FRACTURE OF HIGH-STRENGTH CONCRETE:
Implications for Structural Applications

By David Darwin’

ABSTRACT: Structural properties of reinforced concrete, such as bond and shear strength, that
depend on the tensile properties of concrete are much lower for high-strength concrete than
would be expected based on relationships developed for normal-strength concretes. To
determine the reason for this behavior, studies at the University of Kansas have addressed the
effects of aggregate type, water-cementitious material ratio, and age on the mechanical and
- fracture properties of normal and high-strength concretes. The relationships between
compressive strength, flexural strength, and fracture properties were studied. At the time of test,
concrete ranged in age from 5 to 180 days. Water-cementitious material ratios ranged from 0.24
to 0.50, producing compressive strengths between 20 MPa (2,920 psi) and 99 MPa (14,320 psi).
Mixes contained either basalt or crushed limestone aggregate, with maximum sizes of 12 mm ,
in.) or 19 mm (¥, in.). The tests demonstrate that the higher QUality basalt coarse aggfegate
provides higher strengths in compression than limestone only for the high-strength concrete, but
measurably higher strengths in flexure, and significantly higher fracture energies than the
limestone coarse aggregate at all water- ccmentmous matcrml ratios and ages. Compressive
strength, water-cementitious material ratio, and age have no apparent relationship with fracture
energy, which is principally governed by coarse aggregate properties. The peak bending stress in
the fracture test is linearly related to flexural strength. Overall, as concrete strength increases,
the amount of energy stored in the material at the peak tensile load increases, but the abxhty of
the material to dlssxpate energy remains nearly constant. ThlS suggests that, as higher strength
cementitious materials are placed in service, the probability of nonductile failures will
measurably increase. Both research and educational effort will be needed to develop strategies
to limit the probability of brittle failures and inform the design communlty of the nature of the
problems associated with high-strength concrete.
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INTRODUCTION

High-strength concrete is a material that is used principally for its increased compressive
strength and, for many years, its principal application was in lower-story columns of high-rise
buildings. -Although high-strength concrete represents only a small fraction of total concrete
production, it allows'major reductions in column cross-sections, thefeby providing more usable
floor area. For this réason_, the use of high-strength concrete has been criticallto the selection of
framing systems that would have otherwise been structural steel. Over the years, high-strength
concrete has seen broader applications, such as in building shear and bearing walls and bridgé
girders, especially for long-span bridges, where the flange thickness depends on the concrete
compressive strength. These more recent applications, however, involve more than the
compressive strength of the material. Of particular intefest are loading cases, such as bond
between reinforcing steel and concrete and shear strength, in which the tensile strength of
concrete plays an important role. Typically, design procedures for bond and shear assign a
strength that is proportional to the square root of the compressive strength JT; (ACI 318-99).
Research, however, has demonstrated that bond and shear strength in reinforced concrcte
increasc more slowly than \/7: as the compressive strength of concrete increases above about 55
MPa (8000 psi). The principal goal of this papef is to establish the reason for this lower rate of

strength gain. »
BACKGROUND

Research at the University of Kansas and at the University of Toronto amply illustrates
the reduced effectiveness of high-strength concrete under tensile loading.
Bond

In long-term studies at the University of Kansas-to improve the bond strength between
reintorcing steel and concrete (Darwin et al. 1992, 1993, 1996a, 1996b, 1998, Tholen ‘and
Darwin 1998, Zuo and Darwin 2000), it has been clearly established that the bond strength of
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reinforcing bars that are not confined by transverse reinforcement increases more slowly than
ij . Using the results of splice specimens of the type illustrated in Figure 1, with compressive
strength ranging from 18 to 108 MPa (2,610 to 15,650 psi), a best-fit equation using «/?Z to
characterize the concrete contribution to bond strength results in a reasonably accurate
expression, but one that consistently underestimates the bond strength of specimens cast with
low-strength concrete and overestimates the bond strength of specimens cast with high-strength
concrete, as shown in Figure 2. Using the same test results, but optimizing the rcsults':to
determine the best power of f7 provides a better match with the test data and a prediction with
an accuracy that is independent of concrete strength, as shown in Figure 3. Based on that

! 1/4 is shown to best represent the concrete contribution to bond strength. This is in

analysis,
spite of the fact that data clearly shows that the tensile strength of concrete increases with at least
the one-half power of the compressive strength of concrete (Ahmad and Shah 1985, Kozul and
Darwin 1997, Barham and Darwin 1999). Also of interest are the experimental observations that
members cast with higher strength aggregates exhibit higher bond strengths than members cast
with lower strength aggregates and that the addition of transverse reinforcement provides a
sizable incremental increase in bond strength (Darwin et al. 1996b, Zuo and Darwin 1998, 2000).

