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Synopsis: This paper reviews the tensile failure of concrete structures subjected to 

a variety of practical loading. Attention is focused on the propensity of fracture 

failure of concrete su·uctures and the fracture properties of cementitious materials. 

The relevance of fracture mechanics to a modern concrete design code is 

highlighted. 
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INTRODUCTION 

Extensive experiments have revealed the dependence of concrete structural 

component strength on its size. This size dependence cannot be explained by the 

Wei bull distribution of flaw size alone. Instead, it has been shown that the quasi­

brittle nature leading to a fracture mode of failure in concrete is responsible for 

this phenomenon. Current reinforced concrete design codes (e.g. ACI 318 

Building Code Requirements for Reinforced Concrete) arc based on strength or 

similar concepts. Is the code over-conse1vative and economically wasteful? Is 

the code under-conservative and represents potential hazards? Does the code 

reflect modern design concerns such as structural durability and the introduction 

of concrete with higher strength but perhaps more brittle behavior? In addition, 

increasing observational evidence of macroscopic fracture failure in concrete 

structures suggests a need for new tools beyond the traditional means of concrete 

structural analysis under certain circumstances. 

WHAT CAUSES TENSILE FAILURE IN CONCRETE STRUCTURES? 

What causes tensile stress in the concrete if the structure is reinforced or 

even prestressed? The origin of tensile stresses may come from several sources-­

applied loading such as in the flexing of a beam and that due to punching on a 

slab, material shrinkage during curing of the concrete, stress concentration 

related to stmctural geometry as in shear keys (such as those in precast concrete 

bridge segments [1]), and ironically, even from the reinforcing bar itself. This 

last source has been documented as spalls developed on concrete covers caused 

by the propagation of cracks in the concrete as the steel bar corrodes and expands 

(NCHRP Synthesis No. 57, 1979). In addition, when a reinforced concrete 

beam or slab is loaded in excessive bending, the reinforcing bar may slip. The 

ribs of are-bar can cause local tensile stresses in adjacent concrete when there­

bar defonns in tension 121. Given the wide variety of situations when tensile 

loads are directly or indirectly induced in concrete, and that concrete is a briulc 

material (concrete has 0.1 to 1 %of the tensile strength of structural steel, and 
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only 0.2 to 4% of its fracture toughness), it is no wonder why cracks develop in 

concrete structures. It should be noted that even predominantly compressive 

loading, such as caused by post-tensioning in cettain concrete structures, can 

generate tensile cracks in the transverse direction which leads to surface spalling. 

This is, after all, the failure mechanism of an unconfined concrete cylinder under 

compressive loading. 

WHY SHOULD TENSILE CRACKS BE OF CONCERN? 

Are cracks benign in reinforced concrete stmctures? It depends on many 

factors. It is rather rare, at least from past experience, that reinforced concrete 

structures collapse from a brittle fracture failure in concrete. In some metal 

structures, a small crack may grow rapidly and rather suddenly lead to a 

catastrophic structural collapse. In reinforced concrete structures, failure 

associated with cracks may occur in different manners. For example, cracks 

increase the pem1eability of concrete and allow greater penetration of chloride ions 

and other agents which cause the corrosion of the reinforcing steel. Concrete 

bridge deck delamination and spa! ling have been traced to tensile cracking ncar 

corroding re-bars which expand with time (Figure 1). Thus certain poor durability 

of reinforced concrete structures may be associated with the lack of tensile load 

bearing capacity of concrete. Thennalloading has been known to be responsible 

for tensile crack development leading to failure of concrete dams [3]. Failure of 

the Kolnbrein dam has also been traced to excessive loading and its acute 

geometry, in combination with low fracture resistance of the material, resulting in 

large fractures at the base of this arch dam [ 4]. 

