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PREFACE 

Recent advances i n  concre te  f r a c t u r e  mechanics involv ing  
f r a c t u r e  c h a r a c t e r i z a t i o n ,  f r a c t u r e  r e s i s t a n c e  measurements, 
s o p h i s t i c a t e d  numerical/computational t o o l s ,  and material 
i n t r i n s i c  toughness  development have brought about  c e r t a i n  
consensus among re sea rche r s  that  f r a c t u r e  mechanics could 
h e l p  i n  improving concre te  s t r u c t u r a l  performance. There is 
a s e n s e  of  urgency t h a t  r e sea rche r s  should provide  a s s i s t a n c e  
i n  b r i n g i n g  research r e s u l t s  t o  bear on practical concerns 
related t o  t he  s a f e t y  and economy of conc re t e  s t r u c t u r a l  
des ign .  This is the motivat ion behind t h e  formation of  AC1 
T e c h n ~ c a l C o m m ~ t t e e 4 4 6 w h o s e g o a l ~ s t o r e v ~ e w t h e a p p l ~ c a t ~ o n s  
of f r a c t u r e  mechanics t o  concre te  s t r u c t u r e s .  

A s  p a r t  o f  its a c t i v i t i e s ,  Committee 446  sponsored two 
t e c h n i c a l  s e s s i o n s  on this t o p i c  a t  the Seattle f a l l  meeting 
of t h e  American Concrete I n s t i t u t e  i n  November, 1987. This  
book is a c o l l e c t i o n  of most of t h e  papers  from that  meeting, 
and some a d d i t i o n a l  i n v i t e d  papers .  It is hoped t h a t  t h e  
book w i l l  s t imulate  g r e a t e r  i n t e r a c t i o n  between r e s e a r c h e r s  
i n  c o n c r e t e  f r a c t u r e  mechanics and p r a c t i t i o n e r s  of conc re t e  
s t r u c t u r a l  des ign ,  e s p e c i a l l y t h o s e  concernedwithmcdernizing 
t h e  design codes. 

I t  is n o t  easy  t o  d ivorce  d i scuss ion  of f r a c t u r e  f a i l u r e  
from d i s c u s s i o n  of  the f r a c t u r e  behavior  of cement i t ious  
m a t e r i a l s .  Th i s  book is, t h e r e f o r e ,  d iv ided  i n t o  two s e c t i o n s :  
t h e  f i r s t  s e c t i o n  is on a p p l i c a t i o n s  of f r a c t u r e  mechanics t o  
cement i t ious  materials, and the second is on a p p l i c a t i o n s  of 
f r a c t u r e  mechanics t o  concre te  s t r u c t u r e s .  The synergism of 
these two sections can be seen i n  the in t roduc to ry  chap te r .  

We w i s h  t o  acknowledge with apprec i a t ion  t h e  many va luab le  
c o n t r i b u t i o n s  fromthecommitteemembers, many of whomassisted 
i n  reviewing manuscripts .  

Vic tor  C. L i  and Zdenek P. Bazant 
AC1 Committee 4 4 6  
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Technological Implications of 
Concrete Fracture Research- 

An Overview of Tensile Failure in 
Cementitious Materials and Structures 

by VC. Li 

Synopsis: This paper reviews the tensile failure of concrete structures subjected to 
ii variety of practical loading. Attention is focused on the propensity of fracture 
failure of concrete stnictures and the fracture properties of cementitious materials. 
The relevance of fracture mechanics to a modem concrete design code is 
highlighted. 

Kewords: 
failure; fiber reinforced concretes; fracture woperties; 
research; reviews; tensile stress; structural design 

build% codes; concretes; cmckhq (fracturing) ; 

1 

Full document details: ACI SP-118-89

http://www.avadocuments.com/doc/aci-sp-118-89
http://www.avadocuments.com/doc/aci-sp-118-89


2 Li 

Victor C. Li has done research in non-linear fracture analysis, frachire testing 
method and micro/meso-mechanics of concrete. He is pursuing the advancement 
of high strength/high ductility concrete as a construction material of the future. 
Victor Li is an Associate Professor of Civil Engineering at the Massachusetts 
Institute of Technology, Cambridge, MA 02139, USA. 

INTRODUCTION 

Extensive experiments have revealed the dependence of concrete structural 
component strength on its size. This size dependence cannot be explained by the 
Weibull distribution of flaw size alone, Instead, it has been shown thrit the qwsi- 
brittle nature leading to a. fracture mode of failure in concrete is responsible for 
this phenomenon. Current reinforced concrete design codes (e.g. AC1 318 
Building Code Requirements for Reinforced Concrete) are based on strength or 
similar concepts. Is the code over-conservative and economically wasteful? Is 
the code under-conservative and represents potentid hazards? Does the code 
reflect modem 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 mecans of concrete 
structural analysis under certain circumstances. 

“HAT CAUSES TENSILE FAILURE IN CONCRETE STRUCTURES? 

What causes tensile stress in the concrete if the smicture 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 structural geometry as in shear keys (such as those in precast concrete 
bridge se,ments [i]), 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 bxr 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 a re-bar cm cause local tensile stresses in adjacent concrete when the re- 
bar deforms in tension [2]. Given the wide variety of situations when tensile 
1o:ids we directly or indirectly induced in concrete, and that concrete is a brittle 
niaterial (concrete has 0.1 to 1 % of the tensile strength of striictural steel, and 
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Fracture Mechanics 3 

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 certain 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 smictures? It depends on many 
factors. It is rather rare, at least fi-om past experience, that reinforced concrete 
structiues collapse from a brittle fiacture 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 permeability of concrete and allow greater penemtion of chloride ioiis 
and other agents which cause the corrosion of the reinforcing steel. Concrete 
bridge deck delamination and spalling have been traced to tensile cracking near 
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 
bearin; capacity of concrete. Thermal loading 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 ir1 

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 structural geometry. This is the case near the shear keys of concrete segments 
i n  segmental bridge construction [i]. 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 litde or no reinforcement 
iii the structural member. Such cracking development could compromise the 
structural integrity of the joint. In addition, it has been shown 161 that the post- 
tensioning of steel tendons in precast concrete segmental bridges could cause high 
tensile stresses in the direction trhnsverse to the steel tendons which may lead to 
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surface spalling. The loss of anchorage and bond of a re-bar has been associated 
with the development of tensile cracks in the concrete [2]. Moreover, it is known 
that reinforced concrete structures often develop dangerous surface spalls iiiider 
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 smctures in the tensile field has intensified in  
recent yeears (e.g. NATO Advanced Research Workshop on Application of 
Fracture Mechanics to Cementitious Composites, Evanston, 1984; Internatioriiil 
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 Structures, 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 'fratture resistance' of the material? How 
does one apply the appropriate fracture mechanics theory and the measured 
'fracture resistance' of the material to predict the performance of a reinforced or 
unreinforced concrete structure? How can one improve the structura1 
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, i t  
is now generally agreed that linear elastic fracture mechanics may not Ix directly 
applicable to concrete, unless the structure or laboratory specimen size is very 
Inrge [7], and that a non-linear 'fracture mechanics' theory accounting for the 
growth of a fracture process zone and subsequently a structural size effect coiild 
be used instead [7,8,9,10,11,12]. However, the issue of fracture resistance 
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Fracture Mechanics 5 

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 
structurai 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 characteristics from normal concrete, 
demands further investigations into how such materials influence structural 
performance, especially when they are subjected to tensile stresses. 

