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Abstract-— The mechanical behavior of concrete composites is influenced by the characteristics of
mortar-aggregate interfaces. Initiation and propagation of cracks at the interface or penetration of
cracks into the aggregate can greatly influence the global behavior of the material. In the interfacial
regions of concrete composites the crack path criterion will involve relative magnitudes of the
fracture toughnesses between the interface and the constituent materials. This study investigates
fracture of two-phase composites in terms of parameters that influence the cracking scenarios in the
interfacial regions and affect the fracture behavior of the concrete. These parameters include elastic
moduli mismatch between the mortar and the aggregate and the ratios of the interface fracture
toughness to the fracture toughness of the aggregate and the mortar. Numerical and physical model
tests were performed to study the influence of these variables on the global load-deformation
behavior of composite beams. Physical beam models consisting of circular aggregate inclusions in
mortar matrices were tested in three-point bending. An analysis capability is developed for cracking
in the composite incorporating transgranular or interfacial fracture scenarios using finite element
simulations performed with the material fracture properties. The simulation is of a cohesive force
type that allows parametric variation of fracture parameters to study influences on load-deformation
performance of the composite. Results of the simulation are used to quantify the effect of different
interfacial properties on the fracture and load-deformation behavior of the specimens. The results
of both the experimental and analytical model studies show that ductility improves when cracks
propagate through mortar-aggregate interfaces and also improves with rougher aggregate surfaces.
This study advances the understanding of the role of interfaces in the global behavior of the
cementitious composites and furthers the development of high-performance cementitious materials.
i 1998 Published by Elsevier Science 1.td. All rights reserved.

INTRODUCTION

The use of high strength concrete for improved structural performance in infrastructure
development and renewal around the world continues to increase. A concern with this
increased use is the brittle nature of failure of high strength concrete compared to the
relatively ductile failure of normal strength concrete ; this concern has limited the appli-
cation of high strength concrete in flexural members where its advanced performance
capabilities would be advantageous. For this reason, interest in the fracture behavior of
cementitious composites has increased with the need for the development of high per-
formance concrete with improved toughness and ductility.

The development of bond cracks at mortar-aggregate interfaces is an important factor
in the inelastic deformation and fracture behavior of concrete (Hsu ef al., 1963 ; Shah and
Winter, 1966; Buyukozturk er af., 1971). Bond cracks in normal strength concrete often
propagate along the interface between mortar and aggregate, absorbing energy before
linking and forming continuous cracks through mortar at failure. In this respect the fracture
properties of the interface relative to the mortar are important parameters that affect the
global material behavior. In higher strength concretes, however, the interface zones have
been shown to be more dense and stronger than interfaces in normal strength concrete,
often preventing the formation of the interfacial bond cracks and facilitating stress transfer
to weaker aggregate particles (Lee ¢t af., 1992 ; Chatterji and Jensen, 1992 Trende and
Buyukozturk, 1995; Buyukozturk and Lee, 1993}, Crack propagation through aggregates
has been observed in high strength concrete. indicating a less pronounced effect of crack

* Author to whom correspondence should be addressed. E-mail : obuyuk¢umit.edu.

4055



4056 O. Buyukozturk and B. Hearing

arrest by aggregates and more brittle global material behavior (Carrasquillo et al., 1981;
Gerstle, 1979). Here, the fracture properties of the aggregate relative to the mortar are
important parameters affecting the performance of the material. In the improvement of the
performance of high strength cementitious materials a fundamental understanding and
quantitative data with respect to the influence of these interface, aggregate, and mortar
fracture properties on the material behavior is necessary.

In this study the authors investigate the influence of mortar, aggregate, and interfacial
fracture properties on the performance of concrete composites. Relative fracture parameters
and how they affect the behavior and ductility of the composite are studied in a combined
experimental and analytical research program. For this, physical models with combinations
of mortar, aggregate, and interfacial fracture parameters are tested through mortar beams
with embedded circular aggregate inclusions. Analytical models are employed to simulate
the fracture process of the tested physical specimens during failure. The models are used in
parametric studies to investigate the influence of relative fracture properties of the mortar,
aggregate, and interface on the deformation behavior of the composite.

