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Abstract

A new condition for crack penetration into the aggregate phase in concrete materials is developed based on numerical simu-
lations. The numerical simulation utilizes a newly developed micromechanical model which considers the concrete internal structure
as a three-phase material, viz. matrix, aggregate and interfaces between them. The micromechanical model is capable of capturing
the entire load-deformation response of a concrete specimen under monotonic loading including softening. The new condition for
crack penetration is developed based on a simple specimen configuration where a crack is driven towards an aggregate particle.
Results from numerical simulations are implemented to relate the relative properties of both aggregate and matrix phases (repre-
sented by the characteristic length ratio) to their tensile strength ratio. It is shown that the tensile strength ratio between the ag-
gregate and the matrix plays the dominant role in determining the penetration condition. Predictions based on this condition agree
with direct tensile simulations using different specimen configuration. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Generally, the mechanical properties of aggregate
play a minor role in the mechanical behavior of normal
strength concrete due to the weak interface between the
aggregate and matrix phases. The weakness of the in-
terface inhibits the achievement of composite action in
normal strength concrete (e.g. [1,2]). However, current
enhancement in matrix properties allows for the matrix
and aggregate properties to be comparable. This is also
associated with a considerable improvement in the in-
terface properties leading to higher chances of achieving
composite action. In such cases, as high strength con-
crete, it is more likely to have cracks penetrating the
aggregate particles. Thus, the aggregate properties start
to influence the composite behavior. In order to un-
derstand the role of the aggregate phase in these cases,
the crack-aggregate interaction is investigated in this
study.

There exist several analytical and numerical solutions
for the problem of cracks located at or approaching an

* Corresponding author.

interface between dissimilar materials (e.g. [3-9]). These
solutions are basically based on Linear Elastic Fracture
Mechanics (LEFM). However, as concrete materials
exhibit a considerable fracture process zone ahead of
a crack tip, direct application of these models is not
feasible.

In this study, a numerical model is used to simulate
fracture in concrete materials with particular emphasis
on studying the crack-aggregate interaction. Results
from the numerical simulations are implemented to de-
velop a new condition for predicting whether advancing
cracks deflect at or penetrate the aggregate phase. For
this purpose, a simple crack-aggregate configuration is
used in which the crack has been driven towards an
inclusion where the initial crack tip is far from the in-
clusion surface. A newly developed micromechanical
model by Mohamed [10] has been used in the numerical
simulation where nonlinear fracture mechanics concepts
are implemented to describe the material properties.
Further, many other simulations have been conducted
to validate the predictions of the proposed condition for
concrete samples under direct tensile mode. These
samples are generated using the new micromechanical
model.
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2. The micromechanical model

It is now generally accepted that the macroscopic
mechanical behavior of concrete materials is directly
related to fracture processes at the microlevel. There-
fore, several models have been proposed to model such
behavior by simulating the concrete microstructure nu-
merically using the finite element method. A common
feature of most of these approaches is to randomly
generate aggregate particles within a certain domain,
however, they differ in the way the domain is discretized
into finite elements. For instance, Roelfstra [11], Vonk
[12], Stankowski [13] used continuum finite elements to
discretize the concrete internal structure, while Bazant et
al., [14] and Schlangen et al. [15] have used discrete el-
ements in their discretization (truss and beam elements).

In the micromechanical model used in this investi-
gation, the concrete internal structure is modeled as a
three-phase material. The mechanical behavior of con-
crete is simulated numerically through the finite element
method. The model considers tensile cracking at the
microlevel as the only failure criterion associated with
concrete fracture. Thus, truss elements are used as the
basic element in the finite element mesh. The heteroge-
neity of the concrete internal structure is simulated
through the randomization of aggregate particles. Fur-
ther, the material properties are either randomized using
a Gaussian distribution about the mean value through
Monte Carlo simulation or assigned deterministically.
As the aggregate particles are generated within the
specimen boundaries, the three phases of the concrete
internal structure can be identified, viz., the matrix, the
aggregate and the interfaces between them. The process
of simulation can be divided into four distinct steps.

