are formed until finally they coalesce into a
macrocrack, while the specimen still can take a substantial load. Thus, a visible crack is no proof that
the stress has fallen to zero. Another consequence of microcracking is that the load carrying capacity
of the tensile specimen is not yet exhausted when the tensile strength is reached. Fracture energy
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Figure 1. (a) Typical stress against elongation curve of a mass concrete from a tension test, with a
division of the deformation properties into: (b) o against € (¢ = 1 %o = 1073), and (c) o against w
curve, where w is the additional deformation caused by the formation of the FPZ.

needs to be added to completely fracture the specimen. In the post-peak regime, all fracture energy
is consumed in the FPZ. This material behaviour shown in Figure 1c is called tensile softening.

As a consequence of the inherent nature of concrete cracking, the overall tensile stress against
strain relationship is separated into two parts, and the tensile behaviour of concrete is modelled by
two constitutive relationships: ‘

1. a stress-strain relationship up to tensile strength, f, for the continuous material (Figure 1b);
and,

2. a softening law, that is, the relationship between tensile stress o and width w of the FPZ, to
describe fracture of concrete (Figure 1c).

The well-known stress against strain relationship from the strength approach is thus supplemented
with fracture mechanics by the use of the softening law for a more comprehensive description of crack
formation. The capability of concrete to consume additional energy before complete failure may play
an important role with regard to seismic action where the dam structure has to absorb energy arising
from ground motion.

Concrete cracking with tensile softening is realistically modelled by the Fictitious Crack Model
(Hillerborg et al. 1976, Hillerborg 1983). The stress distribution in the vicinity of a crack in a section
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Figure 2. Fictitious Crack Model: (a) stress distribution in the vicinity of a crack in a softening
material along the fracture ligament, and (b) Fictitious crack model applied in the analysis of a
member subjected to a bending moment M.

subjected to a bending moment is shown schematically in Figure 2a. The fracture process zone is
described by a fictitious crack which is located in front of a ‘true’ (traction-free) crack where the
material is completely separated. Along the fictitious crack, the stresses decrease with increasing
width of the FPZ, becoming zero at the true crack. No stress is assumed to be larger than the tensile

strength. The stress at the tip of the fictitious crack is equal to the tensile strength, and each increase

of deformation results in the growth of both fictitious and true cracks. Outside the FPZ, the material
is continuous and is described by the stress-strain relationship. The concept of the Fictitious Crack
Model is applied using finite element methods (Figure 2b). The propagation of a fictitious crack
is simulated by separating elements and introducing nodal forces as functions of both the distance
between two nodes (that is, the width of the fictitious crack) and the softening relationship.

The fracture parameters of fracture energy models include the specific fracture energy G, the
tensile strength f; and the softening law. GF is the energy necessary to create a unit crack surface,
and is determined by means of stable fracture tests where the energy to fracture a specimen into
halves is measured. G is numerically equal to the area under the softening diagram. The softening
relationship approximated as a bilinear descending branch, is evaluated by means of numerical meth-
ods (see Section 4.34). The characteristic length [, is a material property which is introduced as a
measure of the length of the FPZ in a structure:

Gr-E
len = F}-tg (2)

The larger the I, of the concrete, the longer the fracture process zone in a given structure.

3 Fracture properties of mass concrete at a quasi-static deformation rate
Mass concrete used for the construction of dams and structural concrete differ mainly in the nature

and in the size of the aggregates as well as in the cement content. Also, aggregates of mass concrete
have their origin in the neighbourhood of the dam. Consequently, extrapolation from structural
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Figure 3. Principle of the wedge splitting test: (a) cylindrical specimen on a linear support; (b)
placing of two loading devices with roller bearings; and, (c) the wedges are pressed between roller
bearings in order to split the specimen into halves.

concrete to mass concrete cannot be made directly, and, experiments using core material from a
specific dam must be conducted for evaluation of reliable material properties.

Wedge splitting tests (Brithwiler 1988, Briihwiler & Wittmann 1990, see Figure 3) were performed
to determine the specific fracture energy G of mass concrete. The principle of this fracture exper-
iment consists in splitting a notched specimen by means of wedges pressed between roller bearings
which are placed on the top of the specimen. Wedge splitting specimens have a large fracture area
compared to the specimen weight. This testing method is suitable for testing of mass concrete as
drilled cores can easily be used as specimens.