CRACK PROPAGATION AT MORTAR-AGGREGATE INTERFACES

It has been suggested that the mechanical properties of concrete are largely attributable
to the properties of mortar-aggregate interface regions (Goldman and Bentur, 1989 ; Lee
and Buyukozturk, 1994). Quantitative studies of interfacial fracture processes through
interface fracture mechanics concepts (Rice, 1988) offer great potential for the under-
standing of the global material behavior of concrete. The main objectives of interface
fracture mechanics are to define and assess the fracture energy release rate of interfaces and
also to quantify fracture criteria for crack path prediction.

The energy release rate ¢ per unit length of extension of a crack at an interface in a
bimaterial system is related to the stress intensity factors with an Irwin-type relation

|K]*
F o e (1)
E* cosh® ne
where |K|® = K7 + K3 is the sum of the squares of the mode I and mode 11 stress intensity
factors, E* is an average stiffness defined by

b1
E* 2\FE, ' E,

cosh’ne = 1/(1—f%), and E, = E,/(1 —v}) is the plane strain elastic modulus for material i.
The complex interface stress intensity factor K = K, +iK, has a real and imaginary parts
K, and K, which are similar to conventional mode I and mode II intensity factors in a
homogeneous solid. Bimaterial elasticity depends on two moduli mismatch parameters o
and f defined by (Dundurs, 1969)

g = :l'“ﬁ_:: = l (1 —=2v3) — g (1=2vy) 3)
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where g, and v; represent the shear modulus and Poisson’s ratio of material 7.
The energy release rate G is defined as a function of the real phase angle i of the stress
intensity factors ahead of the crack tip

A I(KL”")
= arcta I 4
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where L is a somewhat arbitrary reference length and ¢ = (1/2m) In {(1— $)/(1 + B)]. Here l/}
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measures the relative proportion of the effect of mode 11 to mode I stresses on the interface.
For many practical systems, including mortar—aggregate interfaces, the effect of nonzero
is often the secondary consequence, reducing the phase angle ¥ to

J = arctan (ﬁ) (5)

Fracture energy release rates for a variety of mortar-aggregate interfaces have been
assessed through sandwich beam and Brazilian disk specimen tests (Buyukozturk and Lee,
1993 ; Lee et al., 1992). As an example, an interface fracture energy curve for a high strength
mortar-granite aggregate interface is given in Fig. 1. It is observed that the interfacial
fracture energy markedly increases as the loading phase angle increases. Similar trends were
found in both normal and high strength mortar-aggregate interfaces with greater fracture
energies exhibited by the high strength mortar (Lee er al., 1992). Rougher aggregate surfaces
have also been shown to increase the interfacial fracture energy (Trende and Buyukozturk,
1995).

In concrete, a crack impinging a mortar—aggregate interface has been shown to advance
by either penetrating into the aggregate or deflecting along the interface (Buyukozturk,
1993). Let I'; be the toughness of the interface as a function of Y and let T, be the mode |
toughness of the aggregate. The impinging crack is likely to be deflected (He and Hutch-
inson, 1989) if

LI.-/a (6)

where I', and I, are material properties, which can be measured by fracture testing, and G,
18 the energy release rate of the crack deflected into the interfaces, and G is the maximum
energy release rate of the crack penetrating into the aggregate. For complex geometries the
ratio G,/G 7 can be calculated using numerical analyses schemes (Romeo and Ballarini,
1995), but the ratio has been analytically computed for semi-infinite crack problems (He
and Hutchinson, 1989). It was found that with the crack approaching perpendicular to the
interface, G;/G,, is equal to approximately 1/4, indicating that the crack will deflect if the
interface toughness is less than a quarter of the aggregate.