For certain structures, especially thin wall structures such as concrete pipes 

and shells, the reinforcement ratio could be very low or none at all due to 

difficulty in placing the reinforcing bars. In this case, the potential of fracture 

failure and structural collapse becomes more likely [5] . Even in reinforced 

structures, there are locations where reinforcement may be difficult to place due to 

the stmctural geometry. This is the case near the shear keys of concrete segments 

in segmental bridge construction [ 1]. It is often in such locations where tensile 

stress and concrete cracking occurs. Cracks growing from such a region may 

extend into an initially compressive zone where there is little or no reinforcement 

in the structural member. Such cracking development could compromise the 

structural integrity of the joint. In addition, it has been shown [6] that the post­

tensioning of steel tendons in precast concrete segmental bridges could cause high 

tensile stresses in the direction transverse to the steel tendons which may lead to 
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surface spa !ling. The loss of anchorage and bond of a re-bar has been associated 

with the development of tensile cracks in the concrete l2]. Moreover, it is known 

that reinforced concrete structures often develop dangerous surface spalls under 

impact loads. 

The above observations represent a spectrum of problems in concrete 

structures related to the lack of tensile bearing capacity of concrete. These 

problems can be avoided if we understand how the tensile stresses arise, how the 

material responds to these tensile stresses, and how the material may be 

engineered to perform adequately under tensile loading. 

STATE OF THE ART IN RESEARCH IN CONCRETE FRACTURE 

It is the recognition of the importance of cracking in concrete structures that 

research of concrete and concrete structures in the tensile field has intensified in 

recent years (e.g. NATO Research Workshop on Application of 

Fracture Mechanics to Cementitious Composites, Evanston, 1984; International 

Conference on Fracture of Concrete and Rock sponsored by RILEM & SEM, 

Houston, U.S.A., 1987; American Concrete Institute Symposium on 

Applications of Fracture Mechanics to Concrete Stmctures, Seattle, U.S.A., 

1987; MRS International Meeting on Advanced Materials: Symposium on 

Fracture of Rock and Concrete, Tokyo, Japan, 1988; International Conference 

on Fracture and Damage of Concrete and Rock, Vienna, Austria, 1988; 

International Workshop on Fracture Toughness and Fracture Energy --Test 

Methods for Concrete and Rock, Sendai, Japan, 1988). Since concrete is a brittle 

material, it has become common place to study concrete failure in tension by 

means of fracture mechanics. Here several issues arise: Does 'fracture 

mechanics' accurately describe concrete failure in tension? How does one 

accurately characterize and measure the 'fracture resistance' of the material? How 

does one apply the appropriate fracture mechanics themy and the measured 

'fracture resistance' of the material to predict the performance of a reinforced or 

unreinforcecl concrete stmcture? How can one improve the structural 

performance by improving the mechanical behavior of the material? In spite of 

extensive research in recent years, these questions have only been partially 

answered. There is, however, growing convergence of opinion. For example, it 

is now generally agreed that linear elastic fracture mechanics may not be directly 

applicable to concrete, unless the structure or laboratmy specimen size is very 

large ]7 J, and that a non-linear 'fracture mechanics' theory accounting for the 

growth of a fracture process zone and subsequently a structural size effect could 

be used instead 17 ,8,9, 10, 11, 12]. However, the issue of fracture resistance 
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characterization and measurement is still much debated and a standard test method 

has yet to be established. Apart from theories, there are also recent advances in 

numerical methodology, especially in finite element method, and to a lesser 

extent, boundary element method, in incorporating these theories in the analyses 

of increasingly more complex structures. Successful modelling of concrete 

structural behavior using fracture based finite element codes have been achieved 

by various researchers [e.g. 4,5,13,14,15,16]. Additional work in fracture 

resistance characterization and measurement, and in numerical simulation of 

simultaneous tension-softening and slip-weakening mixed mode concrete fracture 

appears to be necessary to deal with structures subjected to mixed mode loading. 

Introduction of new construction materials such as high strength concrete and 

polymer concrete having different fracture charactetistics from nom1a1 concrete, 

demands further investigations into how such materials influence stmctural 

performance, especially when they are subjected to tensile stresses. 