With the recognition of fracture resistance as an important material 
parcameter 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 [ 171 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 
stnictures 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 [Z]. 
And of course, they reduce the possibility of fracture failure by significantly 
improving the fracture toughness [22,23]. Other relatively young but promising 
research 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 consmiction 
materials may reduce the amount of steel bar reinforcements (with the greatest 
potential in reducing the amount of shear reinforcement) which form 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 S T R U C I U E  CODE 

Ultimately research results of concrete and concrete structure in the tensile 
field must contribute to the engineering performance 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 smcture 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 constnictioii 
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 [243,36]. 
(See also the article by Shioya et al and by Hillerborg, this volume). Presently 
the AC1 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 and unconservative at large beam depths. 
Hillerborg (Figure 5 of [is]) 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 andytically [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 [?O] 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 rationd means. 
Although it is possible to conduct large scale structural tests, they can only be 
done with limited number of specimens, limited number of reinforcement ratios. 
limited geometries, 'and limited loading configurations, and with great expense. 
Prediction of structural performance based on fracture mechanics overcomes ci11 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, Ich, as defined by 
Hillerborg [7]. In contrast, most fiber reinforced concrete with low fiber volume 
fraction has a large Ich 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. (AC1 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 
strengfh 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 
ordinary 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 
snength 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 FRACTüRE FAILURE OF A CONCRETE 
STRUCTURE 

Apart from the Kolnbrein Dam mentioned earlier, 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 
ereek 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 of 750 psi, or 
even the commonly accepted value of 7.5 df, or 550 psi that is given in the AC1 
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 smctural 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, fc, 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 smctural 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 permeability), will 
prevent delamination in reinforced concrete structures, will provide greater 
structural integrity (e.g. by improved resistance to losing anchorage of the re-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 structurai 
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 
materiais with improved tensile performance may lead to structural design 
innovations. 

The author would like to thank A. Argon, Z. Bazant, and S. Swartz for 
their review of the manuscript. Their helpful suggestions resulted in several 
improvements in this paper. 
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Fig. 1--Fracture delamination in a concrete bridge deck due 
to expansion of corroded reinforcement bars (courtesy of 
K. Maser, 1988) -- (a) cutout showing extent of the 
delaminated region, (b) closeup view of the delaminated 
concrete above the corroded reinforcement bars -- a layer of 
asphalt is on top of the delaminated concrete 

Full document details: ACI SP-118-89

http://www.avadocuments.com/doc/aci-sp-118-89
http://www.avadocuments.com/doc/aci-sp-118-89


14 Li 

Fig.  2--Fracture  induced i n  concre te  by the pull out of 
a s h o r t  anchor bolt i n  a l a b o r a t o r y  experiment ( cour t e sy  
of R. Es i l l a r in i ,  1988) 
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Fig. 4--(a) Size effect for structural strength as 
predicted by linear or nonlinear fracture mechanics, 
(b) estimated size effect for the strength of 
the concrete plinth (Reference 34) 
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Fracture Resistance of Acrylic Fiber 
Reinforced Mortar in Shear and Flexure 

by R. J. Ward, K. Yamanobe, VC. Li, and S. Backer 

Svnomic: The results of notched beam, direct tension, splitting tension, 
compression, shear beam and flexural tests on plain mortar and on mortar 
reinforced with different volume fractions of short acrylic fibers are reported. An 
indirect J-integral technique is employed to determine the tension-softening curve 
and thus the tensile strength, the fracture energy and the critical crack opening 
from the notched beam test results. As the volume fraction of fibers is increased 
the strength in shear and flexure, the fracture energy and the critical crack opening 
all increase, the tensile strength remains essentially constant and the compressive 
strength shows some reduction. The characteristic Iength lCh is used as a matenal 
property to characterize the post peak tensile behavior; The shear and flexural 
strengths are related to the nomialized dimension d/lch and good agreement 
behveen the experimental results and theoretical predictions of decreasing strength 
with increasing d/ich is found. 

Kewords: acrylic resins; fiber reinforced concretes; flexural 
strerqth ; fracture promrties; m o r t a r s  (material); shear 
strenqui ; synthetic fibers; tensile strength 
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INTRODUCTION 

A major deficiency in concrete as a structural material is its brittle behavior. 
An effective means of improving the fracture toughness of concrete is to reinforce 
it with fibers. Recent research in synthetic fiber reinforced concrete (FRC) 
suggests that significant improvement in toughness could be achieved with just a 
few percentage volume fraction of nylon, acrylic and other fibers [1,3], even 
though the tensile strength of the composite appears to remain essentially 
constant. Apart from obvious increase in resistance against fracture extension, 
the synthetic FRC represents a materid with a larger material characteristic length 
ich, defined by Ich=JcE/ft2 where Jc is the fracture energy, E is the modulus of 
elasticity and ft is the tensile strength. Jc is defined as the amount of energy 
necessary to create a unit area crack and is equal to the area under the tension 
softening curve. 

The significance of the material characteristic length, Ich, in determining 
structural behavior has been discussed in several papers. Li and Liang [3] 
expressed the propensity of ri transition from brittle fracttire failure for a m:iterial 
with smdl  Ich to tensile 'yield' failure for a material with large Ich in a given 
structure. Recent experimental work [4] and theoretical work [ S ,  6,7,  81 both 
show that concrete beams, subjected to flexural arid shear loading, fail with 
decreasing loads with respect to the nomidized dimension d/ich. For a given 
material (fixed Ich), then, this implies that structures with larger size decrease in 
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load bearing capacity. This is known generally as the size effect. For a given 
smctural dimension d, the change of material property reflected in Ich will then 
also have an effect on the structural load bearing capacity. This paper presents 
preliminary experimental results which quantify this effect. 

Apart from the effect of Ich on the structurai behavior,the shape of the tension- 
softening curve has also been shown to be important in influencing sh-uctural 
behavior [3]. This effect is also briefly studied. 

In this paper, the change in &h is effected by using different volume fractions of 
acrylic fibers ranging from O to 3% in a mortar mix. Both material and structural 
tests were carried out. The main material property tests include compression 
tests, direct and splitting tensile tests, and fracture energy tests. The structural 
tests include tests of beams subject to flexure and shear loads. 