From eqn (6) is it shown that the fracture energy of the interface relative to that of the
aggregate can shift the fracture processes in concrete from interfacial to aggregate
penetration, which can subsequently alter the global behavior of the material during failure.
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Fig. |. Fracture energy curves of mortar-aggregate interfaces.
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However, little is known about the quantitative influence this shift can have on the behavior
of concrete. Furthermore, the influence of variations in these fracture parameters on the
behavior of the fracture process is not widely known. For this reason, composite specimens
with strong and weak aggregates were tested with different interfaces and mortars to study
these influences.

EXPERIMENTAL PROCEDURE

Physical models of two-phase cementitious composites were tested to study crack
penetration and deflection at mortar-aggregate interfaces. Two types of circular inclusion
beam specimens shown in Fig. 2 were tested under three-point bending to investigate
concrete fracture as a composite. The dimensions of the single inclusion specimen were
300 x 75 x 25 mm and the double inclusion specimen were 228 x 75 x 25 mm. Two different
mortar strengths were used with circular inclusions of granite and limestone placed along
the crack path in three-point bending specimens with a notch created in the mortar below
the inclusion.

The testing parameters in this study were the mortar strength, the aggregate strength,
and the interfacial fracture resistance. Variations in interfacial energy were achieved through
smooth and sandblasted aggregate surface roughnesses and different material combinations.
All specimens were made using Type 111 cement to produce high early strength mortars.
Compression strength and elastic modulus tests on the materials were performed with
compression cylinders. Tensile strengths were measured using splitting cylinders and frac-
ture energies were measured with three-point bending tests. The properties of the materials
are reported in Table [. All specimens were tested after seven days of curing. Three-point
bending tests on the beam specimens were performed using an Instron machine with a
loading head displacement control of 0.075 mm/min. During the testing, the ultimate
loads and load and load-line displacement signals were recorded to measure the bending
performance of the specimens.

o} compact specimen

18 D(——-———-— circular inclusion
75 mm 25

heZ-epoxy resin joint
mm mm

precast section ——e
n%rsn ! [ ~— e antificial crack

CP | 150 mm @)

12.5
=y Y
75 12.5 25
mm mm mm
’ n%rsn / <€ antificial crack )

114 mm O

T

| 228 mm

Fig. 2. Three-point bending loading used on circular inclusion specimens.
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Table 1. Material properties

a, G, E G,
Material [MPa] [MPa] [GP4] v [Jim7]
Low strength mortar 40.0 2.8 27.8 0.2 39.0
High strength mortar 838 5.0 333 0.2 57.0
Granite 123.0 6.2 422 0.16 59.7
Limestone 57.5 3.1 345 0.18 292

Table 2. Fracture loads of the tested specimens

Type of Number of Mode of P
Series aggregate inclusions failure [kN]
Low strength/smooth Granite 1 Interfacial 1.6150
High strength/smooth Granite 1 Interfacial 0.6377
Low strength/sandblasted Granite | Interfacial (.6364
High strength/sandblasted Granite I Interfacial (.6655
Low strength/smooth Limestone 2 Transgranular 0.6802
Low strength/smooth Granite 2 Interfacial 0.6837
High strength/smooth Limestone 2 Transgranular (.9344
High strength/smooth Granite 2 Interfacial 1.1395

Results of experimental program

Average failure loads P} for the laboratory tests are reported in Table 2. Specimens
with granite inclusions failed with interfacial crack propagation as illustrated in Fig. 3(a)
and specimens with limestone failed with transgranular aggregate penetration as illustrated
in Fig. 3(b). Failure loads of specimens with interfacial failure were found to increase with
high strength mortar and also increase with rougher aggregate surfaces. Load/load-line
displacement curves for samples of the specimens with one granite inclusion are shown in
Fig. 4(a). Peak loads are shown to increase with greater mortar strength ; additionally,
specimens with normal strength mortar exhibited a secondary peak lower than an initial
first peak, while specimens with higher strength mortars demonstrated a higher secondary
peak. The secondary peaks exhibited by the systems may indicate the occurrence of specimen
fracture processes ; the secondary peaks may be caused by the increase in fracture resistance
as the crack deflects out of the interface back into the tougher mortar. Specimens with
sandblasted aggregate are also shown to have higher load magnitudes with similar peaking
behavior. These effects may be due to increased fracture resistance found in high strength
mortar interfaces and rougher aggregate surfaces (Lee er al., 1992; Trende and Buyu-
kozturk, 1995).