In conjunction with the experimental work, finite element analyses of bond specimens
indicate that fracture mechanics models provide an excellent representation of actual behavior
(Brown et al. 1993, Tholen and Darwin 1996). Fi.nite element models of the beam-end bond
specimen (Figures 4a and 4b) producc. results, shown in Figures 5‘ and 6, that closely match
experimental behavior, including an increasing maximum bond force with (1) incfeasing
. concrete cover and development length (Figure 5) and (2) an increasing product of the
development length and the cover to the center of the bar (Figure 6). The key observation, in the
results illustrated in Figures 5 and 6, is that a fracture mechanics model can provide an accurate
representation of bond behavior. Thus, an understanding of the fracture behavior of concrete

will provide an improved understanding of bond test results.
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Shear Strength

In work at the University of Toronto, Collins and Kuchma (1999) studied the shear
strength of lightly reinforced full-scale reinforced concrete beams as a function of compressive
strength (Figure 7). In design, shear strength, also referred to as diagonal tension strength, is
usually represented as an increésing function of J?Z . In the study, concrete compressive
strength ranged from 36 to 99 MPa (5,700 to 14,400 psi). In general, Collins and Kuchma
observed no increase in shear strength for values of compressive strength above 50 MPa (7,i50
psi) and, in fact, observed an 18% absolute drop in shear strength for a pair of 1 m (39.4 in.) deep
beams without stirrups as the compressive strength increased from 36 MPa (5700 psi) to 99 MPa
(14,440 psi). A small amount of transverse reinforcement in a third beam allowed the high-

strength concrete member to more than meet its design shear strength.

Like the work on bond, the work at the University of Toronto clearly demonstrates that
some aspect of concrete tensile behavior other than tensile strength plays a key role in the
performance of high-strength concrete members in cases where tensile behavior governs member
strength. As demonstrated next, a look at the total fracture behavior of concrete shows what that

aspect is. :
FRACTURE STUDIES

Two studies at the University of Kansas (Kozul and Darwin 1997, Barham and Darwin
1999) were specifically designed to compare the pefformancc of normal and high-strength
concretes under tensile loading. A key goal in both studies was to better understand the observed
behavior of structural members subjected to loading regimes governed by the tensile behavior of
concrete. The studies consisted of the fabrication and testing of compression, flexure, anc
fracture specimens for concretes covering a broad range of compressive strengths and constituen
material properties.

The studies involved concretes with water-cementitious material ratios (w/cm) ranging
between 0.24 and 0.5, producing compressive strengths between 20 and 99 MPa (2920 anc

14,320 psi). The mixes contained either crushed limestone or basalt aggregate with maximun
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sizes of 12 mm (1/2 in.) or 19 mm (34 mm). Of particﬁlar interest, was the difference in the
aggregate properties, with the limestone possessing a compressive strength of 100 MPa (15,000
psi) and modulus of elasticity of 35 GPa (5,000,000 psi), while the basalt had a compressive
strength of 340 MPa (50,000 psi) and a modulus of elasticity of 69 GPa (10,000,000 psi). Mix

designs for four of the mixes used in the study are summarized in Table 1.

Table 1
Mix Designs — kg/m’ (Kozul and Darwin 1997)
Concrete Mix w/cm w clsifa sand rock
HSC*1 0.26 125  410/48/24 740 1110
HSC2 0.26 125  410/48/24 890 990
WSC™1 0.50 164 327/0/0 760 1110
WSC*2 0.50 164 327/0/0 880 970

*High-strength concrete; “*Normal-strength concrete; w/cm = Water cementitious
material ratio; w = water; ¢ = portland cement; s = silica fume; fa = fly ash.