The test results suggest that small volume fractions of low modulus fibers do 
not significantly affect the pre-peak stress strain curve in tension, but do have a 
major influence on the tension-softening curve giving rise to increases in the 
fracture energy and the characteristic length of the order of 500%. This 
phenomenon may lead to significant increases in the ultimate load bearing capacity 
of structures in which a fracture zone starts to develop prior to peak load. Results 
presented in this paper for beams tested under shear and flexure support this idea. 
Some reduction in the compressive strength of cylinders was observed, as the 
volume fraction of fibers increased, due to incomplete compaction. It is believed 
that this problem crin be overcome by better compaction techniques and greater 
use of plasticizer. Flexural tests on two different beam types suggest that the 
beneficial effects of fibers may be much greater in specimens where significant 
initial shrinkage stresses exist. 

in  the following sections, we first describe details of the test program and the 
preparation of specimens. The test procedures and results will then be presented, 
followed by a discussion on the implication of the test results. 

RESEARCH PROGRAM 

The primary objective of this program was to investigate the influence of the 
tension-softening, 0-6, curve on the behavior of concrete under various loading 
configurations which give rise to tensile stresses. In order to achieve significant 
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variations in the 0-6 curve without much change in the pre-peak stress-strain, 
O-&, curve it was decided to reinforce plain mortar with different volume 
fractions of low modulus and relatively low strength acrylic fibers. Four volume 
fractions, O, 1 , 2  and 3% were used to produce four different 0-6 curves. 

The experimental program involved the following tests: 
(a) Notched beam test: 32 notched beams with dimensions 63.5 x 114.3 x 

432 mm were tested to indirectly obtain tension softening curves and also to 
calculate values for GF defined using the area under the load-deflection curve of a 
notched k a m .  

(b) Direct tension test: 46 specimens (22 with dimensions 40 x 50 x 100 
mm and 24 with dimensions 50 x 60 x 110 mm) were tested in direct tension to 
examine the ultimate strengths and also the effect of non-uniform straining on the 
apparent tensile strength. 

(c) Splittin- tension test: 45 specimens with dimensions 50 x 55 x 65 mm 
were tested to calculate the splitting tensile strengths. 

(d) Compression test: 37 cylindrical specimens (diameter = 77 mm, height 
= 150 mm) were tested to obtain the compressive strength and also the modulus 
of elasticity. The importance of compaction when using fiber reinforced concrete 
was also examined. 

(e) Shear beam test: 12 beams, reinforced longitudinally with two #3 
rebars corresponding to 2% of cross sectional area, were tested to calculate the 
shear strengths. Beam dimensions were similar to the notched beams and the 
span-depth ratio when loaded was 2.0. 

(f) Flexiiral Test: 24 beams were tested under four-point bending to obtain 
the flexural strengths. 10 of the beams had dimensions similar to the notched 
beams and the other 14 were 51 mm deep, 63.5 mm wide and spanned 153 mm. 
These tests provided information regarding the influence of beam depth and 
characteristic length on flexural strength. 

SPECIMEN PREPARATION 

I The following materials were used. 

(1) Type III rapid hardening portlruid cement. 
(2) Sand, passed through a #8 sieve (size = 2.36 mm) . 
(3) Acrylic fibers with the following properties: 

length = 6.35 mm 
diameter = 13.6 pm 
density = 1.15 g/cc 
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tensile strength = 300 MPa 
initial modulus of elasticity = 5.5 GPa 

yield stress = 440 MPa 
tensile strength = 670 MPa. 

(4) #3 rebars, grade 40 

The cement : sand : water ratio was 1 : 1 : 0.5. For volume fractions of 2 and 3% 
17.5 cc of superplasticizer per 1 kg of cement was added with the water to 
improve workability. The plasticizer used was a high range water reducing 
admixture named Daracem-100 and is classified as ASTM C-494 Type A. 

A new Omni-mixer in which random movement of particles is induced to 
occur by a wobbling flexible drum bottom was used. The absence of agitating 
blades ensured more uniform fiber distribution. Initially the sand, cement and 
fibers were mixed dry for 3 minutes. Then the  water and plasticizer (when 
appropriate) were added and mixed for a further 3 minutes. Fiber distribution 
appeared to be much better than if the water had been added initially. 

Compaction was achieved using a vibrating table and a tamping rod. The 
specimens were covered in plastic for 15 hours after casting and were then 
removed from the molds and placed in water at 22°C until 7 days old. They were 
then removed and allowed to dry at room temperature until testing. Most tests 
wer; carried out at 14 days with some at 40 and 60 days. For the notched beams 
the notches were cast using 0.8 mm thick aluminum plates which were removed 
after 15 hours. Mold release facilitated easy removd. 

TESTING PROCEDURE AND RESULTS 

Notched Beam Test 

The stress-deformation behavior of concrete in tension can be described 
fully by means of two relationships [6]. The first is the conventional stress-strain 
curve. The second is a stress-deformation, 0-6, relationship, known as the 
tension-softening curve which defines a functional relationship between the 
traction acting across a crack plane and the separation dist'mce of the crack faces. 
The total energy absorbed during deformation can be described fully by these two 
curves as shown in Fig. 1. 

The area enclosed by the o-& curve between loading and unloading 
branches corresponds to inelastic energy absorption, presumably due primarily to 
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distributed microcracking at the cement aggregate interface prior to peak stress, 
per unit volume of material. The area under the 0-6 curve corresponds to energy 
absorbed within the frachire process zone when a unit area traction free crack is 
formed. Both curves can be obtained from a stable direct tension test. However, 
an inherent difficulty with this test is the stability of loading the specimen during 
the softening process and in many cases existing loading machines must be 
stiffened and feedback control loading systems used in order to obtain the o 4  
relationship [6,9]. These modifications are too complicated to allow the 
measurement of the 04 curve to become standard prac:ice in normal testing 
laboratories. In this research program an indirect J-integral technique, proposed 
by Li [lo], has been used to calculate tension-softening curves. The advantages 
of this method are as follows: 

(a) Simple testing procedure 
(b) Simple testing machine 
(c) Small specimens. 

