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Abstract This paper examines the effects of mix com-
pressive strength (30, 35 and 40 MPa) on the fracture ini-
tiation toughness, resistance-curve behavior and fatigue
crack growth behavior of concrete mortar. The fracture
initiation toughness and the resistance-curve behavior are
shown to increase with increasing mix strength. The
observed resistance-curve behavior is then attributed lar-
gely to the effects of ligament bridging, which are pre-
dicted using small- and large-scale bridging models. In
contrast, the fatigue crack growth resistance is shown to
decrease with increasing mix strength. An extended mul-
tiparameter framework was used for the modeling of fati-
gue crack growth. Finally, the implications of the results
are discussed for the design of concrete mixtures with
attractive combinations of strength, fracture toughness and
fatigue crack growth resistance.

Introduction

Significant efforts have been made to understand the
toughening components that contribute to the fracture

J. Lou - W. O. Soboyejo (<)

Princeton Materials Institute, and the Department of Mechanical
and Aerospace Engineering, Princeton University, Princeton,
NJ 08544, USA

e-mail: soboyejo@princeton.edu

K. Bhalerao - A. B. O. Soboyejo

Department of Food, Agricultural and Biological Engineering,
and the Department of Aerospace Engineering, The Ohio State
University, Columbus, OH 43210, USA

toughness of concrete [1-4]. These studies have shown that
stable crack growth in concrete is generally associated with
the formation of bridging ligaments and anti-shielding/
shielding microcracking zones. However, a simple mod-
eling framework for the prediction of toughening/resis-
tance-curve behavior in concrete mortar is yet to be
developed.

Meanwhile, sub-critical crack growth associated with
cyclic loading due to freeze-thaw cycles [5], mechanical
loading by traffic, and wind loading in concrete structures
may occur at stress levels that are well below the critical
conditions required for failure under monotonic loading [6].
Moreover, a wide range of parameters may influence fati-
gue crack growth rates in concrete [7, 8]. These include: the
stress intensity factor range, AK; stress ratio, R; maximum
stress intensity factor, K.x; and relative humidity [7].

This paper presents a simple small- and large-scale
bridging framework for the modeling of toughening due to
ligament bridging in concrete mortar. An extended multi-
parameter framework is also presented for the modeling of
fatigue crack growth in concrete mortar. The models are
applied to the prediction of resistance-curve behavior and
fatigue crack growth behavior in concrete mortar with
strength levels of 30, 35 and 40 MPa. Finally, the impli-
cations of the results are discussed for the design of durable
concrete structures.

Materials and experimental procedures

The concrete material that was used in this study was
produced at The Ohio State University, Columbus, OH.
Concrete mixes with nominal compressive strength levels
of 30, 35 and 40 MPa were obtained by the mixing of
aggregates and cement in the ratios shown in Table 1.
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Table 1 Nominal composition

of the three types of concrete Mix (30 MPa)

Mix (35 MPa) Mix (40 MPa)

Cement: Type I; 1 part;
456.59 kg/m®
Coarse aggregate:

irregular gravel; 2.672 parts;
1220.23 kg/m®
Fine aggregate:

well-graded sand; 0.890 parts;
406.74 kg/m®
Workability: medium
Water/cement ratio: 0.416;
190.18 lit/m’

Cement: Type I; 1 part;
609.26 kg/m>
Coarse aggregate:

irregular gravel; 1.808 parts;
1101.57 kg/m®
Fine aggregate:

well-graded sand; 0.602 parts;
360.19 kg/m®
Workability: medium
Water/cement ratio:
0.338; 206.37 lit/m®

Cement: Type I; 1 part;
513.39 kg/m®
Coarse aggregate:

irregular gravel; 2.255 parts;
1172.42 kg/m®
Fine aggregate:

well-graded sand; 0.751 parts;
390.47 kg/m®
Workability: medium
‘Water/cement ratio: 0.378;
196.84 lit/m’

After mixing, the concrete was allowed to harden for at
least 28 days before conducting the resistance-curve and
fatigue crack growth experiments at Princeton University,
Princeton, NJ.