(1) Random generation of the aggregate particles
within the specified boundaries as ellipses. The infor-
mation required in this step is the aggregate gradation
curve, i.e. the number of particles for each size. The
aggregate shape can be specified either with a fixed as-
pect ratio, or the aspect ratio can be randomized. The
particles are allocated randomly starting with large ones.
Each new particle is checked such that a minimum dis-
tance is maintained between the particles’ boundaries to
assure space for the matrix phase. Since it is beyond the
computational means to consider all aggregate sizes,
only particle sizes greater than 5 mm are considered. The
process of aggregate generation is similar to that used by
Bazant et al. [14]. However, generating ellipses, as used
in this study, requires more complicated scheme.

(2) A finite element mesh is generated taking into
account aggregate boundaries. The finite element mesh
is generated as regular triangle elements and the ele-
ments’ edges are considered as truss elements. After
generating the finite element mesh, each element is
identified according to its location (i.e. inside or out-

side the particles, or at the interface) as shown in
Fig. 1.

(3) The constitutive relation of each element is as-
signed according to its location in the assembly as
shown in Fig. 1. The constitutive relation of each ele-
ment is constructed based on the smeared crack concept
(e.g. [16,17]), where the input parameters for each phase
are the tensile strength (f;), the elastic modulus (E), and
the fracture energy (Gg). The element length is imple-
mented in the constitutive relation to arrive at a mesh-
objective results. A schematic constitutive relation is
shown in Fig. 2 where the strain at ultimate stress
ep=ft/E, and the strain at failure eu is defined as a
function of Gy, f;, and the element length L,, according
to the stress-separation curve. For instance, in case of
linear decay, eu = 2Gg/f,L,,, while for exponential decay,
&, =[kI(1 — exp(—k))]Gelf;L,,. Upon unloading from an
arbitrary point m in the softening part, the unloading
strain ¢, is related to the strain at unloading ¢, through
the relation & = f(¢,, — 0,/E). The factor f allows for
modeling according to damage modeling (i.e. f=0),
plasticity modeling (i.e. f=1.0), and other cases in be-
tween (i.e. 1.0 > > 0). A similar approach has been
used by Roelfstra [11] and Dahlblom [16]. A full de-
scription of the different loading and unloading paths is
available elsewhere ([10]).

(4) The last step of the simulation is to assemble the
stiffness matrix according to the constitutive relation of
each element and solve the generated equations. This
has been accomplished using a nonlinear finite element
scheme developed in this study. The displacement at
certain prescribed nodes is assigned incrementally ac-
cording to the boundary conditions of the problem in
hand. For each increment, the Newton-Raphson itera-
tion is implemented where the stiffness matrix is reas-

Fig. 1. Mesh details: dark gray represents aggregate phase, light gray
represents matrix phase, and white represents interfaces.
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Fig. 2. Complete constitutive relation in tension.

sembled at each iteration according to any changes in
the status of elements.

Several computer programs have been developed to
accomplish each of the previous steps. A more detailed
description of each step is available elsewhere ([10]). The
model is capable of predicting the entire load-deforma-
tion response of concrete including softening, localiza-
tion of deformation, and crack patterns at any loading
stage. Also, the model is mesh-objective, i.e. the results
of the simulation are independent of the finite element
mesh fineness, provided that the mesh is fine enough to
represent the heterogeneity of the internal structure as
shown in Fig. 3. This simulation is for the same material
properties and aggregate generation for a 100 x 100 mm
specimen loaded in uniaxial tension.

The new micromechanical model shares some aspects
with other existing models which use discrete elements,
and contrast with others. For instance, the random
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Fig. 3. Checking mesh-objectivity for a three-phase material: three
simulations using different number of elements.

particle model by Bazant et al. [14] shows a realistic
prediction of the concrete tensile response under direct
tensile loading. However, this model does not consider
the interfacial zone between the aggregate and the ma-
trix while this model does. The interfacial zone proper-
ties have been proven to have a considerable effect on
the concrete behavior [1,2]. On the other hand, the beam
model by Schlangen et al. [15] follows elastic-brittle
fracture rules without considering the softening response
which may have a direct effect on the objectivity of the
results ([18]). Further, the concept of removing the cle-
ment from the mesh as the element fractures does not
allow for unloading modeling.

The new micromechanical model is implemented in
this study to establish a new condition for crack pene-
tration into aggregate particles. Furthermore, the ap-
plication of this condition to high strength concrete is
investigated.