All material tests used the same basic specimen, a concrete prism with dimensions 100 x
100 x 355 mm (4 x 4 x 14 in.). Compressive tests were carried out by removing 25 mm (1 in.)
from either end of the specimen, providing a ratio of height to width of 3 to 1. This minimizes
the effect of end restraint, placing the center portion of the specimen under nearly uniaxial
compression. The flexure and fracture specimens were tested under center point loading using a
305 mm (12 in.) span. The fracture specimen is shown in Figure 8. The test is similar to a
flexure test, except that the specimen is notched at center span and the full load-deflection curve
is measured. The test is run in a closed-loop testing machine and controlled with a clip gage that
monitors the opening of the notch, called the crack mouth oﬁening displacement.

While compressive and flexure tests are well known, only in recent years have the
fracture properties of concrete received attention from structural engineers. Figure 9 shows a
schematic of a load-deflection curve for a fracture specimen. The heavy line represents the
measured curve. The area under the heavy curve is equal to the energy W,. Since the principal

goal of the fracture test is to determine the total energy dissipated during crack formation W, the
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energy due to the self weight of the specimen and any portion of the load system that is placed
on the specimen prior to measuring deflection W, must be accounted for. In addition, the energy
that would have been dissipated had the specimen been fully weight compensated W, must also

be estimated. The total energy dissipated in crack formation can be represented as -

W=W,+ W, +W, 1)

W, is the product of the weight of one-half of the specimen plus the weight of the load
system that is placed on the specimen (represented as mg/2) and the maximum deflection

measured duririg the test & ¢. It can be shown that W, = W,. Thus,
W=W,+mgd, @

Fracture energy, G,, is equal to the total dissipated energy divided by the fractured area of

tne concrete A (Figure 8).
Gy=(W,+mgd,)/A 3)

Results and Evaluatiux_l
Compressive Strength

The effect of aggregate type on the compressive strength of the four mixes in Table 1 is

illustrated in Table 2.
Table 2
Compressive Strength as a Function of .
Aggregate Type — Representative Results (Kozul and Darwin 1997)

Concrete Mix Basalt Limestone
HSC*1 86 MPa 75 MPa
HSC*"2 78 MPa 71 MPa
NSC*"™1 28 MPa 31 MPa
NSC*™2 25 MPa 29 MPa

*High-strength concrete; **Normal-strength concrete
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The results indicate that, for high-strength concretes, the basalt coarse aggregate provides
higher compressive,strengths than does the limestone coarse éggregate at the same w/cm ratio.
For example, for mix HSC 1, the concrete containing basalt had a compressive strength of 86
MPa (12,500 psi) compared to the limestone with a compressive strength of 75 MPa (11,900
psi). Other than the type of coarse aggregate, the mixes were the same. In contrast, for the
normal-strength.concretes, the limestone produced the same or slightly higher strengths. For mix
NSC 1, basalt produced a compressive strength of 28 MPa (4,100 psi) compared to the limestone
with a compressive strength of 31 MPa (4,500 psi).

Flexural Strength

Flexural strengths were consistently higher for concrete containing basalt, but generally
flexural strengths were a function of compressive strength, as shown in Figure 10. The figure
includes a curve representing the relationship between f; and flexural strength defined in ACI
318-99, a relationship in which the flexural strength is proportional to +/f/. It can be seen that
the actual flexural strengths are higher than the curve and that the rclationship.bctween flexural
strength and f is close to linear for these results.

Fracture Energy

Figures 11 and 12 show load-dcflection curves for four tests. Figure 11 shows load-
deflection curves for two normal-strength concretes, one containing basalt and one containing
limestone. Although the maximum load, corresponding to the peak tensile stress in the tests, is
nearly identical for the two concretes, the concrete containing the basalt dissipates significantly
more energy, as represented by the area under the curves. Figure 12 shows the load-deflection
curves for a high-strength and a low-strength concrete, both containing basalt. While the peak
load carried by the high-strength concrete is nearly 60% higher than the peak load carried by the
normal-strength concrete, the areas under the curves are nearly identical, indicating that they
both have similar energy dissipation capacities.

Results from the fracture energy tests are summarized in Figure 13, which compares

fracture energy to compressive strength for different mixes containing basalt and limestone
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coarse aggregate. In contrast to compressive and flexural strengths, fracture energy Gyisnot a
function of the w/cm ratio or even age (the specimens in this figure range in age from 5 to 164
days), but rather of aggregate type. The fracture energy of the concrete containing the basalt
coarse aggregate is approximately 2, times that of the specimens containing the limestone
coarse aggregate. For the concretes containing limestone, fracture energy increases slightly as
compressive strength increases. For basalt, fracture energy decreases as compressive strength
increases. The greater fracture energy of the concrete containing basalt helps explain the high:ér
spiice strength of the test specimens containing basalt coarse aggregate.