Cylindrical wedge splitting specimens drilled from three existing dams were examined (Brithwiler
1988) from which bilinear softening relationships (Figure 6) were evaluated using the numerical
method described in Section 4.34. All tests were performed under deformation control to enable
stable fracture of the specimen and the monitoring of the descending branch of the force against
deformation curve. A quasi-static deformation rate, or crack opening displacement (COD) rate, was
chosen so that the maximum force occurred after 60 to 100 seconds. The specific fracture energy
GF is obtained from the area under the overall splitting force F, against deformation (COD) curve
(Figure 10) divided by the fracture ligament area (ligament length X specimen thickness).

The experimentally determined G value depends on the length of the fracture ligament for
small specimen sizes, but becomes constant for large specimens with ligament lengths longer than
300 to 400 mm (Briihwiler 1988, Saouma et al. 1989). Consequently, the Gp values which were
all determined on specimens with ligament lengths smaller than 300 mm were corrected to obtain
objective values. According to experimental results, Gr was increased by 20 N/m per 100 mm of
additional ligament length up to 300 mm ligament length. Mean values of at least four experiments
per type of mass concrete are summarized in Table 1 and compared to typical values of structural
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Table 1. Fracture properties (mean values) of mass concrete.

Concrete type . d, fi E Gr |l = E;g": Wmaz K.
[mm] | [N/mm?] | [N/mm?] | [N/m]| [mm] | [mm] | [MN/m%?]

Arch dam A 80 24 36 000 230 1440 0.25 29
Arch dam B 120 2.3 27 000 310 1 580 0.30 2.9
Arch dam C 120 2.0 29 000 270 1 960 0.37 2.8
Structural concrete | 32 34 36 000 140 440 0.16 2.2

ds = maximum aggregate size

concrete. K. was calculated using Eq. 1, and wpmqe; was obtained using the method described in
Section 4.34. E and f; were determined in uniaxial compression and tension tests respectively.

The Gr values of the tested mass concretes are significantly larger than the same values of struc-
tural concrete. Since the tensile strength f; and the modulus of elasticity E of mass concrete are
smaller than those obtained for structural concrete, the characteristic length I, is up to 4.5 times
longer than for structural concrete. As a consequence, the fracture process zone in dams may be
large, and fracture energy models, which account for the presence of FPZ, should be applied for
dam structures like arch dams, buttress dams and the crest section of gravity dams (Briihwiler 1988,
Briihwiler et al. 1989).

The bilinear softening diagrams revealed large crack width values for mass concrete. The maximum
width wy,.z of FPZ of mass concrete was about 2 times larger than for structural concrete. The
fracture toughness of the mass concretes is about 28 % larger than K7, of structural concrete (as
shown in Table 1).

The fracture surface of the mass concrete specimens was characterized by a relatively large number
of aggregate failures as opposed to structural concrete with a great number of failures of the bond
between aggregates and cement matrix. This may be explained by additional energy dissipation
caused by the multiple crack formation which is more likely to occur in concretes with large aggregates.
Also, a lot of energy is probably needed to break aggregates like gneiss, which has a laminar texture,
and granite. The high GF value of mass concrete is thus the result of both the aggregate size and
the material properties of the aggregates used for the mass concrete.

4 Experiments under simulated seismic action

Two different kinds of experiments were conducted.

o Uniaxial tensile tests were performed to study the ascending branch of the tensile stress against
strain curve of the mass concrete (Figure 1b) as influenced by rapid compressive pre-loadings
and high strain rates. A more detailed description of these experiments is provided in Briihwiler
(1987).

e Wedge splitting tests were performed to examine the effect of compressive pre-loadings and
high deformation rates on the descending softening branch of the complete tensile stress against
strain curve of the mass concrete (Figure 1c).
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Figure 4. Wedge Splitting Tests: dimensions (in mm) of the specimens used to investigate the effect
of (a) deformation rate; and, (b) pre-loading on fracture properties.

