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PREFACE 

These proceedings are a result of the collective efforts of Committee 
544 on Fiber Reinforced Concrete and Committee 549 on Ferrocement and 
Other Thin Reinforced Products. By AC1 Committee 544 definition, fiber 
reinforced concrete is concrete made primarily of hydraulic cements, ag- 
gregates, and discrete reinforcing fibers. This definition does not include a 
provision for concretes reinforced with continuous meshes, woven fabrics, or 
continuous fiber networks. 

Therefore, to address all potential types of fiber reinforced concrete, 
both AC1 Committees 544 and 549 cosponsored a technical symposium. On- 
ginal papers for this symposium were presented at the AC1 Conventions in 
Boston, March 1991, and in Dallas, November 1991. The papers were re- 
viewed by members of both AC1 committees as well as members of the inter- 
national community of experts on fiber reinforced concrete. These original, 
reviewed, and revised papers constitute this AC1 Special Publication. 

The editors gratefully acknowledge AC1 Committees 544 and 549, the 
reviewers, the authors, Dr. Gordon B. Batson (symposium Co-chairman and 
then Chairman of AC1 Committee 549), and the staff of AC1 who have made 
this volume a timely contribution to the awareness and growth of fiber 
reinforced concrete. 

James I. Daniel 
Co-editor and Chairman AC1 Committee 544 

Surendra P. Shah 
Co-editor and Past-Chairman AC1 Committee 544 
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Comparison of Shrinkage 
Cracking Performance of 
Different Types of Fibers 

and Wiremesh 

by S.P. Shah, M. Sarigaphuti, 
and M.E. Karaguler 

Svnorisis: Concrete structures shrink when they are subjected to a drying 
environment. If this shrinkage is restrained, then tensile stresses develop and 
concrete may crack. One of the methods to reduce the adverse effects of 
shrinkage cracking is to reinforce concrete with short randomly distributed fibers. 
Another possibility is the use of wiremesh. The efficiencies of fibers and 
wiremesh to arrest cracks in cementitious composites were studied. Different 
types of fiber (steel, polypropylene, and cellulose) with fiber content of 0.25% and 
0.5% by volume of concrete were examined. Ring-type specimens were used for 
restrained shrinkage cracking test. These fibers and wiremesh show significant 
reduction in crack width. Steel fiber reinforced concrete (0.5% addition) showed 
80% reduction in maximum crack width and up to 90% reduction in average crack 
width. Concrete reinforced with 0.5% polypropylene or cellulose fibers was as 
effective as 0.25% steel fibers or wiremesh reinforced concrete (about 70% 
reduction in maximum and average crack width). Other properties such as free 
(unrestrained) shrinkage and compressive strength were also investigated. 

Kevwords: Compressive strength; cracking ífracturind; drying shrinkage; 
fiber reinforced concretes; b; Shrinkage; tensile stress; welded wire 
fabric 

1 

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94


2 Shah, Sarigaphuti, and Karaguler 

Surendra P. Shah is a Walter P. Murphy Professor of Civil Engineering and 
Director of the National Science Foundation Center for Science and Technology 
of Advanced Cement-Based Materials, Northwestem University, Evanston, Iliinois 

M. Sarigaphuti is a member of the Research and Development Center, The Siam 
Cement Company, Bangkok, Thailand 

M.E. Karaguler is an Associate Professor, Architectural Department at the 
Technical University of Istanbul, Turkey 

INTRODUCTION 

One of the disadvantages of concrete is that it tends to shrink and crack if 
the shrinkage is restrained. This shrinkage cracking is a major concern for 
concrete structures especially for walls, slabs, and pavements. The possibility of 
shrinkage cracking for a given environment may depend on the properties of 
concrete such as free (unrestrained) shrinkage, creep, the tensile strength, and the 
degree of restraint. 

One way to reduce the adverse effects of shrinkage cracking is to reinforce 
concrete with short, randomly dismbuted fiber. This will not change the 
properties of concrete mentioned above but it will prevent cracks form widening. 
Uniformly dispersed fibers can prevent microcracks from opening further and 
becoming macrocracks [1.2]. It is known that the addition of fiber will 
considerably reduce the crack width resulting from restrained shrinkage [ 1,3,4,5]. 
To evaluate the efficiency of different types and amounts of fibers in controlling 
shrinkage cracking, tests were conducted using a ring-type specimen. Three 
different types of fiber (steel, polypropylene, and cellulose) were studied. In 
addition, for cellulose fiber, three different types were investigated. The results of 
different fibers were compared with the conventional mesh reinforced concrete 
(wiremesh). The effect on other properties such as free shrinkage and 
compressive strength were also examined. 