3. Crack-aggregate interaction:
3.1. Specimen configuration

A simple specimen configuration, similar to that used
by Tan et al. [19] for studying the interface fracture
energy, has been used to study the crack-aggregate in-
teraction as shown in Fig. 4. The dimensions of the
specimen are chosen such that the location of the in-
clusion does not affect the stress intensity factor at the
initial crack tip. Thus, the driven crack feels the inclu-
sion as it advances. This condition is preserved to sim-
ulate the scenario of cracks approaching the aggregate
particles in concrete materials. This will ensure that the
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Fig. 4. Specimen configuration for the crack-aggregate interaction.
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inclusion properties will not affect the initial propaga-
tion of the crack. The effect of the relative location of the
inclusion on the crack tip stress intensity factor is ex-
plained elsewhere (e.g., Rongshun, et al., Patton et al.,
and [9]). After several numerical simulations for differ-
ent inclusion locations, the dimensions shown in Fig. 4
have been chosen. As shown in Fig. 5, varying the
elastic modulus of the inclusion reveals nearly identical
results. In these simulations, the aggregate phase is
considered elastic, and the interface properties (i.e. ten-
sile strength f;;, elastic modulus E;, and fracture energy
G¥;) are considered as 80% of the corresponding matrix
properties, i.e. good bonding as will be demonstrated in
the next part of this section. This configuration will be
used throughout.

3.2. Effect of interface properties

Before investigating the conditions for crack pene-
tration into the aggregate phase, the effect of the inter-
face properties (i.e. fy, E;, Gr;) is first studied. Changing
the ratio (r) between the interface properties and the
corresponding matrix properties, while keeping the ag-
gregate phase elastic, reveals different responses as
shown in Fig. 6. Model predictions show that the load
carrying capacity of the specimen increases as the ratio
r approaches 1.0. A considerable reduction in the load
carrying capacity is predicted if r falls below a ratio of
0.6.

The crack patterns for these simulations are shown in
Fig. 7 corresponding to ultimate load and end of sim-
ulations. In all crack patterns, thin lines represent soft-
ening cracks and thick lines represent full cracks. In all
simulations, the initial crack starts to grow only after
reaching the ultimate load. Further, the crack patterns
corresponding to the ultimate load reveal interesting
findings regarding the fracture process zone ahead of the
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Fig. 5. Crack-aggregate interaction specimen responses as influenced
by changing aggregate elastic modulus.
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Fig. 6. Effect of interface properties on the specimen response.

crack tip. For very low interface properties (r=0.4),
intensive cracks exist at the interface, while for higher r
values of 0.6 and lower, while higher values are associ-
ated with final matrix crack deflecting away from the
inclusion.

3.3. Parameters affecting crack penetration into the
aggregate phase

It is well known that cracks penetrate the aggregate
phase in cases where the interface properties are close to
the matrix properties, as in high strength concrete.
Therefore, in order to concentrate this investigation on
studying the conditions of crack penetration into the
aggregate, the possibility that the initial crack propa-
gates through the interface is eliminated. This is ac-
complished by considering the interface properties as
90% of the matrix properties. Thus, only two possibili-
ties exist for crack propagation: 1) either penetrating the
inclusion, or 2) deflecting in the matrix away from
the inclusion. The aggregate properties considered are
the elastic modulus (E,), the tensile strength (f;,), and the
fracture energy (Gy,). These parameters are changed as
a ratio of the corresponding matrix properties, E,, fi.,
and Gg,, respectively (i.e. E,/E,, fu!fun, and Gg,/Gg,,).
Three values have been chosen for E,/E,: 3.0, 2.0, and
1.0. Concurrently, for each ratio of E,/E,, the tensile
strength ratio f../fy, has been changed in 0.5 increment
starting with the ratio of 0.5, i.e. 0.5,1.0,1.5,... etc.
until the mode of penetration changes. At the same time,
for certain ratios of E,/E,, and f./f,., a range of values
for Gr,/Gg,, have been investigated until either the mode
of penetration changes, or the ratio Gg./Gf, becomes
unrealistic. Results of these simulations will be presented
in the following sections. Furthermore, many other
simulations have been investigated using values of f,/
fim=0.6,0.75, 0.8, 1.2, 1.25, and 3.0. These results are
presented only as data points in the analysis part of this
section.



