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Synopsis:  High performance fiber reinforced composites are identified by their

enhanced elastic behavior, pseudo-strain hardening response and toughened post-peak

response. If the composite is adequately reinforced by fibers, the bridging action will

transfer the load and multiple cracking will occur. This study investigates the effect of

dispersion of fibers on the multiple cracking behavior of fiber reinforced composites.

Electronic Speckle Pattern Interferometry technique is used to record the location of

crack initiation, sequence of the multiple cracking and corresponding cracking stresses.

Microstructural parameters at each crack location are statistically quantified by the theory

of point processes. The size of the fiber free areas and fiber clumping are calculated at

the crack cross-sections. By using Linear Elastic Fracture Mechanics, fracture toughness

of the matrix is calculated. A strong relation between the cracking stress and the fiber

free areas in the composite is observed. It is shown that the toughness of the composite

depends on the fiber clumping at the first crack cross-section.

Keywords: extrusion; fiber clumping; fiber dispersion; fiber-reinforced concrete;

laser interferometry; multiple cracking
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Figure 1—Dimensions of the test specimen and experimental set-up of ESPI technique.
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Figure 3—Calculation of (a) K-function (b) F-function.

Figure 2—Location of the polished crack cross-section of the composite.
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Figure 5—4-point flexure test results of the identical composites.

Figure 4—Comparison of clumping and random dispersion.

Full document details: ACI SP-216

http://www.avadocuments.com/doc/aci-sp-216
http://www.avadocuments.com/doc/aci-sp-216


14 Akkaya et al.

Figure 6—(a) ESPI pictures of the crack locations of a sample (b) location and sequence

of the cracks.

Full document details: ACI SP-216

http://www.avadocuments.com/doc/aci-sp-216
http://www.avadocuments.com/doc/aci-sp-216


Innovations in Fiber-Reinforced Concrete for Value 15

Figure 8—K-function of the fiber dispersions at the crack cross-sections and random

dispersion (Specimen S1).

Figure 7—Pictures used in the image analysis program for specimen S1. (x50)
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Figure 9—(a) (1-F)-function values of the sequential cracks (b) comparison of the largest

fiber free area at the crack locations (Specimen S1).
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Figure 11—Comparison of theoretical and experimental cracking stress vs. defect size.

Figure 10—K
IC

 versus defect size of the specimens.
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Figure 12—Effect of fiber clumping at the first crack location on the

specimen toughness.

Full document details: ACI SP-216

http://www.avadocuments.com/doc/aci-sp-216
http://www.avadocuments.com/doc/aci-sp-216


19

SP-216—2

Effect of Specimen Size on the

Compressive Response of

High Strength Concrete Containing Fibers

and Spiral Steel Reinforcement

by G. Campione and S. Mindess

Synopsis:  The purpose of the present investigation was the study of the effect of

specimen size on the compressive strength of concrete reinforced with steel spirals and

with fibers. Concrete cylinders of different sizes were loaded under uniaxial

compression. The cylinders, ranging in size from 60 × 120 mm to 100 × 400 mm, were

reinforced with short fibers (steel and polyolefin) at volume percentages of 1% and 2%.

Some specimens also contained transverse steel reinforcement (φ 5 mm) at pitches of

25 and 50 mm. There was a reduction in compressive strength as the specimen size

increased in all cases (plain concrete, fiber reinforced concrete or spirally reinforced

concrete). The effect of the fibers and of the steel spirals was a reduction in the

brittleness of composite with increasing size of the specimens. The experimental results

confirm that the size effect laws proposed in the literature for compressive strength

provide a satisfactory prediction of the reduction in compressive strength with increasing

specimen size.

Keywords: fiber-reinforced concrete; high strength concrete; polyolefin fibers;

size effect law; steel fibers; steel spirals
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where B and Ill are two empirical constants, 00 is he tensile strength, and D is the 
transverse dimension of the specimens (specimens similar geometrically). 