4.1 Test specimens

Cylindrical specimens having a diameter of 200 mm and a height of 600 mm, were drilled from
blocks which have been poured on the building site of an arch dam in the Swiss Alps. The mass
concrete (dam A in Table 1) with a cement content of 250 kg/m® and a water-cement ratio of 0.5
was manufactured of mainly crushed (subangular) aggregates with a maximum aggregate size (d,) of
80 mm. These aggregates consisted of limestone and metamorphic rocks such as granite, gneiss, mica
shist and quartz. The strength of the mass concrete was determined on cylinders with a diameter
of 200 mm and a height of 600 mm. A compressive strength f. = 39 N/mm?, tensile strength f; =
2.4 N/mm? and Young’s modulus E = 36 000 N/mm? (both in tension and in compression) were
determined at an age of two years.

Cylindrical specimens having a diameter of 200 mm and a height of 600 mm were used for the
uniaxial tensile tests (Figure 5a). Two different kinds of wedge splitting specimens were examined:

o The effect of deformation rate on fracture properties was studied using cylindrical specimens
shown in Figure 4a.

o Fragments of cylinders previously tested and pre-loaded in the tensile test series, were used to
investigate the effect of compressive pre-loading on fracture properties at a quasi-static defor-
mation rate (Figure 4b). As with the uniaxial tensile tests, the fracture surface of these wedge
splitting specimens was perpendicular to the axis of the cylinder.

The dimensions of the cylindrical specimens were relatively small compared to the maximum
aggregate size, that is, smaller than three times the maximum aggregate size. Nevertheless, test results
showed relatively low scatter. This may be explained by the fracture behaviour of the examined mass
concrete, which was mainly characterized by aggregate failures.

4.2 Description of the experiments

4.21 Uniaxial tensile tests

Uniaxial tensile tests on mass concrete cylinders (Figure 5a) were controlled by means of deformation
(strain). To examine the effect of rapid compressive pre-loading on the tensile behaviour at high

160 Dam Engineering Vol I Issue 3




(a) (b}

l A. Pure tension

W

B. Tension after simple compression

€
U (Yo
¢200 | [ 300 |600 ‘vé., 8 -o78
’l

C. Tension after several cycles of compression
De ¢« UT N
(Yee) (%ol (H2)
024 024 10 30
024 -024 10 10
024 -048 10 30

Stroin rates
107" PRT o @10’

Figure 5. Uniaxial tensile tests: (a) test method, and (b) strain histories.

strain rates, the following strain histories (representing typical seismic action) were applied to the
specimens (Figure 5b):

¢ A. Direct or pure tension: tensile deformation up to failure at different straip rates. At the
highest strain rate of é = 10~2s5!, the time from 0 stress to f, was about 0.01 seconds.

o B. Tension after simple compression: single compressive deformation to a predetermined
level and subsequent tensile deformation up to failure at different strain rates. The maximum
compressive strain corresponded to about 72 % of the quasi-static compressive strength fe.

e C. Tension after several cycles of compression: repeated compressive cycles at constant
amplitude with subsequent tension up to failure at different strain rates. The maximum com-
pressive strain corresponded to about 38 % in series C1 & C2 and 57 % in series C3 of the
compressive strength.

Three different tensile strain rates ¢ for the final tension were chosen: 10~°s~! corresponding to
quasi-static strain rate, 10~3s~! and 10~2s~! which are in the range of strain rates occurring during
an earthquake. In a deformation controlled tensile test, the overall load against deformation curve
with a descending branch can generally be recorded. This complete curve was monitored at the
quasi-static strain rate (Figure 1a). However, at high deformation rates, the experiments could not
be controlled after the peak had been reached, because of insufficient piston velocity of the testing
machine. Consequently, sudden failure of the specimen occurred at maximum stress.

4.22 Wedge splitting tests
The Wedge splitting tests on the same mass concrete were all performed under deformation or crack

opening displacement (COD) control. In the first test series, the effect of deformation rate, or COoD
rate, on G, the softening diagram and K. was examined using the specimen shown in Figure 4a. For
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the highest deformation rate of 10 000 times the quasi-static rate, a strain rate of ¢ of 5-10~2s~! at the
notch tip was estimated. The applied deformation rates were thus in the range of seismic strain rates.
In the second series, the effect of compressive pre-loading on fracture properties was investigated using

the specimen shown in Figure 4b. All experiments were performed at the quasi-static deformation
rate.