A. Ragab Mohamed, W. Hansen | Cement & Concrete Composites 21 (1999) 349-359 353

(b) r=0.4 r=0.6

r=0.8 r=1.0

Fig. 7. Crack patterns for the effect of interface properties: (a) cracking patterns at peak load for different r values; (b) cracking patterns at the end of

simulations for different r values.

3.4. (a) Elastic moduli ratio E,/E,, =3.0

Shown in Fig. 8 are the responses resulting from
changing Gg,/Gg,, from 0.25 to 8.0 for f,/f,, =0.5. All
simulations result in crack penetration into the aggre-
gate. Also as shown in the same figure, the predicted
peak load is independent of the fracture energy ratio,
while the ductility of the specimen in the post peak part
enhances considerably as the fracture energy ratio in-
creases. However, some of the Gg,/Gg,, ratios are unre-
alistic and are included only to examine whether the
effect of increasing this parameter can alter the pene-
tration mode. On the other hand, if f,/f,,, increases to
1.0, and as the ratio Gg,/Gg,, approaches 1.0, predictions
show that no penetration occurs beyond this limit as
depicted from Fig. 9. In non-penetrating cases, the post
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Fig. 8. Effect of the aggregate fracture energy on the specimen response
(Ea/Em = 303 ﬁa/ﬁm = 05)

peak response shows higher ductility than the cases
where penetration occurs. Ultimate load, however, re-
mains constant.

If the tensile strength ratio, fi,/f.,, increases to 1.5, no
crack penetration occurs irrespective of how small the
fracture energy ratio, Gr./Gg,, becomes as shown in
Fig. 10. In this case, all simulations reveal identical re-
sponses.

3.5. (b) Elastic moduli ratio E,/E, =2.0

Similar trends are observed as for the case of E,/
E,=3.0 for fi./fu,, =0.5 with penetrating crack for all
Gr./Gg,, values. For cases of f./f;,,=1.0, the limit for
crack penetration is reached at Gg,/Gg,, =1.0 as shown
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S :f \ \ - -=0=-G /G =20 (N)
20 Z \

0 0.15 0.3 0.45 0.6
Load-Point Displacement mm

Fig. 9. Effect of the aggregate fracture energy on the specimen response
(EJJE,, =3.0, fulfin=1.0).
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Fig. 10. Effect of the aggregate fracture energy on the specimen re-
sponse (E,/E,, =3.0, fulfun = 1.5).

in Fig. 11. Also, for f,/f,,, = 1.5, no penetration occurs
irrespective of the Gg,/Gg,, values.

3.6. (¢) Elastic moduli ratio E,/E,, = 1.0

In this category, fi./fi»=0.5 and 1.0 show that the
crack will also penetrate, irrespective of the Gr./Gg,
values, with responses very similar to the ones before.
However, for fi,/fu, =1.5, penetration occurs up to a
Gr./Gg,, value of 1.0, after which no penetration occurs
as shown in Fig. 12. Higher values of f../f,,, i.e. 2.0,
have been tested. These results reveal that penetration
occurs only for very low ratio of Gg,/Gg,, =0.25, while
no penetration has been predicted for higher values as
depicted from Fig. 13.

3.7. Analysis of the predicted results
Based on the previous findings, it is evident that the

tensile strength ratio, f./f,,, plays the most significant
role in determining whether a crack will penetrate an
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Fig. 11. Effect of the aggregate fracture energy on the specimen re-
sponse (E,/E,, =2.0, fi!fun =1.0).
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Fig. 12. Effect of the aggregate fracture energy on the specimen re-
sponse (E,/E,, = 1.0, fu!fu, = 1.5).
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Fig. 13. Effect of the aggregate fracture energy on the specimen re-
sponse (E,/E,, = 1.0, fu!fu, =2.0).
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Fig. 14. Characteristic length ratio vs tensile strength ratio and the
condition for crack penetration.

aggregate or not. Therefore, this ratio has been chosen
as the main variable in the analysis. The fracture energy
ratio, Gg,/Gg,,, plays a less significant role, while the
elastic moduli ratio, E,/E,, plays the least important
role.
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In order to determine a condition for crack penetra-
tion, several combinations are investigated for the con-
sidered parameters. Surprisingly, the most efficient way
to express this condition is found to be the relation be-
tween the characteristic length ratio between the aggre-
gate and the matrix, lu, /ls,, and the tensile strength
ratio, fi./fun, as shown in Fig. 14. In this context, the
characteristic length is defined as /4, = EGg/ ff. The
data points in this figure include previous simulations
and many other simulations whose load-deformation
responses are not shown. The condition for crack pen-
etration is given by the following inequalities,

