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Advantages of Concrete

§ Mechanical Properties

§ Durability
§ Formability

§ Adaptability
§ Fire Resistance

§ General Availability
§ Affordability

§ Engineered Material



Disadvantages (Challenges) of Concrete

§ Low and unreliable tensile strength

§ Brittleness

Result: Susceptibility to cracking and reduced 
durability



In ordinary reinforced concrete, the steel resists the 
tension and concrete the compression

Even then, we have to rely at least indirectly on the (low) 
tensile strength of the concrete matrix

The properties of the concrete itself are barely affected
The result is a composite with highly anisotropic 

properties



In fiber-reinforced concrete, tension is basically resisted by 
the fibers

Because of the large number and small size of the fibers, 
the theory of composites appears to offer a proper 
modeling framework

This implies defining a new material with properties 
determined by both the concrete matrix and fibers

Assuming uniform fiber distribution and orientation, the 
composite maintains basically isotropic properties

As long as the fibers assure a minimum tensile strength of 
the composite, no additional reinforcement may be 
necessary



In regular reinforced concrete, the steel becomes effective 
only after concrete cracking

In fiber-reinforced concrete, the fibers likewise become 
effective only after cracking of the concrete matrix

The energy required for fiber failure or pull-out is the 
basis for an increase in ductility and toughness



By carefully tuning the fiber and matrix properties it is possible to 
cause multiple cracking along the fibers and quasi-strain hardening. 
As a result, the material’s toughness can be increased by orders of 
magnitude. This then is the basic definition of a “high-performance 
fiber-reinforced cement composite” (HPFRCC)



After Naaman and Reinhardt



Condition for Strain Hardening (after Naaman)

ssss pc =  tensile stress after cracking, 

ssss cc =  tensile stress at first cracking

ssssmu= matrix tensile strength
Vf   = fiber volume

tttt = bond strength between fiber and matrix
aaaa1 = coefficient to reflect mobilized fraction of bond strength
aaaa2 = efficiency factor for random orientation of fibers
L/d = fiber aspect ratio
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lll l 1 = expected pull-out length 
(= ¼, according to probability theory considerations),

lll l 2 = efficiency factor for fiber orientation
lll l 3 = group reduction factor, reflecting the number of fibers 

per unit area 

These three equations can be solved for Vf:
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Critical fiber volume to cause strain hardening of stress-strain behavior 

(Naaman and Reinhardt)



Critical fiber volume to cause strain hardening of load-deflection behavior 
(Naaman and Reinhardt)



Load-deflection relationship for columns under cyclic load (Li and Fischer)



Numerical Simulation Example with Program Vector
F. Vecchio, University of Toronto

Anke Wildermuth, Univ. of Stuttgart

Purpose of Investigation: To determine numerically whether 
shear reinforcement can be partially or completely replaced 
by fibers

§ Calibration of numerical model, using the Bresler/Scordelis
tests of beams with and without shear reinforcement

§ Material model for FRC of Vecchio and Minelli
§ Numerical estimate of fiber effect on load-deflection 

response and mode of failure



Bresler-Scordelis Test Setup



Cross Sections of Bresler/Scordelis Test Beams



FE-Model for Program Vector



Load-deflection behavior of two beams without shear reinforcement 
Theory and Experiment



Load-deflection behavior of three beams with shear reinforcement 
Theory and Experiment



Crack pattern of beam without shear reinforcement, 
on the verge of failure



Stress-strain behavior of FRC specimens in tension
(after Soroushian)



Numerical simulation of tensile response of FRC 



Effect of fibers on behavior of “Bresler-Scordelis Beam”



Effect of fibers and regular shear reinforcement



Cracking pattern and deflections prior to failure 

Beam with 0.25% shear reinforcement

Beam with 2% fiber reinforcement



Potential Applications of FRC/HPFRCC

§ Crack width control
§ Resistance of tensile forces in non-critical members
§ Resistance of tensile forces in critical members
§ Energy absorption under blast and impact loading
§ Improvement of ductility and low-cycle fatigue 

behavior



Implications for Engineering Practice

Fact: Positive effects of fibers have been verified beyond doubt

Still needed:

�

standard tests to verify and quantify effects

�

long-term tests to verify durability 

�

models to numerically simulate the effects

�

implementation in design codes



Beam-Column Joint Reinforcement
as recommended by ACI-ASCE 352 (1976)



1. Superplasticizer
2. Self-Consolidating Concrete (SCC)

Complex Optimization Problem:

§ Sufficient viscosity to avoid segregation
§ Limit on maximum aggregate size

§ Optimum grading of coarse and fine aggregate
§ Superplasticizer dosage to increase flow 

without decreasing viscosity

Breakthroughs in Modern Concrete Technology



Relationship between water-cement ratio and shear stress of paste
(Okamura)



Optimum combination of superplasticizer dosage 
and water-cement ratio (Okamura)



Self-Compactability Evaluation Test