The resistance-curve and the fatigue crack growth
experiments were conducted on single edge notched bend
specimens (SENB) in a servo-hydraulic testing machine.
Crack growth during the experiments was monitored using a
notch-mouth clip gauge that was attached to the notch
mouth using knife-edges and a Questar telescope (resolution
of ~2.5 pm) that was connected to a video monitoring unit.

For the resistance-curve tests, low initial loads corre-
sponding to a stress intensity factor of ~0.2 MPavVm, were
applied initially. After each incremental crack growth step,
the loads were increased in steps of ~5% until stable crack
growth occurred. Following each incremental crack growth
step, the crack/microstructure interactions were examined
and photographed with an optical microscope. The above
procedure was then repeated until catastrophic failure
occurred.

In the case of fatigue crack growth experiments, initial
stress intensity factor ranges of ~0.3 MPaVm were
increased in 5-10% steps until stable crack growth was
detected by the notch-mouth clip gauge (compliance
technique) after ~ 10,000-50,000 cycles. The load ranges
were then maintained constant, as the crack length in-
creased beyond the near-threshold regime. In this way,
fatigue crack growth rate data were obtained under
increasing AK condition.

After final fracture, the fracture surfaces of the fracture
and fatigue specimens were examined under a light
microscope. This was done to reveal the underlying three-
dimensional crack paths and fracture modes.

Results and discussion
Resistance curve behavior

The measured resistance curves obtained for the three
concrete specimens are presented in Fig. 1. This shows that
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initiation toughness and resistance-curve behavior improve
with increased mixture strength between 30 and 40 MPa.
The resistance-curve behavior of the 40 MPa concrete is
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Fig. 1 Comparison of the experimental and predicted resistance-
curve behavior for concrete with the strength levels of: (a) 30 MPa;
(b) 35 MPa; (c) 40 MPa
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considerably better than that of the 30 and 35 MPa con-
crete. However, the amount of stable crack growth
increases with decreasing concrete strength (Fig. 1). Typ-
ical fracture modes are shown in Fig. 2(a)—(c) for the three
strength levels. These show tortuous crack paths and rough
fracture surfaces in all of the three cases.

To model the observed resistance-curve behavior, a
combination of the small- and large-scale bridging concepts
was explored [9]. For the initial problem of small-scale
bridging, Budiansky [10] and Tada et al. [11] proposed a
solution for the toughening estimation. This gives rise to the
toughening ratio, Ag,, due to crack bridging as:

K 2 f [Foo(x)
/lssbK—ml+\/%K—m/o \/)_Cdx (1)

where o is a constraint factor, a(x) is the bridging traction,
x is the distance from the crack face behind the crack-tip,
and L is bridging length. For subsequent large-scale
bridging, the shielding due to large-scale bridging, AKp, is
given by Bloyer et al. [12] and Li and Soboyejo [13] as:

AKigp = /Loca(x)h(a,x)dx (2)

where L is the length of the bridge zone, « is a constraint
factor, o(x) is a traction function along the bridge zone, and
h(a,x) is a weight function given by Fett and Munz [14].
Using parameters summarized in Table 2, the resis-
tance-curves were predicted for stable crack growth in the
small-scale bridging (Aa < 0.5 mm) and large-scale
bridging (Aa = 0.5 mm) regimes. The results of the pre-
dictions are presented in Fig. 1(a)—(c). The predictions are

Fig. 2 Typical fracture modes
of resistance-curve behavior of
concrete mortar with strength
levels of (a) 30 MPa; (b)

35 MPa and (c¢) 40 MPa

Table 2 Summary of basic mechanical properties and parameters
used in the small- and large-scale bridging model

Mechanical Property 30 MPa 35 MPa 40 MPa
and Parameters Concrete  Concrete  Concrete
Young’s modulus (MPa) 31220 33721 36049
Compressive strength (MPa) 30 35 40
Volume fraction of ligaments, V) 0.1 0.1 0.1

generally in good agreement with the measured resistance
curves obtained for concrete with different strength levels.
The small-scale bridging models, therefore, captured the
early part of the resistance-curves, while the large-scale
bridging model provided good predictions of subsequent
resistance-curve behavior.