Penetrating : leh, /len, <2.25(fia/fim) ,

(1)
Non-penetrating: Ly, /s, > 2.25(fw/fin) "

These inequalities give the condition for crack penetra-
tion for the given configuration, where the crack is
driven symmetrically towards the middle of an aggregate
particle. However, in reality, a crack might hit the ag-
gregate particles at any angle and location. Further-
more, cracks might initiate from the interface of the
aggregate particle itself. Thus, the application of the
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Fig. 15. Ultimate load of the specimen as influenced by the increase in
tensile strength ratio and the mode of penetration.

condition in Eq. (1) should be taken with caution. De-
spite this, the equation gives a good prediction for crack
penetration as will be discussed later.

The impact of crack penetration on the ultimate load
has been found to be significant as shown in Fig. 15 for
practical values of the material properties used. It is
evident that crack penetration always results in a lower
ultimate load as compared to non-penetrating cracks. At
the same time, for practical values of Gg./Gg,, the
penetrating crack shows a sudden drop in the load-de-
formation response beyond the peak load, while a non-
penetrating crack reveals more ductile behavior. Also,
from Fig. 15, the ratio of the aggregate to matrix tensile
strength plays the most significant role in determining
the ultimate load. This is a crucial factor in producing
high strength concrete, as the aggregate properties start
to play a role in determining the concrete load-carrying
capacity unlike normal strength concrete.

The crack patterns associated with the previous sim-
ulations show three distinct patterns as illustrated in
Fig. 16. For a non-penetrating crack, the initial crack
propagates in the matrix away from the aggregate, while
for penetrating cracks, with practical Gg,/Gg, ratio (i.e.
up to 1.5), the crack extends in a tortuous manner within
the aggregate boundary. However, for penetrating
cracks with high Gg,/Gg, (i.e. 1.5 and up) even at the
end of the simulation, the initial crack propagates until
hitting the aggregate boundaries. The crack in these
cases possesses a large fracture process zone inside the
aggregate particle having softening cracks. It is worth
mentioning that both the predicted load-deformation
response and crack patterns follow similar trends as
observed experimentally by Tan et al. [7].

4. Numerical validation of Eq. (1)

For high strength concrete, there is a high probability
that cracks penetrate into the aggregate phase. In order

Fig. 16. Typical crack patterns for all simulations: (a) non-penetrating crack; (b) penetrating crack; (c) penetrating crack with high aggregate fracture

energy.



356 A. Ragab Mohamed, W. Hansen | Cement & Concrete Composites 21 (1999) 349-359

to examine that, in lieu of the findings discussed above,
several numerical simulations have been carried out. In
all simulations, the ratio of the elastic moduli of ag-
gregate to matrix is kept constant at 3.0, while three
tensile strength ratios have been considered (viz., 0.5,
1.0, and 1.5). For each tensile strength ratio, the fracture
energy of aggregate to matrix Gg,/Gg,, has been chan-
ged in a value of 0.5 increment starting with 0.5 until the
mode of failure changes (i.e., the crack penetration). All
the interface properties are held constant at 90.0% of the
matrix properties. They are f,, =6.0 MPa, Gg,, =0.06
N/mm, and E,, =30.0 GPa.

Model predictions for the first case, where fi,/f;,, = 0.5
are shown in Fig. 17(a) for different Gg,/G¥,, ratios. For
these simulations, the cracks are penetrating the aggre-
gate. In fact, due to the lower tensile strength of the
aggregate phase, the cracks even initiate from the ag-
gregate phase and propagate toward the matrix. Of in-
terest is that, as the aggregate tensile strength becomes
lower than the matrix tensile strength, the aggregate
phase becomes lower than the matrix tensile strength,
the aggregate phase becomes the controlling parameter
in determining the tensile strength of concrete.