(a) Failure modes with granite inclusions (b) Failure mode with limestone inclusio

Fig. 3. Sample failure modes of tested specimens.
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Fig. 4. Experimental load/load-line deflection diagrams.

Failure loads of specimens with transgranular failure are also found to increase with
morlar strength; however, their peak loads were lower than specimens with interfacial
failure. Load/load-line displacement curves for a sample specimen with two limestone
inclusions that resulted in transgranular failure is compared to a sample specimen with two
granite inclusions that resulted in interfacial failure in Fig. 4(b) ; peak loads for the granite
specimen is 22% higher than the limestone specimen. It is seen that failure loads of all
specimens with limestone inclusions that resulted in transgranular aggregate failure are
lower than failure loads of specimens with granite. This may be due to a decreased effect
of crack arrest mechanism and differences in fracture energies of the aggregates compared
to the interface.

The results of the experimental testing of the inclusion specimens demonstrated the
sensitivity of composite behavior to different constituent and interfacial properties. The
composite performance can change with shifts in the fracture processes from interfacial to
transgranular crack propagation. This behavior can be verified through the crack path
criteria given by eqn (6). The phase angle i for the crack as it approaches the aggregate
inclusion in the three-point bending specimen has been calculated by finite element analysis
{Buyukozturk and Hearing, 1996b). Interfacial fracture energies for the mortar-aggregate
combinations and surface roughnesses used in the tests have been investigated (Lee ef al.,
1992 ; Trende and Buyukozturk, 1995) and are shown in Table 3. The ratios G./G™* arc
computed from tables (He and Hutchinson, 1989) and are also shown in Table 3. The ratios
given by eqn (6) predict interfacial failure for the granite inclusion specimens and aggregate
penetration for the limestone inclusion specimens, agreeing with the results of the exper-
imental program and demonstrating the significant influence that constituent properties
can have on composite behavior.
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Table 3. Verification of prediction criteria

I"; Predicted Actual
Series [J/m?] r.T, GG mode mode
Normal strength/smooth granite 22.0 0.37 0.39 Interfacial Interfacial
Normal strength/sandblasted granite 22.5 0.38 0.40 Interfacial Interfacial
High strength/smooth granite 20.0 0.33 0.34 Interfacial Interfacial
High strength/sandblasted granite 21.0 (.35 0.35 Interfacial Interfacial
Normal strength/limestone 22.0 0.75 0.30 Transgranular Transgranular
High strength/limestone 18.0 0.62 0.26 Transgranular Transgranular

From the results of the tests it is concluded that the behavior of the specimens with
interfacial crack propagation are affected by the fracture toughness of the interface. In
specimens with aggregate penetration it is concluded that the behavior is affected by the
fracture resistance of the aggregate. To understand the effects of these factors and to assess
their influence on the behavior of the specimens, an analytical procedure is presented.

NUMERICAL PROCEDURE

To further assess the influence these constituent and interfacial fracture properties
have on the performance of the composite as a whole, a numerical investigation was
conducted. Two separate cohesive force models were used to simulate the interfacial propa-
gation and aggregate penetration fracture processes in the tested samples. Cohesive force
models use linear elastic fracture mechanics (LEFM) to simulate material fracture process
zones with fictitious cohesive forces trailing a crack tip in equilibrium with external forces
(Hillerborg et al., 1976). For example, the forces used in the interfacial propagation model
are shown in Fig. 5. A stress intensity superposition is utilized to combine mode I and mode
IT stresses with the external three-point bending load to calculate mode I and mode Il
crack opening displacements, The strain-softening constitutive relationship of the material
determines the cohesive forces in the fracturing material behind the crack tip. It has
been concluded that a bilinear strain—-softening relationship best models fracture in most
concretes, mortars, and aggregates, and that a linear strain—softening relationship best
models fracture in mortar-aggregate interfaces (Buyukozturk and Hearing, 19964 ; Foote
et al., 1986). Figure 6 shows the relationships that are used to relate cohesive forces with
crack opening displacements during fracture.