4.3 Normalization and evaluation of results

4.31 Normalization

Four tests have been performed for each test parameter, that is, the deformation rate and the loading
history (as presented in Section 4.21). In this paper, only mean values and mean curves are shown,
and, relationships between fracture properties and test parameters as evaluated by a least squares fit
are discussed. The main objective of the experiments was to capture the effect of deformation rate
and compressive pre-loading on the fracture properties. Absolute values are only of minor importance;
consequently, all results were normalized. The quasi-static properties of the mass concrete which was
not pre-loaded served as reference values for the normalization.

Assuming that the observed effects of rate and pre-loading are also valid for other mass concretes,
a more general use of the test results is achieved by the normalization. Absolute values for other
mass concrete properties are then obtained using the normalized relationhips and the reference value
for the concrete in question. Hence, the reference value should be a value which can be determined
by means of standardized tests, that is, the quasi-static properties of concrete which has not been
pre-loaded.

4.32 Description of rate sensitivity
In this paper, the rate sensitivity of fracture properties is expressed by a power law:
S, = So- () 3)

where §, is the rate sensitive fracture property; Sy is any fracture property determined at quasi-
static rates; ¢ is the deformation rate; and, p is an exponent determined from the test results by a
least squares fit. In the uniaxial tensile experiments, deformation is expressed in terms of strain e.
A relative deformation rate ¢, and strain rate ¢, is introduced where the relative rate is the ratio
between actual and quasi-static rate. A relative rate of ¥, = 1 and é, = 1 describes the same rate.

The use of a power law for the description of rate sensitivity is based on a study by Mihashi &
Wittmann (1980) who have predicted a power law for the rate sensitivity of strength by means of
a stochastic approach. However, this power law is valid only for strain rates ¢ up to about 1 s~1
which corresponds to the upper level of strain rates occurring during earthquakes. On a log-log scale,
strength increases linearly with deformation rate according to Eq. 3, and an exact knowledge of the
rate of deformation is thus not always required.

In load-controlled experiments, a stress rate & is applied to the specimen. Many test results in
the literature are expressed as a function of &. Stress rate may approximately be converted to strain
rate by using Hooke’s law: ¢ = %

Inertia forces occurring when the specimen is accelerated from zero to the highest applied defor-
mation rate, were analysed and found to be two orders of magnitude smaller than the total monitored
force in the experiments with the highest deformation rate. When the specimen is subjected to a
constant deformation rate, acceleration and, hence, inertia forces are zero. As a consequence, inertia
effects were not considered in the evaluation of the tests.

162 Dam Engineering Vol I Issue 8




4.33 Quantification of pre-loading

The main physical mechanism of concrete fracture is damage resulting from the nucleation and
growth of microcracks. Microcracking can be considered as an irreversible damage of the composite
structure of concrete with subsequent degradation of material properties. This interpretation of
concrete fracture led to the development of damage models (Lorrain & Loland 1986). In the scalar
damage model of Mazars (1981), a scalar value D, is introduced to describe the accumulated damage:

84=S0-(1-D,) 4)

where Sy is the fracture property affected by damage. So is any fracture property of the undamaged
concrete, and D, is the damage coefficient of the corresponding material property. D, varies between
the value of 0 for undamaged concrete and 1 which means fracture of the material. Accordingly, the
intensity of compressive pre-loading histories was quantified in two ways in order to assess a damage
coefficient:

1. The energy dissipated during compressive pre-loading was determined from the area under the
compressive stress against strain diagram including the energy dissipated during loading cycles.
This dissipated energy was then normalized with respect to the energy as determined under the
stress against strain curve up to compressive strength in the quasi-static compression test. This
damage coefficient is designated D,(energy) (Figure 12a).

2. The maximum applied compressive strain level € mq, during pre-loading was normalized with
respect to the strain value €, (= 1.55 °/oo) Obtained at maximum compressive stress in the
quasi-static compression test. This damage coefficient is designated D,(strain) (Figure 12b).

4.34 Evaluation of the softening diagram

The most direct way to determine the tensile softening diagram of concrete is the uniaxial tensile
test (Figure 1) which is difficult to carry out, especially at high deformation rates. To overcome
this difficulty, technically less difficult fracture experiments such as the three point bending test
and the wedge splitting test are performed, and simplified models representing the real softening
behaviour are evaluated. Roelfstra & Wittmann (1986) showed by means of a finite element analysis
based on the fictitious crack model how a bilinear softening diagram can be determined from the
experimentally obtained force against deformation curves by a data fit. The wedge splitting test
is simulated numerically and then the calculated force against deformation curve is compared to
the experimental curve. The parameters of the input softening diagrams are optimized until good
agreement between the calculated and experimental curves is obtained. The softening diagram leading
to this good agreement is considered to be the tensile softening diagram of the tested concrete.