Despite the fact that the aggregate fracture energy has
a negligible effect on the ultimate load value, it influ-
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Fig. 17. Response and crack patterns for tensile simulation with fi,/

fun =0.5: (a) tensile stress—displacement as influenced by the change in

the fracture energy ratio between aggregate and matrix (E,/E;, =3.0

and fi./fu, =0.5); (b) crack patterns at the end of simulation for Gg,/
em = 0.5 and 2.0.

b

ences the post-peak part of the response significantly.
Typical crack patterns are shown in Fig. 17(b) for the
cases of Gg,/Gr,, =0.5 and 2.0.

If, on the other hand, the aggregate tensile strength
increases to that of the matrix tensile strength, the be-
havior starts to change dramatically as shown in
Fig. 18(a). The tensile strength of concrete is now
comparable to the matrix tensile strength, and the post-
peak part becomes steeper. Only two responses are
shown. The first one corresponds to Gg,/Gg, =0.5,
where considerable crack penetration occurs. However,
when the G,/Gg,, ratio increases to 1.0, the interface
cracking dominates the behavior as in normal strength
concrete. Shown in Fig. 18(b) are the crack patterns
associated with these simulations. This case corresponds
to a composite material with the two phases having the
same tensile strength and fracture energy but different
elastic moduli.

In cases where the tensile strength of the aggregate
phase exceeds that of the matrix, the aggregate phase
plays less and less role in the concrete tensile behavior.
As shown in Fig. 19(a), the tensile response is almost
identical for different Gg,/Gg,, ratios, as long as the
tensile strength of the aggregate phase is 1.5 times
the matrix tensile strength. For a low Gg./GF, ratio
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Fig. 18. Response and crack patterns for tensile simulation with f,/
fum = 1.0: (a) tensile stress—displacement as influenced by the change in
the fracture energy ratio between aggregate and matrix (E,/E, =3.0
and fi./fu, = 1.0); (b) crack patterns at the end of simulation for Gg,/
Gg,, =0.5 and 1.0.
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Fig. 19. Response and crack patterns for tensile simulation with f,/
fun=1.5: (a) tensile stress—displacement as influenced by the change in
the fracture energy ratio between aggregate and matrix (E,/E,, =3.0
and fi./fu, = 1.5); (b) crack patterns at the end of simulation for Gg,/
Ggm =0.5 and 2.0.

of 0.5, the response is somewhat different after the
peak load due to some crack penetration as shown in
Fig. 19(b).

A summary of all the direct tensile simulations is
given in Table 1, together with the prediction of crack
penetration according to Eq. (1). As depicted from this
table, despite the difference in the configuration between
the crack-aggregate interaction specimen and the direct
tensile simulation specimen, Eq. (1) successfully predicts
the crack penetration in the direct tensile simulation.

Table 1
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Fig. 20. Penetration condition for different types of aggregate and
matrix based on the condition proposed by Eq. (1) (aggregate symbols
are explained in Table 2).

5. Application of Eq. (1) to different aggregate types

In order to examine the predictions of Eq. (1) to
different aggregate types, the experimental data reported
by Hassanzadeh [20] as listed in Table 2 are considered.
This table lists the properties of different aggregate
types. A range of matrix tensile strengths of 3.0-9.0
MPa and characteristic lengths ranging from 100 to 200
mm are considered. Combinations of the experimentally
documented values for aggregate tensile strength and
characteristic lengths, with a variation of the assumed
matrix properties range are taken into account. The part
of the results close to the equation prediction, with
practical aggregate/matrix ratios, is shown in Fig. 20,
together with the prediction of Eq. (1). According to the
model prediction, there is a high probability that lime-
stone aggregate (both fine and coarse grained types) will
result in crack penetration, while a very high strength
matrix is needed for coarse or medium grained granite
for crack penetration. On the other hand, quartz ag-
gregate has less tendency for crack propagation.