Summary of J-integral technique--A full description of this technique can be 
found in [i 1,121. The J-integral [13] evaluated along a contour r surrounding 
the elongated process zone near the macrocrack tip as in Fig. 2 can be expressed 
as: 

where 6 is the separation at the physical crack tip and o(6) is the corresponding 
stress-transferring capability across the process zone. J can be obtained 
experimentally from a compliance test by loading two precracked specimens with 
slightly different crack lengths. If the load P, the load point displacement A, and 
the crack tip separation 6, are measured simultaneously in the test then J can be 
obtained in terms of A from the area A(A) between the two P-A curves up to u 
load point displacement of A as: 

P 
Y 

Full document details: ACI SP-118-89

http://www.avadocuments.com/doc/aci-sp-118-89
http://www.avadocuments.com/doc/aci-sp-118-89


Fracture Mechanics 23 

where B is the specimen width and (a2 - ai)  is the difference in the initial crack 
lengths of the two specimens. J(A) can then be converted to J(6) using a A 4  
relationship. Differentiation of Eq. (i) leads to 

which is the tension-softening relationship of the material. The critical J-integral 
value, Jc, is defined as: 

6 
O J c =  %(6)d6 

(4) 

where 6, is the value of the critical crack separation at the end of the tension- 

softening curve when 03 and Jc is equal to the total area under the tension- 
softening curve. 

The above technique was employed in a four point beam bending 
configuration as outlined in Fig. 3. For each fiber volume fraction a total of 8 
beams were tested; 4 with an initiai notch length of 42 mm and 4 with notch 
length 50.5 mm. A displacement-controlled loading machine was used. The fiber 
reinforced concrete specimens were loaded at an initial rate of 0.0254 mm/min; 
this being changed to 0.0508 n d m i n  when the load dropped to 30% of the peak 
value and later to O. 127 d m i n  to ensure a reasonable test time. The time to 
maximum load varied from 15 minutes for Vf = 1% to about 22 minutes for Vf = 

3% with the total testing time varying between 40 and 55 minutes. The plain 
mortar specimens were loaded at a rate of 0.0127 mdmin  with maximum load 
reached after about 18 minutes and complete failure after about 40 minutes. All 
tests were continued until the beams failed under self-weight. 

The average vertical displacement of the two loading points was measured 
using a linear variable displacement transducer (LVDT). A second LVDT, placed 
in a horizontal position at the notch tip, was used to measure the crack tip opening 
displacement. The LVDT and its target were placed 14 mm apart on opposite 
sides of the notch tip. 
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Results--Appendix A contains load versus load point displacement and load 
point displacement versus crack tip separation curves for all the beam tests. Due 
to the relatively large scatter in the results for Vf = 0% (Fig. A-1) a separate set of 
tests on plain mortar beams was carried out using notch lengths of 58 and 65 mm. 
The corresponding load-deflection curves are shown in Fig. A-5. These results 
were used to calculate the tension-softening curve for Vf = 0%. Fig. 4 shows the 
deduced tension-softening curves for each volume fraction. Using the load versus 
load point displacement curves it was possible to calculate GF [I41 and fdnet) for 
each test where GF and fdnet) are defined as: 

A G =  F B(d - a )  

6Mmax 
f f ( n e t ) =  2 

B(d - a) 

( 5 )  

and A is equal to the total area under the curve including a correction for self- 
weight recommended by Petersson [6], B is the specimen width, d is the depth, a 
is the notch length and Mm, is the maximum bending moment at the notched 
section. GF can be used as an approximate measure of fracture energy but has 
been shown to be dependent on the b e m  size used to determine it [15]. Table 1 
shows the calculated GF (corrected for self-weight) and fdnet) values for each 
test and also the magnitude of the self-weight correction applied to GF. Each 
beam name has a number corresponding to the fiber volume fraction and a letter 
corresponding to the initial notch length where A, B, C and D represent a 42 mm 
notch and E, F, G and H a 50.5 mm notch. The GF values for beams IG, 2C 
and 3F were not considered valid due to exceptional deviations from the average 
values. Some instability after peak load was noted in tests OE and OF. All other 
tests were stable at all times during the test. 

Table 2 gives details of the results obtained from the indirect J-integral 
method and also average GFvaiues for each volume fraction. The deduced tensile 
strength, ftd, is obtained from [o(6)lrnax where o(6) is defined in Eq.(3). 

The deduced tensile strength does not vary significantly with volume 
fraction. This result is expected for these volume fractions of a low modulus 
fiber as will be explained in greater detail later. The 6, value is increased 
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significantly with fibers but does not differ greatly for different fiber volume 
fractions in the 1 to 3% range. The 6, values are less than half the fiber length 
due to the fact that these fibers form a relatively strong bond with the matrix and 
tend to rupture rather than pull out along the fractured surface. The correction 
which should be applied to the GF values to account for self-weight is larger 
(percentagewise) for low fracture energy material. 

Fig. 5 shows Jc and GF values for each volume fraction. There is a 
significant increase in the energy absorption ability as the fiber volume fraction is 
increased. The increase is approximately 700% when 3% volume fraction is used. 
This is achieved by fiber breakage ,and pull-out after the matrix has cracked. Also 
from Fig. 5 it can be seen that the difference between Jc and GF increases as 
volume fraction is increased. This can be explained by examining energy losses 
outside the fracture zone. It is probable that prior to localization of deformation 
onto the cracking zone that diffuse inelastic deformation is occurring in the 
material adjacent to the zone, and thus there is an energy loss. Some loss also 
occurs due to localized crushing at the support points. Since the maximum load 
increases significantly with volume fraction (Figs. A 1-A4) it is expected that 
energy losses outside the fracture zone also increase. This leads to increasing 
overestimation by GF of actual energy absorption in the fracture plane as volume 
fraction increases. In the J-integral method the difference between two beams 
under similar states of stress is obtained and thus energy losses outside the 
fracture zone tend to cancel out. It is also believed that Jc is independent of the 
beam size used to calculate it. The effect of self-weight is significant for the GF 
calculation but does not need to be accounted for when calculating Jc. These are 
some advantages of the indirect J-integral method. However, for plain concrete 
(Vf = 0%) the simple GF test appears to give quite accurate results for fracture 
energy, at least for the specimen size used for the present series of experiments. 

Tension Tests 

Direct tension test--Two specimen types, A and B, were used in this test. 
Type A had dimensions 40 x 50 x 100 mm, were cast in individual molds, and 
were tested after 14 to 17 days. Type B had dimensions 50 x 60 x 110 mm, were 
cut from the ends of the notched beam specimens after the fracture test and were 
tested at an age of 40 - 45 days. The ends of each specimen were ground to 
remove loose cement and ensure that they were parallel. 77 mm diameter steel 
plates were glued to each end using 5-minute epoxy. The specimens were tested 
as shown in Fig. 6 with no restriction on rotation. Figs.7a and 7b show the 
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average tensile stress, ft, across each specimen at failure for each volume fraction. 
These test results show quite a large scatter and also an apparent increase in the 
tensile strength as the volume fraction is increased. An approximate argument is 
now presented which explains why tensile strength is not expected to show 
significant change due to fibers and also why these tests show an apparent 
strength increase. The following notation is used: 

Om = failure stress of matrix in tension 

Of = failure stress of fiber in tension 
E, = modulus of elasticity of matrix 
Ef = modulus of elasticity of fiber. 