The parameters of the bilinear softening diagram are, according to Figure 6a: the tensile strength,
fu: the stress, sy, at the break point; the width of the fictitious crack, wy, at the break point; and,
the maximum fictitious crack width, wmaez. The specific fracture energy GF is represented by the
area under the softening diagram. For reasons of comparisons, the numerically evaluated softening
diagrams are normalized according to Figure 6b where:

ws
Ci=o (5)
3
Cmaz
An=1=(Ci + A )05 (6)
n

In the normalized representation, characteristics regarding a test parameter may eventually be cap-
tured. If such a characteristic is found, the real softening diagram for different types of concretes
can be determined without numerical analysis. It is obtained by a back-transformation from the
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Figure 6. Bilinear softening diagrams (a) as used in the numerical analysis, and (b) in the normalized
presentation.

normalized softening law using the corresponding f; and Gr values as determined by independent
tests.

4.4 Results from uniaxial tensile tests

4.41 Direct tension tests (Series A)

The tensile stress against strain mean curves of the tested mass concrete at various strain rates and
the relationship between strain rate and f; are plotted in Figure 7. The following power laws have
been determined (Figure 7b and 11):

ft _ ft,O . (éT)O'OSI (7)

E = Eqo- (&)%0% (®)

where ¢, is the relative strain rate, that is, the ratio between actual and quasi-static strain rate. The
results show that both the tensile strength and the Young’s modulus increase with increasing strain
rate. At é = 1072 571, f, and E increase by 70 and 16 %, respectively, when compared to the values
obtained at the quasi-static strain rate. Comparison with the rate sensitivity given in the literature
for structural concrete indicates that mass concrete is more rate sensitive than structural concrete for
which an exponent p in the range of 0.045 to 0.065 was determined. The rate sensitivity of the mass
concrete with the lower strength is larger than those of structural concrete with the higher strength.
Hence, the exponent p is a parameter which depends on the concrete quality. This result is supported
by the literature (Reinhardt 1990).

Ultimate strain €, is the strain at tensile strength. The expression ultimate strain stems from
‘unstable’ experiments where failure occurs at maximum stress. As shown in Section 2, specimen
deformation increases with decreasing stress in the post-peak regime of deformation controlled, sta-
ble tests. Nevertheless, ultimate strain is still useful because it determines the transition from a
continuous material to macroscopic crack formation. Figure 7a shows that the ultimate strain €, is
not affected by strain rate. This result is in contradiction with the literature (Reinhardt 1990) where
a slight increase of ¢, with increasing strain rate is reported.

The rate sensitivity of the poisson’s ratio v was also investigated (Brithwiler 1987). A reduction
of v was determined as the compressive strain rate applied to the concrete cylinder was increased. At
a compressive strain rate 1000 times faster than the quasi-static one, v decreased by 30 % compared
to the quasi-static v value. Similar results were reported by Takeda & Tachikawa (1971).
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Figure 7. Results of direct tension tests: (a) stress against strain mean curves (€ = 1 %o = 1073),
and (b) tensile strength as influenced by the strain rate.
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Figure 8. Effect of compressive pre-loading and high strain rates on: (a) tensile strength, and (b)
modulus of elasticity. (All curves are normalized with respect to the quasi-static values fio(4) and
Eo(A) of the concrete which was not pre-loaded, series A.)

4.42 Tensile tests after pre-loading (Series B, Ci. C2, C3):

The results of direct tension tests (series A) are compared to those of tensile tests after initially
applied compressive loading (series: B, C1, C2, C3).
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Irrespective of pre-loading, higher strain rates yielded higher tensile strength values (Figure 8a).
At quasi-static strain rates, the tensile strength was not affected by pre-loading the concrete.
This means that only the rate sensitivity, that is, the exponent p in Eq. 3, was reduced by
compressive pre-loading.

The effect of compressive pre-loading on the tensile strength in series B, C1 and C2 was relatively
small. One compressive cycle to a relatively high strain (series B) resulted in about the same
reduction of rate sensitivity of f; as cyclic compressive pre-loading (series C1 and C2) at a strain
level which corresponds to maximum computed compressive stresses occurring in dams under
seismic conditions.