With the recognition of fracture resistance as an impm1ant material 

parameter for concrete, there is increasing research in improving this property 

through materials engineering. At present the most successful technique of 

achieving fracture resistance improvement is by means of fiber reinforcement. It 

has been demonstrated experimentally [17] that the corresponding flexural 

strength of a concrete beam also increases with the material fracture resistance 

through fiber reinforcement. This interesting phenomenon has been explained in 

terms of fracture mechanics [ 17, 18] and applies also to other types of reinforced 

concrete structures and loading such as shear in an axially reinforced beam, in 

which the material eventually fails by developing tensile cracks. In addition, fiber 

reinforced concrete has been shown to improve the durability of concrete 

structures by shrinkage crack size and in resisting crack growth under freeze-thaw 

cycling [19,20,21]. It has also been shown that fiber reinforcement can 

significantly improve the fatigue strength and impact strength of concrete [22]. 

And of course, they reduce the possibility of fracture failure by significantly 

improving the fracture toughness [22,23]. Other relatively young but promising 

resem·ch areas include the study of the relation between micro/meso-structures and 

internal deformations of concrete and concrete mechanical properties. It is 

reasonable to ·expect that such research may lead to the development of 

cementitious materials with improved performance. Such advanced construction 

materials may reduce the amount of steel bar reinforcements (with the greatest 

potential in reducing the amount of shear reinforcement) which fmm one of the 

most expensive components in a number of important reinforced concrete 

structures. They may also reduce the self-weight of the structure. 
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IMPLICATIONS OF CONCRETE FRACTURE RESEARCH ON THE 

CONCRETE STRUCTURE CODE 

Ultimately research results of concrete and concrete structure in the tensile 

field must contribute to the engineering perfonnance of concrete structures, 

whether in the form of safety or economic efficiency. These research results may 

find their way into the concrete codes if they are perceived to be important by 

concrete and concrete structure professionals. 

Two modern trends in construction may accelerate the transition of academic 

research into engineering practice. Concrete structural members are increasing in 

size due to advances in materials and improvements in design and construction 

techniques [24]. It is well known that larger size structures lead to failure modes 

which are more 'fracture' like. Such reduction in load bearing capacity, generally 

known as the "size effect" has been demonstrated experimentally by [24,25,26]. 

(See also the article by Shioya eta! and by Hillerborg, this volume). Presently 

the ACI code does not recognize this phenomenon, thus leading to an 

unconservative estimate of shear beam strength. The European CEB code is 

based on empirical fit to limited experimental data, and appears to be 

overconservative at small beam depth anclunconservative at large beam depths. 

Hillerborg (Figure 5 of ]18 J) and Bazant and Sun [27] showed that this size effect 

can be predicted based on non-linear fracture mechanics theory. In addition, 

concrete structures subjected to excessive torsional load have been shown 

experimentally [28] and analytically [29] to fail in accordance with a fracture type 

size effect. Furthermore, other concrete structural capacity such as the pull-out 

capacity of a short anchor bolt in concrete (Figure 2) has been demonstrated to be 

controlled by the fracture resistance [30 I instead of the strength of the concrete 

material. 

These works suggest that the fracture energy is a fundamental material 

property as important as the compressive strength in controlling the flexural and 

shear strength of concrete structural members. This may be considered a solid 

step in bringing about the use of fracture mechanics in structural design. From a 

structural safety viewpoint, such studies provide strong motivation for concrete 

code revision [31]. To this end, fracture mechanics provides a rational means. 

Although it is possible to conduct large scale structural tests, they can only be 

clone with limited number of specimens, limited number of reinforcement ratios, 

limited geometries, and limited loading configurations, and with great expense. 

Prediction of stmctural performance based on fracture mechanics overcomes all of 

these limitations. 
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Another trend in the construction industry is the gradual adoption of high 

strength concrete as a construction material. While these materials provide higher 

compressive strength (sometimes up to 3 or 4 fold that of normal concrete), there 

are indications that they are more brittle [32,33]. (The word 'brittle' here is best 

interpreted as having a small material characteristic length, lch' as defined by 

Hillerborg [7]. In contrast, most fiber reinforced concrete with low fiber volume 

fraction has a large lch through improvement of the fracture energy, while 

maintaining the Young's modulus and the tensile strength more or less 

unchanged.) This implies that high strength concrete structures are more prone to 

catastrophic failure once a crack is initiated. (ACI Committee 363 also recognizes 

the likely relative decrease in shear strength with high fc' and presently requires 