For this argument assume Om = 2.6 MPa, Of = 300 MPa, Em = 20 GPa, Ef = 

5.5 GPa. The fibers are arranged in a random three-dimensional pattern. A 
typical efficiency factor to account for fiber orientation would be 0.2 [ 161. The 
bond strength between acrylic fibers and cement matrix is high relative to the fiber 
strength [i] and thus stress equal to the tensile strength can be developed in the 
fiber throughout the greater part of its length except for a short distance at each 
end. The critical length, defined as the maximum length of a single fiber which 
can be pulled out of a mah-ix without rupture, was measured by Wang et al [i] for 
19.2 um diameter acrylic fibers in cement paste and was found to be of the order 
of 1 mm. An efficiency factor should be used to account for the fact that in 
practice the fibers are not continuous and separated but rather are short rind in 
different sized bundles. This calculation does not account for this and so gives an 
upper bound for the composite tensile strength. Assuming a linear stress-strain 
curve for the mamx, the strain at failure is 0.00013, The corresponding stress in 
the fibers is 0.715 MPa which is negligible. After matrix cracking the maximum 
load which could be transferred across the crack by fibers alone is given as 0.2 x 
0.03 x 300 = 1.8 MPa for a volume fraction of 3%. This would nor lead to a 
tensile strength increase. 

The apparent strength increase with fibers can be explained using the 
"weakest link in the chain" idea. Suppose a critical flaw exists in a mortar 
specimen on one side of the center line. As the load is applied to the specimen the 
flawed material deforms more than other material and leads to a rotation of the 
specimen which is allowed by the loading configuration. Eventually the material 
in the flaw reaches its ultimate strength (much less than the average over all the 
specimen) and starts to soften as a fracture zone initiates on one side of the 
specimen. This leads to even more rotation. Crack propagation through the 
section resulis i n  sudden failure at an average stress which is much less than the 
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average strength of the material. This phenomenon has been confirmed by 
measuring displacements on opposite sides of some tension specimens using Mo 
LVDTs. Fig. 8 shows typical stress-strain relationships for each specimen side. 

When the material is fiber-reinforced, significant stresses can be transferred 
across the softening zone which resist rotation of the specimen and lead to an 
increase in the average stress at failure. The direct tensile tests always give a 
lower bound for the average strength of the weakest section when rotation is 
allowed. As the fiber volume fraction is increased, this lower bound approaches 
the actual average strength value. 

Table 3 gives the average values of the apparent tensile strength ft for each 
volume fraction at two different ages. Using the above argument it can be 
deduced that 

ft (14-17 days) 2 2.6 MPa 
ft  (40-45 days) 2 2.9 MPa. 

A comparison may be made with the results from the indirect J-integral test 
which produced a tensile strength of approximately 2.1 MPa for each volume 
fraction. This value is 20% lower than thé expected value of 2.6 MPa or greater. 
One reason for this may be loading rate. For the indirect J-integral test the 
maximum load was reached after about 20 minutes compared to about 10 minutes 
for the direct tension test. Another more important reason is that the difference in 
notch lengths is a finite value and does not approach zero as required by the 
theoretical analysis. Presently the idea of using v,Uious notch length differences 
and extrapolating to d a  + O is being examined and it is believed that this 
technique will produce a tension-softening curve with a deduced tensile strength 
which is much closer to the actual strength. The deduced value is taken as a 
lower bound which approaches the true value as Aa + O. 

Splittino: tension test--The specimens used in this test were cut from the 
ends of the beams used in the fracture test. Specimen size was 50 x 60 x 65 mm 
and the testing age was 60 days. The line loading was applied along the 60 mm 
side via hexagonal steel bars with a 2 mm contact width. The loading rate \vas 
0.254 nidmin and time to failure about 4 minutes. The tensile strength fst was 
calculated as (2P/7cA) where P is the maximum load and A is the area of the split 
section, equal to 3000 mn?. Fig.9 shows the test results and Table 3 gives the 
average values for each volutne fraction. 
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In this test strains were approximately equal throughout the critical section 
and so little variation in observed tensile strength with volume fraction was 
expected. This is confirmed by the tests. Also the fst values of approximately 3.7 
b P a  agree with the direct tension test which predicted ft 2 2.9 MPa at 40-45 
days. 

Compression Test 

37 compression cylinders (diameter = 77 mm, height = 150 mm) were 
tested. The age at testing was 14 days for 12 specimens and 28 days for the 
remainder. The results for different ages did not differ significantly, and are 
presented together. The modulus of elasticity was measured using average 
displacement readings taken from two LVDTs placed on opposite sides of each 
cylinder with 100 mm spacing behveen holder and target. The crosshead speed 
was 1.2 mm/min and failure occurred after about 2 minutes. 

In order to estimate the importance of compaction when using synthetic 
fiber reinforced concrete, 6 cylinders with volume fractions of 2 or 3% were 
compacted more thoroughly than usual. For these cylinders and for 5 normally 
compacted specimens of the same volume fractions the void ratio, e, relative to a 
plain mortar specimen was calculated as follows: 

pm = density of plain mortar specimen 

pf = fiber density 
Vf = fiber volume fraction 

ps = specimen density 

Figs. 10 and 11 show measured compressive strengths and moduli of 
elasticity for each volume fraction. Table 4 gives average values for fc and E. 
Table 5 shows the effect of relative void ratio on compressive strength. Results 
for 2C and 3C refer to the specimens in which greater compaction was achieved 
through more frequent use of the tamping rcd. For Vfequal to 2% the average 
void ratio was reduced from 5.75% to 3.26% and the strength increased from 
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37.8 MPa to 48.3 MPa through increased compaction. For Vf equal to 3% the 
void ratio dropped from 7.88% to 3.6% and strength increased from 34.0 MPa to 
48.0 MPa. Relatively large voids were noted in the outer part of the cylinders and 
were a direct result of inadequate compaction close to the mold wall. The effect 
of these voids was compounded by the small specimen size. In large practically 
sized applications this effect would be much smaller and by using adequate 
plasticizer it is believed that the drop off in compressive strength would be 
minimal. However caution is necessary for applications where compaction may 
be difficult such as in heavily reinforced beam sections. 

Shear Beam Test 

12 shear beams (3 for each volume fraction) with dimensions 63.5 x 114.3 
x 432 mm were tested under three point bending as shown in Fig. 12. The span 
depth ratio was 2.0. Each beam contained two #3 rebars corresponding to 2% of 
the total cross sectional area. A displacement controlled loading machine with 
capacity 890 kN was used. The midspan load was measured with a pressure 
gage connected to the machine and the load point displacement with an LVDT. 
The initial cross head speed was 0.6 mdmin  and was increased to 1.8 m d m i n  
after maximum load. The pe'ak load was reached after about 5 minutes. The tests 
were continued up to a load point displacement of 4 mm except for two plain 
mortar beams which were displaced through 1.5 mm. Two beams for each 
volume fraction were loaded monotonically and the third was loaded cyclically. 