Comparison between series B and C3 shows that a high strain level with cyclic loading led to
a more significant reduction of the rate sensitivity. Reduction of rate sensitivity was the result
of compressive cycles. Hence, the exponent p is dependent on the dissipated energy as the
parameter to quantify the pre-loading rather than on the compressive strain level (Figure 12a) .

However, variation in the number of cycles from 10 cycles (series C2) to 30 cycles (series C1) did
not influence the tensile strength. Thus, the first few compressive cycles caused the reduction
in tensile strength.

Except for the mass concrete which was not pre-loaded, no rate sensitivity for the Young’s
modulus of pre-loaded concrete could be detected (Figure 8b). The higher the strain level of
the compressive pre-loading, the greater was the reduction of E with respect to concrete which
was not pre-loaded (Figure 12a). A significant reduction of the quasi-static Young’s modulus as
a result of compressive pre-loading was also reported by Hordijk & Reinhardt (1989).
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Figure 9. Normalized stress against strain curves of (a) direct tension tests, and (b) tests with
pre-loading.

e No rate sensitivity could be observed for the ultimate strain ¢,, regardless of pre-loading. The ul-
timate strain increased with growing intensity of compressive pre-loading. Likewise, it increased
with decreasing Young’s modulus, and the energy stored in the specimen at tensile strength was
the same irrespective of the pre-loading.

The shape of the stress against strain diagrams can best be compared in the normalized presen-
tation (Figure 9). The curvature of the normalized curves was smaller at high strain rate. That
means that in both with and without pre-loading, the nonlinearity was less significant at high
strain rates. Pre-loading led to an additional reduction of the nonlinearity of the normalized
stress against strain curve.

4.5 Results from wedge splitting tests

4.51 Effect of deformation rate

The splitting force F, against COD mean curves obtained for each COD rate are shown in Figure 10a.
The relationship between the deformation rate and evaluated fracture properties is also expressed by
a power law and plotted in Figure 11:
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Figure 11. Effect of deformation rate on fracture properties of concrete which has not been
pre-loaded.
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o The F, against COD curves at different deformation rates have similar shapes (Figure 10a).
Higher deformation rates yielded higher Gr values. The following power law was determined
for the rate sensitivity of G:

GF - GF,O . (vvr)n.o«;s (9)

where v, is the ratio between actual and quasi-static deformation rate. The G value at v, =
10* was some 56 % higher than the quasi-static G value.

o G was less rate sensitive than the tensile strength f;. An exponent p = 0.048 was determined
for GF as compared to p = 0.081 for f;. The rate sensitivity of the characteristic length .5 of
mass concrete which has not been pre-loaded is obtained by considering the rate sensitivity of
ft (Eq. 7), E (Eq. 8) and Gr (Eq. 9) and Eq. 2:

Ich, = Ich,O ‘ ("}.1')—0.094 (10)

Since I}, is a measure for the length of the fracture process zone, this result indicates a significant
decrease of the process zone length at high deformation rates.

o The numerically evaluated bilinear softening diagrams indicated slightly decreased values for
the maximum fictitious crack width w,,,, with increased deformation rate. The numerically
evaluated tensile strength values were less rate sensitive (p = 0.055) than the results from the
unjaxial tensile tests (Eq.7). The normalized softening diagrams according to Figure 6b, were
all within a narrow band, and, thus independent of the investigated deformation rates. Since
the shape of the softening diagram remains similar, it follows that the rate sensitivity of wpqs
depends on the rate sensitivity of both Gr and f; according to Eq. 5:

Wmaezr = Wmaz,0 ° (7).1')_0‘007 (11)

The rate sensitivity of the fracture toughness K, was estimated using the relationship between
K. and G from LEFM (Eq. 1), Eqs 8 and 9:

Kie = Kreo - (4,)0% (12)

K. is less rate sensitive than G and f;. At o, = 104, K is 38 % higher than the quasi-static
fracture toughness.

According to LEFM concepts, K. is a function of both the maximum force Fj 4, and the
effective crack length a.ss. As I, and thus the length of the FPZ, decreases with increasing
deformation rate, the length of a.ss decreases also at high deformation rates. This is opposed
to classical LEFM, where the crack length is set equal to the notch length in the specimen, and
K|, is proportional to Fsmaz.