Based on a fracture mechanisms type of approach, Kim et al.14 have recently 
presented both theoretical and statistical analyses to predict the compressive strength of 
cylindrical specimens with various diameter and height I diameter ratios. This model was 
then extended to prediction of the compressive strength of spirally reinforced concrete 
cylinders. The modification is based on the concept that when a confining stress is 
applied to concrete, the effect of size on the compressive strength would be less than for 
plain concrete. The trend of the size effect could also be influenced by the degree of 
confining stress (or volumetric spiral steel). For a concrete cylinder confined with heavy 
spiral reinforcement (high confining stress), the size effect should then be largely 
eliminated because the concrete will behave in a pseudo·plastic manner. According to the 
Kim et al.14 model, for plain concrete cylinders reinforced with steel spirals the reduction of 
compressive strength fc' with increasing specimen size can be predicted by: 

fo = 0.8. J: + r==(h=-=d=) ::;:;::[ =0·=;0=· ;~=;.=Asp=· (=1-=ja=s d=J::;::] + 5.4 ~ ~~ S. /y . [1- ;c ) 
1+----· 1-------~---~~-

50 d ·S· I'' c Jc 

(2) 

where ~ is the cross·sectional area of spiral reinforcement, ~ is the yield strength of 
spiral reinforcement, de is the outer diameter of spiral reinforcement, s is the spacing of the 
spiral reinforcement, and d and h are respectively the external diameter and the length of 
the specimen. 

The size effect law (Eq.2) and the experimental results for plain concrete and FRC are 
plotted in Fig. 11, while the data for concrete reinforced with steel spirals are plotted in 
Fig. 12. Because of the uncertainties mentioned earlier, the data for the 60 mm diameter 
specimens are not plotted here. For HSC plain concrete and the FRC, there is an 
acceptable scatter between the experimental data and the predicted values; the data are 
also in agreement with the upper limit defined by ASTM16• 

It should be noted that Eq. 2, based on non-linear fracture analysis, combined with a 
statistical analysis of the plentiful data available in the literature, does not take into 
account the effects of concrete strength or of maximum size of aggregate. These are 
considered to be negligible effects. 

Eq. 2 also implies that as the volume of spiral steel is increased, the magnitude of the 
size effect is reduced; the minimum spiral steel volume required to eliminate the size effec1 
seems to increase with increasing concrete strength (Fig. 12). It is of interest to note tha1 
Eq. 2 assumes that, at failure, the lateral pressure on the concrete core is that 
corresponding to the yield stress in the steel spirals. This is, indeed, generally true for 
normal strength concrete reinforced with a high volume percentage of spiral steel. 

However, for HSC matrices, it has been observed16 that at failure the stress in the 
steel spirals is lower than the yield stress, and therefore assuming yielding in the spirals 
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Fig.1—Effect of different end condition.

Fig. 2—Effect of different steel plate dimensions.

Fig. 3—Effect of gauge length on the compressive response of specimens.
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Fig. 4—Stress-strain curves for HSC specimens in compression.

Fig. 5—Stress strain curves for HSC specimens with steel spirals:

(a) 50 mm pitch; (b) 25 mm pitch.

Fig. 6—Mode of failure of HSC with spirals.
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Fig. 7—Stress-strain curves for HSC with steel fibres at 2% by volume percentage.

Fig. 8—Stress-strain curves for HSC with polyolefin fibres at 2% by volume percentage.

Fig. 9—Mode of failure of HSF fiber reinforced cylinders with 2% hooked steel fibres.

Full document details: ACI SP-216

http://www.avadocuments.com/doc/aci-sp-216
http://www.avadocuments.com/doc/aci-sp-216


32 Campione and Mindess

Fig. 10—Effect of the size of the specimens on the confinement effect (larger specimens

have a smaller relative volume of concrete affected by confining stresses).

Fig. 12—Size effect law for plain concrete with steel spirals.

Fig. 11—Size effect law for plain concrete and FRC with 2% fibers.
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SP-216—3

High Strength Lightweight Aggregate

Fiber-Reinforced Concrete (HS-LWA FRC) Filled

Steel Tube Columns for

Increased Seismic Resistance

by J. Punchín, N. Krstulovic-Opara, and B. Brezac

Synopsis: Damage due to recent earthquakes and the high costs of repairing old and

building new structures emphasizes the need for novel ways of designing cost-effective

and more seismically resistant buildings.  To address this problem, the structural system

considered in this paper is constructed with composite materials that display excellent

earthquake-resistant properties such as high strength, high ductility and increased energy

dissipation capacity.  The particular composite used in this project is High Strength-

Lightweight Aggregate Fiber Reinforced Concrete (HS-LWA FRC).  Its use in concrete-

filled steel tubular (CFT) columns allows for both: (a) improved seismic resistance and

(b) possibly a faster and more cost-effective method of construction, than is the case with

conventional buildings.  The main goal of this research was to manufacture and study the

seismic performance of such a composite CFT column.  The ductility, stiffness

degradation, energy dissipation and hysteretic response of the CFT member are reported.