Appendix B contains shear stress versus load point displacement curves for 
each test. The shear stress is defined as the shear force divided by the total cross 
sectional area, The crack propagation pattern was similar for each beam type and 
the development for a typical beam is illustrated in Fig. 13. A visible shear crack 
initiated halfway between the load and support points and started to propagate 
diagonally towards each point. Maximum load was reached as the crack 
approached these points and further crack opening resulted in a decrease in the 
load. Fig. 14 and Table 6 show the shear strength, fv, the displacement 
at maximum load, ô,, and the shear stress when the first visible crack appears, 
fvc, as functions of volume fraction. 

Shear strength shows a modest increase of 12% between volume fractions 
of O and 3%. The stress at first cracking, however, shows a significant increase 
of 50%. Shear resistance is provided by dowel action of the rebars, shear 
friction between the crack faces and tensile stresses transferred across the 
cracking zone. The first two components of this resistance are not expected to 
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change with volume fraction but the third changes according to the tension 
softening curve. In the next section some theoretical work [7] relating the tension 
softening curve to the ultimate shear strength is examined and the predictions are 
compared to these experimental results. 

Flexural Test 

Two specimen types were used in this test. The first type had dimensions 
63.5 x 114.3 x 432 mm and was loaded under four-point bending with a span of 
381 mm as shown in Fig. 3. 10 beams of this type were cast, 4 for O%, 3 for 2% 
and 3 for 3% volume fraction. The age at testing was 14 days. The loading rate 
was 0.0508 m d m i n  and time to maximum load varied from 12 to 20 minutes. 
The second specimen type was cut from the ends of the notched beam specimens, 
had dimensions 63.5 x 51 x 216 mm and was loaded under four-point bending 
with a span of 153 mm as shown in Fig. 15. The age at testing was 60-65 days. 
The loading rate was 0.254 m n W n  and time to maximum load was about 2.5 
minu tes. 

Fig. 16 shows flexural strength, ff, as a function of volume fraction. Table 
7 gives average flexural strength for each beam type. The flexural strength, ff, is 
defined as 6 m d 2  where M is the bending moment over the central part of the 
beam when failure occurs and B and d are beam width and depth respectively. 

Fig. 16 shows a significant increase in ffas fiber volume fraction is 
increased and also when beam depth is decreased. These results also suggest that 
the fiber effect is much more pronounced for the larger beams. The effect of 
volume fraction on flexural strength can be explained in terms of the tension 
softening curve and this will be examined in detail in the next section of this 
paper. There are a number of reasons why the small beams show a higher 
strength than the larger ones. The loading rate and the testing age may account 
for an increase of the order of 20% [17]. Beam depth and initial shrinkage 
stresses also affect the flexural strength and these will be discussed in detail in the 
next section. 

APPLICATIONS OF FRACIVRE MECHANICS 

Traditional strength theory which uses the stress-strain curve in tension to 
predict the ultimate load cafiying capacity of structures which fail due to tensile 
stresses has been found to be inadequate when applied to a non-yielding material 
such as concrete which shows softening behavior throughout a localized fracture 
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zone after the peak stress has been reached. An example of the limitations of this 
theory is its inability to predict the depth dependence of the ultimate strength of 
unreinforced concrete beams subjected to bending stresses or reinforced beams 
subjected to shear stresses. The fracture mechanics approach considers the 
complete material behavior during tensile fracture as described in Fig. 1 by both 
the stress-strain cume up to the tensile strength and the tension-softening cume 
which models the behavior of the material in the fracture zone as the crack width 
increases. A major objective of this research program was to examine the validity 
of this latter approach and this was achieved experimentally by performing shear 
and flexure tests on four different concrete qualities which had similar stress- 
strain curves but significantly different tension-softening curves. Whereas 
conventional strength ideas predict similar strengths for al1 four qualities, fracture 
mechanics takes account of the changing 0-6 curve in order to predict a strength 
function. In this discussiön a comparison of experimental resuIts with the 
fracture mechanics approach based on the "fictitious crack model" [ 18,19,20,6,7] 
will be given for both the shear and flexural tests. 

The complete material behavior is characterized by the two curves in Fig. 1. 
An important relationship between the slopes of these two curves is defined by 
the material characteristic length Ich. It is important to notice that two materials 
with the same stress-strain curve may have similar values of lCh but differently 
shaped tension softening curves. Thus it is not possible to use Ich as a 
compatison between two materials whose 0-6 curves show large differences in 
shape. For the materials used in this program all the 0-6 curves have 
approximately similar biIinear shapes (Fig. 4) and so the use of lCh as a parameter 
which characterizes changes in the tension softening behavior is adopted. Lower 
values of Ich indicate more brittle type behavior and a 0-8 curve which descends 
quickly as the crack opens. Using a value for ft of 2.6 MPa and the values of JC 
and E given in Tables 2 and 4, Ich for each volume fraction (age 14 days) was 

calculated as: 

0% - 219 mm; 2% - 909 mm; 
1% - 523 mm; 3% - 1241 mm. 

These values indicate the significant effect of fibers on the material characteristic 
length. A typical lCh value for ordinary concrete would be about 300 mm [6]. 
The objective is to relate the shear and flexural strengths to the characteristic 
length. 
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Shear Strength 

In conventional structural design shear strength has been predicted by 
means of empirical formulae based on experimental data obtained from 
laboratory-sized specimens. These formulae tend to overestimate the strength of 
deep beams because of an observed reduction in strength as beam depth 
increases. It has been suggested [4,5,6,7,8] that shear strength should be 
examined fiom a fracture mechanics viewpoint. Gustafsson [7] used the 
?fictitious crack model? and finite element analysis to study shear behavior. He 
assumed that a crack initiates at the bottom of a beam and propagates towards the 
load point along a predetermined path. The concrete elements on the crack path 
were assumed to deform according to a linear O-E curve up to the tensile strength 
and then follow a post peak bilinear CS- 6 curve as shown in Fig. 20, while the 
elements outside the fracture zone were assumed linear elastic. Rebars were 
simulated with one-dimensional elements whose bond strength was a function of 
slippage relative to the surrounding concrete element. Dowel action and aggregate 
interlocking were not considered during the theoretical analysis. The assumed 
failure criterion is shown in Fig. 17. In this analysis fc/ft was assumed equal to 
10 for all concrete qualities. This gave a relationship between the shear strength 
normalized by the tensile strength, fv/ft and the depth normalized by the 
characteristic length, d/l,h. 