o Higher deformation rates required higher maximum splitting forces Fj 4. According to the

linear elastic strength of materials approach, the nominal strength of the fracture section, oy,
is directly related to the maximum splitting force Fj ;nqz:

on=k- Fs,mur (13)
where k is a constant depending on the geometry of the structure (specimen) only. From Eq.
13 it follows that normalized Fj .., values describe the variation of the nominal strength as a

function of deformation rate. The following power law was determined:

ON = 0ONO* (1)',-)0'037 (14)
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Figure 12. Effect of compressive pre-loading on quasi-static fracture properties. The ‘intensity’ of the
pre-loading is expressed as (a) dissipated energy and (b) compressive strain level of the pre-loading.
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4.52 Effect of compressive pre-loading at quasi-static deformation rate

The splitting force F5 against COD mean curves for each loading history are shown in Figure 10b.
The effect of pre-loading on GF, Wynar and K. is shown in Figure 12.

e The F, against COD curves indicate steeper slopes of the descending branch (Figure 10b), and
consequently, smaller Gg values caused by compressive pre-loading. This result is supported
by Pons et al. (1988), but differs from Hordijk & Reinhardt (1989) who observed no decrease
in GF after pre-loading. This difference was explained by the fracture surface of their concrete
which was characterized by an extensive amount of bond failures and complex crack paths. The
fracture surfaces of the pre-loaded mass concrete in this study showed mainly aggregate failures.

¢ The maximum splitting force is not affected by pre-loading. This result coincides with findings
from the uniaxial tensile tests and from the literature (Hordijk & Reinhardt 1989).

o Reduction of the specific fracture energy G turned out to be influenced more by compres-
sive cycles (or dissipated energy) rather than by compressive strain level. Consequently, the
‘intensity’ of the compressive pre-loading was expressed in terms of dissipated energy (Figure
12a).

e The characteristic length I, and thus the FPZ length, decreased significantly as a result of
pre-loading. For Series C3 with E = 0.75 - Eg and GF = 0.7 - GFp, the characteristic length is:
leh = 0.525 - I 0 or almost 50 % shorter than for the concrete that had not been pre-loaded.

o The numerically evaluated bilinear softening diagrams revealed smaller values for the maximum
fictitious crack width wy,,; (Figure 6a) with increasing intensity of the pre-loading. The numer-
ically evaluated tensile strength was not influenced by pre-loading. The normalized softening
diagrams were all within a narrow band and considered independent of pre-loading.

¢ According to Eq. 1, the fracture toughness K. was found to be reduced with increasing intensity
of pre-loading. For Series C3 with E = 0.75 - Eg and Gf = 0.7 - GFy, the fracture toughness
K. is equal to 0.73 - K.

4.6 Description of damage and failure

The fracture surfaces of the specimens gave indications regarding failure and damage mechanisms
having occurred as a result of compressive pre-loading and high deformation rates. In the follow-
ing qualitative description of damage and failure mechanisms, concrete is considered as a composite
material consisting of aggregates embedded in the cement matrix. Before concrete is loaded, microc-
racks exist in both the cement matrix and at the interface boundaries between matrix and aggregate
inclusions, mainly because of cement hydration shrinkage.

On loading, high tensile stresses occur at the tip of these microcracks. As a result of compressive
strain, tensile stresses occur at the interface boundaries between aggregates and the matrix, parallel
to the compressive force (Figure 13a). The high stresses at the microcrack tips are relieved by
propagation in the matrix and along the interface boundaries. The material is damaged. With
increasing compressive pre-loading, more damage is accumulated in the material. On subsequent
tensile loading (Figure 13b), the composite structure is separated along the weakened aggregate-
matrix interface. The energy, and eventually the force, necessary to fracture the material, are reduced
as a result of pre-loading, therefore leading to reduced fracture properties.

The influence of low and high deformation rates on failure of concrete is explained as follows.
At a low deformation rate, there is enough time for microcrack propagation along the path of least
resistance, that is, through weak aggregates and along the interface between the matrix and the
aggregates. As a result, the fracture surface is characterized mainly by bond failures (Figure 14a).
At high deformation rates, microcracks have to grow rapidly, and they propagate along shorter
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Figure 13. Schematic presentation of damaging of the bond between matrix and aggregate caused
by (a) compressive pre-loading, and (b) subsequent tensile loading.
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Figure 14. Schematic presentation of failure at (a) low and (b) high deformation rate.

paths through strong bonds and aggregates, resulting in more aggregate failures (Figure 14b). More
energy and force is needed to fracture the material, therefore leading to higher values for the fracture
properties at high deformation rates.