nominal stirrups if fc' > 12,000 psi.) Because of the finer microstructure, high 

strength concrete also tends to be more notch sensitive and may result in 

compromise of reliability. Current use of high strength concrete often requires 

additional steel reinforcement which increases cost and weight and defeats the 

purpose of using high strength concrete in the first place. Jacketing of high 

strength concrete to increase confinement also leads to difficulty in quality control 

on the construction site. In addition, shrinkage cracking may be more severe than 

ordinmy concrete because of the higher modulus of the material. These problems 

associated with high strength concrete could be resolved with the use of fiber 

reinforcement (leading to high strength/high ductility concrete) and better 

understanding of structural behavior through fracture mechanics concepts. 

The construction trends of using larger structural members and higher 

strength concrete place additional urgency to incorporate research results of 

concrete and concrete structures in the tensile field into a modern concrete design 

code. 

A DISASTER RELATED TO THE FRACTURE FAILURE OF A CONCRETE 

STRUCTURE 

Apart from the Kolnbrein Dam mentioned em·!ier, there is at least one more 

documented case where the destruction of a structure is associated with the 

fracture failure of concrete. This is the sudden collapse of the New York 

Thruway Bridge at Schoharie Creek (Figure 3a) where two spans fell into the 

creek leading to the loss of ten lives. The direct cause of the disaster is traced to 

the rapid flow in the flood-swollen creek leading to undermining beneath the 

footing of the piers [34[. A finite element analysis revealed that the tensile stress 
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in the top part of the plinth which broke into halves (Figure 3b) at the time of the 

accident was much below the tensile strength as determined from laboratory test 

of cored samples. Instead the tensile stress at failure for the large size plinth was 

in accordance to that predicted by non-linear elastic fracture mechanics (Figure 4). 

The report prepared for the New York Thruway Authority further pointed out that 

"because of the very large size of the unreinforced plinth in Pier 3, average stress 

at failure will not correspond to the estimated modulus of rupture of750 psi, or 

even the commonly accepted value of 7.5 .Yr cor 550 psi that is given in the ACI 

code. Rupture would be expected at a much lower value, on the order of 200 

psi." 

Based on this case experience, the following observations can be made: 1). 

Fracture mechanics may be used to predict the size effect on structural strength of 

concrete members (including those that are reinforced). 2). The structural 

strength of concrete members may depend on the fracture energy in addition to 

conventional material properties (E, f' c• etc). 3). As an important material 

property in fracture control, research efforts should be directed towards 

engineering of improved fracture energy of ordinary and particularly high strength 

concrete. 4). Fracture failure in the form of fast running cracks in concrete 

structures may lead to loss of structural integrity and human life. 5). A modern 

concrete structural design code should be extended beyond strength concepts. It 

should include energy concepts embodied in fracture mechanics. 

CONCLUSION 

The study of tensile behavior of concrete and concrete structures provides 

the technological basis leading to the safe and economic design of concrete 

structures. Fracture mechanics, when used appropriately, can be a powerful tool 

for predicting concrete structure behavior when the material is subjected to tensile 

stresses in various practical situations, even when the structure is reinforced. 

Fracture mechanics also contributes to a framework for the characterization, 

measurement and material engineering of fracture resistance of concrete and 

cementitious composites. Among other advantages, improved fracture resistance 

in fiber concrete composites will prevent small cracks from growing into major 

fractures, will reduce crack widths (and subsequently concrete pe1meability), will 

prevent delamination in reinforced concrete structures, will provide greater 

structural integrity (e.g. by improved resistance to losing anchorage of there-bar 

in concrete), and will provide greater ductility to the structure when subjected to 

extreme loads such as that associated with earthquakes or impact loads associated 
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with flying projectiles. Developments in concrete fracture mechanics technology 

are particularly important when viewed in the context of the construction trend of 

using higher strength concrete and in building larger concrete structures, and 

when the durability of concrete structures is of concern. A concrete structural 

design code which accounts for the tensile behavior of concrete and which 

incorporates fracture concepts will promote the safety, the service life, and the 

structural performance of concrete structures. Development of cementitious 

materials with improved tensile performance may lead to structural design 

innovations. 
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