Testing of the CFT revealed that adequate strength was developed in the critical section,

with respect to the predetermined yielding of the system. The use of fibers prevented an

otherwise extremely brittle failure of HS-LWA concrete and increased its capacity for

lateral expansion, leading to a ductile response of the critical column zones.  As a result,

large levels of ductility and energy dissipation capacity were measured during testing.

Keywords: concrete filled tubes; ductility; energy methods;

fiber-reinforced concrete; high-performance construction materials;

metal fibers; stiffness
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INTRODUCTION 

A promising way of cost-effectively increasing load-capacity, durability, seismic 
resistance and speed of construction of new buildings is to selectively use advanced 
composites, such as High-Performance Fiber Reinforced Cementitious Composites 
(HPFRCCs). This is the main objective of the ongoing National Science Foundation 
(NSF) project conducted at North Carolina State University in which parts of a large 
scale High Performance Fiber Reinforced Concrete (HPFRC)-based beam-column sub­
assemblage, shown in Figure 1, are being developed and tested. Such a composite frame 
system, termed herein High-Performance Composite Frame (HPCF), is made by 
selectively using Slurry Infiltrated fiber-Mat Concrete (SIMCON), Slurry Infiltrated 
Fiber Concrete (SIFCON), and High Strength - Lightweight Aggregate Fiber Reinforced 
Concrete (HS-LWA FRC). No conventional concrete materials are used. HPCF consists 
of three main elements: (1) a composite Concrete Filled Tube (CFT) column member 
filled with HS-LWA FRC, (2) a composite beam member made with a SIMCON ''jacket" 
and (3) a SIFCON "fuse" connecting the two, as shown in Figure 1. This paper presents 
the behavior of the high-performance composite CFT column members. 

If adequately confined, HS-L W A concrete is ideally suited for column members.1' 2• 3 

To maximize confinement and thus maximize column strength and ductility while at the 
same time eliminating reinforcement congestion, fibers were added to the HS-LWA 
concrete and the resulting HS-L W A FRC was encased in a steel tube, as shown in Figure 
2. To further improve seismic behavior of the column member, as well as increase its 
fire resistance and durability, SIMCON jacketed CFT columns will also be considered in 
the near future. This paper presents the behavior of the reference column made without 
the SIMCON jacket. 
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FIGURE 1:  Layout of the beam-column sub-assemblage of the proposed HPCF.
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FIGURE 2: Column details.

FIGURE 3: Compressive behavior of HS-LWA Concrete and LWA FRC developed in

previous research.
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FIGURE 4:  Representative stress-strain response of 1.5% fiber volume fraction HS-

LWA FRC used in this investigation.

FIGURE 5: Test layout.
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FIGURE 6: Layout of vertical strain gages and potentiometers.

FIGURE 7: Layout of horizontal strain gages, clinometers and core potentiometers.
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FIGURE 8: Testing displacement history.

FIGURE 9:  Load-displacement response.
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FIGURE 10: Moment-curvature response of zones F and G.
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FIGURE 11:  Energy dissipated in each load-displacement cycle.

FIGURE 12: Energy dissipated in zones E, F and G.
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FIGURE 13: Moment vs. longitudinal strain response of zone G.  Strain levels at both

steel yielding and compressive cylinder strength of HS-LWA FRC (f
c
’) are marked

on graphs.
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SP-216—4

Fiber Reinforced High Strength Concrete:

Residual Strength and Pore Structure

Subjected to High Temperatures

by X. Luo, W. Sun, Y. M. Zhang, and S. Y. N. Chan

Synopsis:  The mechanical properties and pore structure of fiber reinforced high strength

concrete subjected to different high temperatures and cooling regimes were investigated.

The results showed that the residual strength of high strength concrete with or without

fibers worsened after exposure to high temperatures. Evident drop in compressive and

splitting tensile strengths took place between 400°C and 600°C. However, the decline in

flexural strength mainly took place before 400°C.  Among the specimens, the concrete

with 10% of silica fume, 25% of fly ash and 1% of steel fiber provided the highest

residual strength and relative residual strength. Steel fibers played a significant role in

preventing the worsening of the mechanical properties, particularly at the temperature

from 400°C to 600°C. Thermal stress was not the key factor that caused the spalling or

explosive spalling in high strength concrete under high temperatures. The re-curing

brought recovery of the residual strength in the concretes damaged at high temperatures

due to the remarkable improvement of the pore structure.

Keywords: fiber; high strength concrete; high temperature; pore structure;

residual strength
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