Finite element investigation

Implementation of a cohesive force model requires an integration of stress intensity
factors for a series of crack propagation steps that represent a discretization of fracture.
Each of these “steps” will represent the geometry of a hairline crack along the crack path
to the ending point of the crack. Stress intensity factors for the simulation with aggregate
penetration were available from simple three-point bending relationships (Tada er al.,

P P, Py
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Fig. 5. Stress intensity superposition for circular inclusion specimens.
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Fig. 6. Bilinear and linear constitutive models.

Fig. 7. Finite element discretization of the circular inclusion specimen.

1985). However, for the interfacial fracture model stress intensity factors for a circular
inclusion were not readily available and a finite element stress intensity factor investigation
was conducted.

The circular inclusion specimen was discretized with 16 nodes radially around the
circumference of the inclusion, as shown in Fig. 7. Solutions of this mesh with various
permutations of cohesive and external forces were conducted to obtain mixed-mode stress
intensity factors. A displacement extrapolation routine was implemented (Owen and
Fawkes, 1983) and modified to calculate stress intensity factors at interfacial crack tips.
The results were used in the interfacial fracture simulation.

Cohesive fracture models

Using two separate iterative computer models, simulated load/load-line displacement
diagrams of the tested specimens with interfacial fracture and aggregate penetration are
generated. The relation between load and load-line displacement is obtained by solving the
equations of the net stress intensity factor (K,), the equilibrium of crack opening dis-
placement (COD) at the crack surface, and the constitutive function of the COD and
cohesive stresses. The crack opening displacements are calculated by a K-superposition
method. Figure 5 shows that in the interfacial specimens there are four contributions to K..
Two are the stress intensity factors due to the applied load (P), K, and K, ; the others,
K, and K, , are due to the tensile cohesive forces a(x) and the shear cohesive force t(x)
acting across the crack faces in the process zone.

Kw = (Kp] + Krl,) + i(K[}|| +Kr”) (7)
The equilibrium of crack opening displacement at the crack surface is given by
O =(dp +06,)+i(dp,+0,) (8)

where 8, and J 4; are the CODs due to the three-point bending load and 6, and 6, are the
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CODs due to the cohesive stresses. By solving the stress intensity equilibrium for the three-
point bending loads and substituting them into the COD equilibrium, a relationship between
the COD and the cohesive stresses is obtained

. { [a o(a. ) H(a. ) de+ ,‘JU t(a. ) H\ (g, c) dc:| 9)

WO o

where ¢(a,¢) and t(a, ¢) are cohesive stresses at point ¢ along crack length a, and H,
and H; are Green’s functions relating the three-point bending load to crack opening
displacement.

A constitutive relationship for the material is needed to solve the problem. It is given
by an equation relating the COD to the cohesive stresses

6 = (&) (10)
T = f(0y) (11)

The bilinear and linear relationships of Fig. 6 were used depending on the location of the
cohesive force, either in the mortar, aggregate, or interface phase. Interfacial ultimate tensile
and shear stresses and fracture energies found from previous research (Buyukozturk and
Hearing, 1996a) were used for propagation in the interface. These constitutive laws were
implemented independently ; in reality, coupling effects on mixed-mode fracture could exist.
By substituting this relationship into the COID/cohesive stress equation the crack opening
displacement of eqn (9), d;(«, x) and J;,(a, x), can be solved, as illustrated in Fig. 8.
Corresponding cohesive forces found from the constitutive model are compared to
assumed initial forces; when the COD and cohesive forces agree, the crack zone is in
equilibrium. The external force P and load-line displacement D can be computed.

inital crack length
material properties, E. etc.