Subsequent to the uniaxial tensile experiments, the area of aggregate failure and bond failure of
fracture surfaces was measured (Briihwiler 1987). Concrete which had not been pre-loaded showed an
increase in the total area of broken aggregates with higher rates. Under the influence of compressive
pre-loading, however, the area of aggregate failure was the same for all deformation rates tested.
These results confirm the above qualitative description of damage and failure of concrete. Further
experimental and theoretical studies are needed to fully understand damaging effects in concrete
caused by mechanical loading.

5 Application of the test results

Based on the results of the present experiments under simulated seismic action, material models
describing the tensile behaviour including fracture of mass concrete may be developed. Such models
are needed for the modelling of crack formation in concrete dams_gubjected to seismic action. A
procedure for the development of material laws is proposed:
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o The tensile behaviour of concrete is subdivided into the linear elastic nonlinear stage preceding
tensile strength for the description of continuous material under tensile stresses (Figure 1b), and
a post-peak stage with tensile softening for the description of crack development and growth
(Figure 1c).

Simplified material laws describing linear or bilinear relationships are used in a first approxima-
tion as shown in Figure 2b.

Normalized material laws are implemented in a computer code. Stresses and deformations are
related to characteristic values such as the tensile strength, ultimate strain, maximum fictitious
crack width and the ratio Gp/ fi:

— Irrespective of the loading rate and pre-loading, one normalized stress against strain curve
may be used (Figure 9).

— According to the present results, the normalized bilinear softening law is independent of
deformation rate and pre-loading. For mass concrete, typical values for the normalized
bilinear softening parameters are: % = 04, C; = 0.8 and C; = 3 (Briihwiler 1988, see
Figure 6).

Absolute values S of fracture properties for the structural analysis are computed using the
normalized material laws, the quasi-static properties So of concrete which has not been pre-
loaded, and normalized relationships describing effects of deformation rates and pre-loading.
Such a transformation in its most general form is expressed as follows:

§ = So-(1 - Ds,) - (v,)P(1-Ds2) (15)

According to the present test results, the relationship between fracture properties and defor-
mation rate is described by a power law. The exponent p as well as the quasi-static fracture
property So may be influenced by pre-loading. Expressions for damage coefficients Dg, can be
developed on the basis of the results shown in Figure 12.

e A comprehensive sensitivity study is required to sort out fracture parameters sensitive to seismic

action which do not affect the overall structural behaviour in a significant way and hence, may
be neglected in order to simplify matters. This study should be conducted keeping in mind that
numerical simulation of dams under seismic action is a very complex analysis including other
aspects than modelling of crack formation.
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In view of a general applicability of material laws in seismic analysis, various aspects must re-
ceive due attention. For upstream cracks, water eventually entering into an opening crack must be
modelled realistically. Unloading/reloading during crack formation/propagation as well as variation
of deformation rates occur during an earthquake. Also, multiaxial fracture properties as influenced
by seismic action must be known especially for the analysis of arch dams. However, experimental
studies dealing with all these aspects are very scarce.

Conclusion

1. The effects of both deformation rates and loading histories on fracture properties must be
considered in the seismic analysis of a dam.

2. Fracture properties are generally influenced by rate effects and increase with increased deforma-
tion rate. The tensile strength and the specific fracture energy show a high rate sensitivity.

3. Compressive pre-loading generally leads to a material damage accompanied by a reduction of
fracture properties. The specific fracture energy and the Young’s modulus are most affected by
pre-loading.

4. The effect of deformation rates and pre-loading is best presented in a normalized presentation
where all values are related to the quasi-static fracture properties of unpre-loaded concrete. The
normalized representation can serve for the elaboration of material models for tensile behaviour
including crack formation in concrete dams under seismic action.

5. Tensile softening of mass concrete is more significant than softening of structural concrete. This
is explained by the size and properties of the aggregates used for the construction of dams. The
fracture process zone in dams may be large, and fracture energy models which account for the
presence of the FPZ, should be applied for dam structures like arch dams, buttress dams and
the crest section of gravity dams.
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