Fig. 18 shows the theoretical relationship between fv/ft and d/ich for a span 
depth ratio of 3 and a steel reinforcement ratio, p, of 2%. Also shown are the 
results of our shear beam tests which apply to a span depth ratio of 2. A direct 
comparison of these results is not possible because of differences in the span 
depth ratio, the crack propagation pattern and the fc/ft ratio. In the experiments the 
fJft ratio decreased approximately from 20 to 15 as the fiber volume increased, 
which differs from the assumed value of 10 used in the analysis. Also there is 
some difference between the assumed tension-softening curves and the actual 
curves as outlined in Fig. 20. However according to Fig. 17 an increase in fc/ft 
should give rise to cui increase in shear strength as should a reduction in the span 
depth ratio. Thus the relative positions of the two curves in Fig. 18 appear to be 
correct, 

Energy is absorbed during cracking by dowel action in  the rebars, frictional 
sliding behveen the crack faces and crack propagation. Energy absorbed in the 
fracture process zone as characterized by the area under the tension-softening 
c i n e ,  is probably quite small compared to thnt absorbed by the first two 
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mechanisms given above for a beam of this size. Thus large changes in the shear 
snength are not really expected. This may not be the case, however, for lightly 
reinforced sections or for deeper beams where the tension-softening behavior 
would most likely be more important. 

Fig. 19 shows qualitatively a possible distribution of the shear resistance as 
a function of load point displacement among the three components listed above. 
Before peak load, deformations are not large enough to develop the first two 
resistance components fully. The third component, however, has maximum 
effect when the first crack appears and its effect gets much smaller as the 
maximum load is approached. This expIains why the tension-softening curve has 
much greater influence on the first cracking strength than on the ultimate strength 
of the beam. 

Using assumptions by Hillerborg E211 it is possible to estimate the 
sensitivity of the shear strength to changes in various material parameters. He 
assumed that the following relationship existed between the fv/ft and d/lch ratios. 

ln(fv/ft) = A - B In(d/lch) (8) 

where A and B are functions of structural properties such as reinforcement ratio, 
shear span to effective depth ratio, loading configuration, etc. This assumption is 
limited to small changes in the  material properties and so A and B may be 
functions of these properties also. 

In the shear tests the beam depth and ft were unchanged and so 
differentiation of Eq. (8) results in 

d f v  dE dJc 
f V E J C  

-- -B-+B- 
(9) 

which gives the sensitivity of shear strength to changes in E and Jc. In order to 
estimate these sensitivities the differences of each value between two adjacent 
volume fractions, 0% and 1%, were substituted into Eq.(lO) and B was 
calculated as approximately 0.05. This says that for a 100% increase in GF the 
expected increase in fv is approximately 5% for the beam size tested. 

A limited amount of experimental data on the factors which influence shear 
strength of FRC beams is available. In a recent study of the use of steel fibers as 
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shear reinforcement [22], the effects of longitudinal reinforcement ratio and shear 
span to effective depth ratio on the shear strength were investigated. It was found 
that the effectiveness of dowel resistance of longitudinal reinforcement increased 
with the volume fraction of steel fibers and also that the shear strength increased 
47% when the span to effective depth ratio was reduced from 3 to 2. This trend 
is similar to that found for ordinary reinforced concrete beams but is of much 
greater magnitude. 

These phenomena can be explained in terms of the resistance components 
outlined in Fig. 19. An increase in the reinforcement ratio leads to greater shear 
resistance due to dowel action. As the shear span is reduced the crack is more 
steeply inclined and thus the vertical component of shear friction between the 
crack faces is increased leading to a larger overall shear resistance. Also as the 
crack becomes steeper the vertical component of tensile stresses transferred across 
the fracture zone will be reduced resulting in a smaller influence of the tension 
softening curve on the shear strength as the span is reduced. This agrees with the 
results presented in Fig. 18. 

Flexural Strength 

The strength of concrete in flexure is of practical importance in applications 
such as paving slabs, road slabs, airfield runways, factory floors, tunnel linings, 
concrete pipes, roof tiles and also when calculating the cracking load and 
deflection of reinforced concrete members. However, when calculating the 
tlexurd strength in the laboratory it has been found to depend on the specimen 
depth and the loading configuration. Conventional theories have attempted to 
explain these phenomena using arguments such as "the highly stressed volume" 
[23], "the weakest link in the chain", and also by considering the effect of 
differential shrinkage strains in the specimen. While each of these qualitative 
arguments makes sense, their application to design is limited. 

Hillerborg et al [18] and Gustafsson [7] have used the "fictitious crack 
model" and finite element analysis to develop a relationship between two 
dimensionless ratios ff/ft and d/ich. The stress-strain ciirve was assumed linear. 
At small loads the stress distribution is linear. When the tensile stress is reached 
in the bottom fiber a fracture zone starts developing and this material behavior is 
governed by the tension-softening curve. Initially the bending moment increases 
as the fracture zone develops, it reaches a maximum and then starts to decrease. 
Theoretical analyses [20] indicated that the shape of the 0-6 curve for given 
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values of ft, E and GF has a significant influence on the flexural strength. At 
ultimate load a traction-free crack has not started to propagate and thus while the 
initial part of the 0-6 curve is very important the relationship for large values of 
6 often has no influence on the ultimate strength. The theoretical relationships 
developed [18,7] were based on assumed linear or bilinear tension softening 
curves. Fig. 20 shows a comparison between the assumed curves and the 
deduced curve for Vf = 2%. 

The deduced ff/ft versus d/lch relationships based on assumed linear and 
bilinear tension softening curves are presented in Fig. 21. A third relationship is 
presented which takes account of initial shrinkage stresses assumed to be 
parabolically distributed along the depth of the beam and equal in magnitude to 
the tensile strength at the upper and lower edges of the beam [7].  Also shown in 
this figure are the experimental results from the flexural tests. 

Since Jc was only measured at 14 days the value of Ich at 60 days 
corresponding to the small beam flexure tests had to be estimated. Relations 
between fracture mechanical properties and concrete age [6] used to do this were 
as follows: 

Jc (60 days) = 1.1 Jc (14 days) 
E (60 days) = 1.06 E (14 days) 

The splitting tension test results were used for fP The calculated lCh for each 
volume fraction (age 60 days) was as follows: 

0% - 135 mm; 2% - 512 mm; 
1% - 308 mm; 3% - 685 mm, 

This large drop in lCh with age is consistent with expexALnental results presentel 
[GI 

n 

There are some differences between the assumptions underlying the 
theoretical curves and the actual experimental conditions. The theoretical 
relationships are based on an average cross section with average stress-strain and 
tension-softening relationship. The small beam relationship was developed using 
the splitting tensile strength of a specified cross section which may be expected to 
be close to the sirength of the average section. The flexural strength, however, 
was calculated using four-point bending specimens which yield the strength of the 
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weakest section along the central part of the beam. Thus the experimental ff/ft 
values are expected to be less than the theoretical predictions as is the case. 