!

a, crack length known
initial values of cohesive stresses

e

‘/\{Wifh‘ - : i ‘(&C)' H [](I.c) l"—"

stress intensity equilibrivm K | stress intensity equilibrium K |1
compute crack opening displacements | | compute crack opening dispiacements

Y !

calculate actual stresses dbased calculate actual stresses T based
on computed crack openings on computed crack opeaings

calculate beam loads and deflections,
P= P, + P[I

advance crack length a

Fig. 8. Flow chart for load;/1oad line displacement numerical procedure.
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Fig. 9. Experimental and numerical load/load-line deflection diagrams.
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Results of analytical models

The load/load-line deflection curves for the three-point bending tests were simulated.
From each set of experimental tests a representative sample was chosen to model. Results
from sample simulations are shown in Fig. 9. A sample curve from the interfacial fracture
simulation is shown in Fig. 9(a) and a sample from the aggregate penetration simulation is
shown in Fig. 9(b). The analytical strain-softening model results are plotted with dashed
lines while the experimental results are given as solid lines. The results of the simulation
programs agree well with the experimental model performance. It is concluded that the
method provides accurate results and can be useful to predict the load-displacement
behavior of multi-phase composites.

PARAMETRIC STUDY

The analytical models were used to study the effect of material parameters on the
composite behavior of the three-point bending specimens. Parametric studies using the
models of the interfacial fracture and aggregate penetration fracture scenarios were con-
ducted with variations on relative constituent fracture energies. The influence of the interface
fracture energy Gj relative to the mortar fracture energy G, as F, = G,/G, was studied
with the interfacial fracture simulation. Numerical simulations with variations of mortar
fracture energies were conducted using the interfacial analytical fracture model, shown in
Fig. 10(a). Magnifications of the resulting secondary post-peaking behavior are shown in
Fig. 10(b). Smaller F;is shown to result in greater secondary post-peak deflections, indi-
cating that higher relative mortar fracture energies may result in greater ductility in com-
posites with interfacial fracture.

For specimens with aggregate penetration the relative fracture energy of the aggregate
Gy, to the mortar G, as F, = G,/G, was investigated with the aggregate penetration
simulation. Analytical simulations with variations of aggregate fracture energies were
conducted using the aggregate penetration fracture model. As shown in Fig. 10(c), greater
F,is shown to result in larger deflections, indicating that for transgranular fracture a higher
aggregate fracture energy may result in greater composite ductility.

These results illustrate the applicability of cohesive force models to the study of multi-
phase composites. It is concluded that in engineering a high performance material for
optimum behavior, careful adjustment of the qualities of material constituents can result
in improved global material behavior.
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Fig. 10. Results of parametric studies for cohesive model simulations.

CONCLUSION

In this paper, fracture models are presented and a combined numerical/experimental
methodology is developed to study the influence of constituent fracture properties on the
behavior of concrete composites. Aggregate inclusion specimens are tested to confirm crack-
path prediction criteria and to investigate the influence of various combinations of mortars,
aggregates, and interfaces. A study is then presented on the influence of relative constituent
fracture properties using cohesive force crack propagation models.

From the experimental results, two inclusion specimens are shown to achieve greater
ultimate load and ductility with interfacial crack propagation vs aggregate crack
penetration. Both cracking scenarios are modeled through cohesive force simulations, and
variations of constituent properties are studied. Interfacial fracture simulations showed
that a relative increase in mortar fracture energy would improve ductility in composites
with interfacial fracture propagation. Similarly, aggregate penetration simulations dem-
onstrate that a relative increase in aggregate fracture energy would improve ductility in
composites with aggregate crack penetration.

The methodology developed for the study of crack propagation in cementitious com-
posites is shown to be a suitable approach to the development of high performance concrete
with improved ductility and toughness characteristics. Future work will include the exten-
sion of these fracture modeling techniques and their results to global material behavior of
real concrete, and correlation with experiments on actual concrete specimens.
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