In all cases, the failure surfaces of the concretes containing basalt were rougher than
those containing limestone. A rougher surface translates into a greater total fracture area and an
increase in the energy required to form a crack (although surface roughness alone does not
detern:iﬁe fracture energy).

Of special interest in the test results is the relationship between the peak calculated tensile
stress in the fracture test with the flexural strength for the same concretes. The results are
summarized in Figure 14. As can be seen in the figure, the relationship between these two
measures of tensile strength is nearly linear, indicating that the maximum stress that can be
attained at the tip of a crack will increase as a function of the compressive strength since flexural
strength and compressive strength are closely related (Figure 10). The ramifications for
structural behavior are important, since an increase in strength results in an increase in the tensile
energy that can be stored just before a crack begins to propagate.

This point is emphasized by Figure 12, in which the load-deflection curves for high-
strength and normal-strength fracture specimens are compﬁred. As the compressive strength of
concrete increases, its ability to sustain a tensile stress increases. But once the peak tensile stress
is reached, the concrete possesses little more, and perhaps less, energy dissipation capacity to
slow the propagation of the crack (Figure 13). The result is that high-strength concretes are more
brittle than normal-strength concretes. In terms of structural design, the ability of concrete to

sustain tensile stresses is significantly reduced compared to what might be expected based on
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compressive strength. Once a crack starts to move within the material, the extra energy,
represented by the higher peak on the load-deflection curve, must be di.ssipated. Since a higher
energy dissipation capacity is not available, commensurate with the increase in total energy
stored, the structural strength of the member will be reduced. This is the principal reason for the
l_ow rate of increased bond strength as a function of compressive strength. While the tensile
strength itself increases, the ability to prevent cracks from propagating rapidly decreases as
concrete compressive strength improves. In a similar manner, the relatively poor response of the
high-strength concrete shear specimens, observed by Collins and Kuchma (1999), can be
explained by the same phenomenon. '

The increasingly brittle tensile behavior of concrete as compressive strength increases
_indicates that high-strength concrete needs special attention during design for load cases in
which tensile strength plays an important role. The two examples given in this paper are bond
and shear strength.” Thus, the addition of fibers and/or transverse reinforcement, to confine the
concrete and increase its ductility, becomes increasingly important as concrete strength
increases. The brittle nature of the compressive failure of high-strength concrete also supports

the need for careful attention to transverse reinforcement for high-strength concrete columns.

CONCLUSIONS

The principal conclusions fromvthe observations reported are as follows:

1. Higher strength/higher stiffness aggregates provide higher compressive strengths for
high-strength concrete, but lower compressive strengths for normal-strength concrete, compared
to aggregates with lower strength and stiffness.

2. High-strength aggregates produce higher tensile strengths in both high and normal-
strength concrete. |

3. The fracture energy of concrete is governed principally by the aggregate properties,

with higher strength aggregates producing concretes with higher fracture energies.
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4. The fracture energy of concrete is generally independent of compressive strength,
water-cementitious material ratio, or age.

5. Overall, as compressive strength of concrete increases, the energy stored in the
material at the peak tensile load increases, while the ability of the material to dissipate energy
remains approximately constant. The result is increasingly brittle behavior as compressive .

strength increases.
IMPLICATIONS

The principal implication of the fracture behavior of high-strength concrete comes
directly from the final conclusion. The increase in stored energy just before a crack begins to
propagate, with no increase in ability to‘dissipate the energy stored in the material, means that
~the likelihood of brittle failures in high-strength concrete is greatly increased under conditions in
which the tensile properties of the concrete govern lstr_uctural behavior. To attain ductile
behavior, those properties must be enhanced through the use of either fibers or additional
reinforcing steel. It will, therefore, become increasingly important for the structural community
to develop strategies to limit the probability of brittle failures in high-strength concrete structures
and to ensure that designers are aware of the problems associated with high-strength concretes,

as the compressive strengths used in practice continuc to increase.
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