Comparison of the previous predictions to actual
experimental data is rather difficult due to the scarcity of

Comparison between tensile simulation and Eq. (1) predictions (E,/E,, = 3.0)

Silfim Gral G Lon, /Len, 2.25(fia ) fim) "%’ Simulation prediction Eq. (1) prediction
0.5 0.5 6.0 144 P P
0.5 1.0 12.0 144 P p
0.5 1.5 18.0 144 P P
0.5 2.0 24.0 144 P p
1.0 0.5 1.5 2.25 P P
1.0 1.0 3.0 2.25 N N
1.5 0.5 0.667 0.198 N N
1.5 1.0 1.333 0.198 N N
1.5 1.5 2.000 0.198 N N
1.5 2.0 2.667 0.198 N N

P =crack penetration, N =no penetration.
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Table 2

Fracture mechanical properties of rocks ([8])
Rock f. (MPa) f«« (MPa) et (MPa) E; (GPa) E; (GPa) Gr, (N/mm) lepa (mm)
GR; 233.7 14.3 15.6 79.3 59.1 0.1244 36.0
GRy, 160.0 11.1 11.8 79.9 63.3 0.1349 71.0
GR. 153.4 9.6 13.5 73.5 61.2 0.1590 106.0
Gn 183.3 11.6 12.0 72.6 59.4 0.1156 52.0
QzZ 332.0 15.0 13.9 76.0 60.2 0.1628 44.0
DB 311.9 15.9 17.2 123.3 104.6 0.1287 54.0
GB 256.7 14.3 16.9 104.1 93.7 0.1336 62.0
LS, 160.4 7.2 10.6 67.0 57.8 0.0506 57.0
LS. 51.9 4.6 6.5 64.5 52.3 0.0743 203.0

GR¢, GR,;, and GR. =fine, medium, and coarse grained granite, respectively; GN = gneiss; QZ = quartzite; DB = diabase; GB = gabro; and LS; and
LS. = fine and coarse grain limestone. f., fs, fnet» Eda» Es, Gra, and Ly, are compressive strength, splitting strength, flexural strength, dynamic modulus,

static modulus, fracture energy, and characteristic length, respectively.

data regarding tensile testing. However, as the condition
given by Eq. (1) is developed for a crack driven towards
an inclusion, this condition can be extended to other
modes. For instance, under uniaxial compressive load-
ing, cracks develop in the loading direction and propa-
gate towards inclusions. Thus, a scenario similar to the
one considered in this study emerges. For example,
Mehta et al. [1] studied the effect of aggregate type on
concrete compressive strength. They reported that the
failure surface penetrates aggregates for both granite
and limestone. However, quartz aggregates show no sign
of crack penetration and cracks are mainly found in the
interface zone. The model predictions for these types of
aggregates are in agreement with experimental findings.
However, they also reported crack penetration in the
case of diabase aggregate, which the model does not
predict. The properties of diabase reported in Table 2
suggest that it is the strongest aggregate tested. How-
ever, these properties vary from one site to another and
they may not be considered typical. Despite the fact that
the configuration considered is far from comparison
with compressive loading, the condition provided by
Eq. (1) shows reasonable agreement with experimentally
observed crack penetration.

6. Conclusions

A new condition for crack penetration into the ag-
gregate phase in concrete materials has been presented
based on a newly developed micromechanical model.
The condition relates the ratio between the characteristic
lengths of aggregate to matrix phases to their tensile
strength ratio. The predictions of the proposed condi-
tion is compared to tensile simulations and experimen-
tally observed crack penetration under compressive
loading. The following conclusions can be drawn.

(1) Enhancing the interface properties, as compared
to matrix properties, has a direct impact on achieving
composite action in concrete materials. If the interface

properties exceed 60% of the corresponding matrix
properties, cracks might deflect away from the aggregate
instead of being trapped in the interfacial zone.

(2) If the interfacial properties are enhanced, to a
level of 80% or more of the corresponding matrix
properties, the aggregate properties start to play a sig-
nificant role in the mechanical behavior of concrete.

(3) The tensile strength ratio between the aggregate
and matrix phases is the most significant factor in de-
termining the possibility of crack penetration. The
fracture energy ratio is the second most important pa-
rameter, followed by the moduli ratio.

(4) Numerical simulations reveal a significant impact
of crack penetration on the ultimate load capacity for
the configuration considered. Higher peak loads are
predicted for non-penetrating cracks.

(5) The condition of crack propagation represented
by Eq. (1) successfully predicts crack penetration in
numerical simulations for direct tensile specimens which
are quite different than the configuration used to de-
velop the condition.

(6) A simple comparison is held between the predic-
tions of crack penetration based on Eq. (1) and some
experimental observations for concrete tested in uniaxial
compression. Despite these differences, Eq. (1) reveals
some predictions in agreement with the experimental
work observations.
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