Fatigue crack growth behavior

A summary of the fatigue crack growth rate data obtained
from the current study is presented in Fig. 3. These show
data obtained for stress ratios, R, of 0.1 and 0.25 for con-
crete mortar samples with different strength levels. The
data exhibit some scatter, which is consistent with the
heterogeneous structure of the concrete materials that were
studied. The typical fracture mode (Fig. 4(a)—(c)) for the
fatigue samples is transgranular fracture with less rough
fracture surfaces as we saw in R-curve behavior sample.
The dependence of fatigue crack growth rate, da/dN, on
the crack driving force is often modeled using the Paris-
Erdogan law [15]. However, in many cases, a single crack
driving force, such as AK, may not adequately account for

Crack Growth Direction
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Fig. 3 Fatigue crack growth rate data obtained from concrete with
strength levels of 30, 35 and 40 Mpa

all the parameters that influence fatigue crack growth.
Hence, it is common to express the fatigue crack growth
rate, da/dN, as functions of at least two parameters [16].
The most commonly used two-parameter law is:

o — A(AK)" (K" )
where A, m and n are empirical constants, AK is the stress
intensity factor range, and K, is the maximum stress
intensity factor range. Thus, this simplified multiparameter
law [17] was applied to the characterization of fatigue
crack growth in the present study. The results are presented
in Table 3. These show that the fatigue crack growth rates
are controlled primarily by AK, and to a lesser extent by
Kax- It is important to note that the effects of stress ratio

Fig. 4 Typical fatigue fracture
modes of concrete mortar with
strength levels of (a) 30 MPa;
(b) 35 MPa and (c) 40 MPa
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Table 3 Summary of multiparameter constants

Mix Strength (MPa) A m n P

30 —7.48 5.18 1.36 0.97
35 -7.99 -0.60 3.09 0.84
40 6.3 27.7 -7.78 0.87

are fully accounted for by K., effects. Hence, a two
parameter approach captures both the effects of AK and R.

Implications

The above results show that the concrete mixes with
improved strength and fracture toughness do not neces-
sarily have improved fatigue crack growth resistance. This
is due largely to the fact that the bridging zones are
degraded under cyclic loading. Hence, the shielding con-
tributions from ligaments (which are largely present under
monotonic loading) are much less effective under cyclic
loading. In any case, the current results suggest that an
optimum approach to the design of durable concrete mortar
is one that involves the design of mixes with a balance of
strength, fracture toughness and fatigue crack growth
resistance.

Concluding remarks
Resistance Curve Behavior and fatigue crack growth have

been studied in three grades of concrete with strength
levels of 30, 35 and 40 MPa. The following conclusions

Crack Growth Direction
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have been reached from the combined experimental and
theoretical study:

1.
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A combination of small- and large-scale ligament
bridging model was used to predict the resistance-
curve behavior of concrete with strength levels of 30,
35 and 40 MPa. The predictions are in good agreement
with the experimental data.

A multiparameter method can be used to relate the
effects of multiple variables on fatigue crack growth in
concrete. The power law expression, which is a logical
extension of the Paris-Erdogan law, relates fatigue
crack growth rate to stress intensity factor range, AK,
maximum stress intensity factor, K.x-

Although the fracture toughness and resistance curve
behavior improved with increasing mix strength, the
fatigue crack growth resistance of the selected concrete
shows the opposite trends. This suggests that a bal-
anced approach is needed in the design of concrete
mixtures with the required combination of strength,
fracture toughness and fatigue crack growth resistance.
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