The results for the large beams follow quite closely the predicted values 
based on the assumed initial stress distribution. It is possible that shrinkage 
stresses were developed in these specimens during the curing process. Notice 
that the small beams were cut from the central p'art of other specimens and so 
shrinkage would not have been important. Also, shrinkage would have a 
negligible effect on low modulus fibers and so where initial stresses are a problem 
it is expected that the beneficial effect of fibers is much more pronounced. If 
initial stress corresponding to the tensile strength exists at the bottom of the beam 
then this material starts to soften immediately when load is applied giving rise to a 
much greater influence of the 0-6 curve on the structural behavior than if no 
initial stresses existed. The large beam test results support this idea. Due to the 
effects of age, loading rate and initial stresses it is not possible to estimate 
quantitatively the effect of changing the beam depth on the ff/ft ratio except to say 
that there appears to be a significant increase in ff as the depth is reduced. 

Theoretical bending strengths of notched beams as a function of the 
ligament size divided by characteristic length, assuming a bilinear 0-6 curve as in 
Fig. 20, have been presented by Hillerborg [24]. A comparison of these 
predictions with the results obtained from the notched beam tests as outlined in 
Table 1 is given in Fig. 22. The experimental results show a greater sensitivity of 
bending strength to changes in lCh than that predicted theoretically by the 
"fictitious crack model". Initial shrinkage stresses may explain this trend. 

CONCLUSION 

The influence of the tension-softening curve on the ultimate load canying 
capacity of structures where tensile stresses are critical was examined. By using 
low volume fractions of low modulus acrylic fibers it was possible to 
significantly change the tension-softening curve without changing the pre-peak 
stress-strain curve. These fibers caused some reduction in the compressive 
strength depending on how well the material was compacted. It is believed that 
by using good compaction techniques and adequate amounts of superplasticizer, 
this strength reduction could be minimized. 

The fracture energy value, characterized by the area under the tension- 
softening curve, shows a significant increase with fibers, being of the order of 

F 
'C 
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570% when a volume fraction of 3% is used. Also by using Jc rather than GF to 
characterize the fracture energy difficulties associated with the effects of beam size 
and energy losses outside the fracture zone can be avoided. 

The shear strength of longitudinally reinforced beams showed a modest 
increase of 12% when the characteristic length was increased by 460%. 
However, the stress at which a first visible crack appeared showed a much 
greater increase of 50%. 

The flexural strength of unreinforced beams, 114.3 mm deep and in which 
significant initial shrinkage stresses were expected showed a large increase (80%) 
when the value of lCh was increased (460%). The strength increase for small 
beams which probably had negligible initial stresses was much less (30%) for an 
Ich change of (400%). 

Traditional strength theories based solely on the pre-peak stress-strain 
curves cannot predict the capacity of structures subjected to tensile stresses if a 
fracture zone starts to develop prior to maximum load. In such a case it is 
necessary to also use the tension-softening curve to predict ultimate strength of 
the structure. Fracture mechanics parameters such as fracture energy and 
characteristic length are just as important as tensile and compressive strength in 
determining the behavior of structures made of a brittle material such as 
concrete. 
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TABLE ~ - - G F  AND f f (net) VALUES FROM NOTCHED BEAM TESTS 

Beam 

OA 
OB 
oc 
OD 
OE 
OF 
ffi 
OH 

1A 
1B 
1c 
1D 
IC, 
lF 
1G 
1H 

96 
86 
78 
122 
49 
52 
65 

198 
212 
188 
196 
242 
217 
296 
212 

self-wt  
or rec t ion  

( N / m i  

15.7 
11.1 
11.6 
18.9 
10.5 
8.5 

11.1 

30.3 
25.2 
27.0 
31.7 
33.1 
30.9 
34.0 
29.3 

f f 

m a )  

2.13 
2.16 
2.15 
2.43 
1.56 
2.03 
2.33 

n e t  

2.63 
3.14 
2.70 
2.63 
3.46 
3.11 
4.09 
3.04 

414 
3 97 
442 
37 1 

2H 424 

3A 5 95 
38 61 9 
3c 580 
3D 630 
3E 653 
3F 738 
3G 61 8 
3H 553 

self-wt 
:orrection 

íN/ rn l  

55.6 
53.6 
42 .'o 
57.0 
56.7 
54.2 
55.7 
66.9 

76.0 
71.4 
64.4 
68.5 
78.6 
96.8 
74.8 
74.5 

f f 
n e t  
(>Pa) 

3.37 
4.04 
2.78 
3.23 
3.78 
4.17 
4.07 
4.07 

4.49 
4.95 
4.26 
5.00 
5.16 
5.11 
4.60 
4.53 
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TABLF: 2--CHARACTERISTICS OF TENSION-SOFTENING 
CURVE FOR EACH VOLUME FRACTION 

"f ft (14-17 days) f t  (40-45 days) 
($1  (bPa) (MPa) 

O 0.93 1.37 
1 1.47 2.03 
2 2.63 2.54 
3 2.58 2.91 

V o l u m e  
f r ac t  íon 

fst (60 days) 
(ì?Pa) 

3.57 
3.66 
3.74 
3.78 

f t d  

( m a )  

2.09 
2 .O8 
2 .o1 
2.11 

190 
1100 
I520 
I340 

t o t a l  

205 209 
404 414 
543 607 

self-wt 
correct ion 

( s j  of t o t a l )  

15.9 
14.2 
13.8 
12.0 

41 

TABLE 3--AVEF!AGE RFSULTS OF DIRECT AND SPLITTING TENSION TESTS 

TABLE I--AVEXAGE COMPRESSION S'IWNGTH 
AND MODUWS OF ELASTICITY 
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f f Beam Age Test 
depth t irne 

(m) (days) ( m i n )  (ma) 

114.3 1 4  12 2 .15  
114.3 1 4  18 3.53 

TABLE 5--COMPRESSIVE STRENGTH AND VOID RATIO 
FOR DIFFERENT AMOüNTS OF COMPACTION 

3 I 114 .3  I 1 4  

I 3C 1 4:; 1 48.4 
47 .1  

48.4 

20 3.88 

TABLE ó--SHEAR TEST RESULTS 

O 

TABLE 7--RESULTS OF FLEXURAL TEST 

51.0 I 60 2.5 5 . 3 5  
1 
2 
3 

51.0 65 2 .5  6 .00  
51.0 64 2 .5  6.20 
51 .0  63 2 ,5  6.98 
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Fig. 1--Typical stress-strain and tension 
softening relationships for  concrete 
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Fig. 3--Notched beam test configuration 
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e GF values 
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Fig.  5--Fracture energy va lues  
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Fig. 6--Direct tension test configuration 
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