RESEARCH SIGNIFICANCE 

It is shown that a relatively small content of cellulose fibers, polypropylene 
fibers, and steel fibers can significantly reduce crack widths resulting from 
restrained shrinkage. Specimens reinforced by steel fibers with a volume fraction 
of 0.25% showed a comparable reduction in crack widths as that shown by 6 x 6 
inch welded wire mesh fabric, as well as cellulose and polypropylene fibers with a 
volume fraction of 0.5%. Since slabs and pavements in practice are considerably 
thicker than the ring specimens used in the laboratory, a single wire mesh layer is 
likely to be considerably less effective in the field than was observed for the ring 
specimens. 
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TEST SPECIMENS 

There is no standard test method available to evaluate shrinkage cracking 
potential of concrete. The free shrinkage test as recommended by ASTM C157 
does indicate the potential shrinkage of a given concrete. However, the possibility 
of cracking depends on other factors in addition to the free shrinkage 
characteristics of concrete. One possibility of simulating shrinkage cracking of 
slabs is to cast slab-type specimens and subject them to a controlled drying 
environment. Such a specimen will be subjected to a biaxial state of stress. The 
extent of biaxiality will depend on the dimensions of the slab. The number of 
cracks and crack width will also be a function of the size of the test specimen. A 
better specimen to evaluate shrinkage cracking would be a long specimen with 
cross-sectional dimensions such that the drying shrinkage is essentially one- 
dimensional and the uniaxial tensile stresses are produced as a result of restraint. 
Such uniaxial tests are difficult to perform. In this study, an axisymmemc ring- 
type of test specimen was used which is relatively easy to conduct and which 
approximates the desirable uniaxial condition. Because of the axial symmetry, the 
specimen can be considered very long and the cracking response may be regarded 
as size independent. A detailed analysis of the stresses in the ring test as well as a 
theoretical model developed to predict restrained cracking from the knowledge of 
free shrinkage, creep, and other material properties is described in Reference 2. 
Using this theoretical model and the data from the ring specimen, accurate 
predictions of the cracking response of slab-type specimens can be made [2].  

The dimensions of the ring specimen are given in Fig. 1. The concrete 
annulus was cast around the steel ring. As a result of drying, the concrete ring 
would want to shrink but will be prevented by the steel ring. This would create an 
internal uniform pressure: hoop tensile stress and radial compressive stress. The 
calculation based on the theory of elasticity shows that the difference between the 
hoop tensile stress on the outer and the inner surface is 10%. in addition to hoop 
stress, the concrete ring is also subjected to radiai compressive stresses. However, 
the maximum value of the radial stress is only 20% of the hoop stress. Thus, one 
can assume that the concrete is subjected to essentially uniform, uniaxial tensile 
stress when it is internally restrained by the steel ring, provided the effects of non- 
uniform drying are negligible. 

Drying was only allowed from the outer, circumferential surface of the 
concrete specimen. Furthermore, since the width of the specimen (140 mm) (5.5") 
is greater than the thickness (35 mm) (1.38") of the specimen, uniform shrinkage 
along the width of the specimen can be assumed. 

The free shrinkage specimen was 285 mm (1 1 1/4") long and had a 100 
mm (4") square cross-section. This prismatic specimen is recommend by ASTM 
C157. It is assumed that if the length of the specimen is greater than the cross- 
sectional dimensions, the shrinkage takes place only in the length direction. The 
measurement of change in the length with time can then provide a measure of one- 
dimensional shrinkage of concrete. 

TEST PROGRAM 

For every batch of concrete the following tests were conducted: 1) 
restrained shrinkage cracking, 2) free shrinkage and weight loss, and 3) seven and 
twenty-eight days compressive strengths. For polypropylene fiber reinforced 
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concretes, the results of restrained shrinkage and free shrinkage are taken from the 
study done earlier by Gnybowski and Shah [1,2]. They used the identical ring- 
type specimen and free shrinkage prism with similar curing conditions. Each test 
series was accompanied by a control specimen (unreinforced concrete with the 
same watercement ratio). 

DETAILS OF COMPOSITION AND FABRICATION 

Matrix 

The mix-proportions by weight for the matrix were 1:2:2:0.5 or 1:22:0.55 
(cement:coarse aggregate:sand:water). Maximum aggregate size of 9 mm was 
used. The sand was dried natural river sand of a maximum grain size of 3mm. 
Type I portland cement was used in all batches. 

The w/c (water:cement) ratio of 0.5 was used for concrete reinforced with 
steel, polypropylene fiber, or wiremesh. For cellulose fiber reinforced concrete, 
the w/c was 0.55 in order to obtain a comparable workability without using any 
admixture. 

Steel and Polyyropvlene Fibers 

The fiber content of steel and polypropylene fibers varied from 0.25% to 
0.5% by volume of concrete. Hooked-end steel fibers with 30 mm (1.2") long 
and diameter of 0.5 mm (0.02") were tested. The aspect ratio of steel fibers was 
60. The polypropylene fibers used were collated, fibrillated fibers which were 19 
mm (3/4") lon . The density of steel fiber was approximately 7800 kg/m3, and it 
was 908 kg/m B for polypropylene fibers. 

Cellulose Fibers 

The cellulose fiber content was 0.5% by volume or about 1 % by weight of 
cement. Three different cellulose fibers were tested: type 1, type 2, and type 3 
respectively. The fibers contained varying amounts of hardwood, softwood 
springwood, and softwood summerwood fibers. Depending on the species, 
softwood pulps have varying amounts of springwood and summerwood fibers. 
Springwood enriched pulps offer high unrefined strength and low porosity. 
Summerwood enriched pulps offer bulk and high tear strength. All of the 
cellulose fibers were provided by the Procter & Gamble Cellulose Company. The 
fibers were supplied in a dry fluffed form. 

Conventional Mesh Reinforcement Wiremesh) 

Welded wiremesh fabric is often used to control cracking due to the 
shrinkage and temperature induced strain. The dimension of the commonly used 
wiremesh are: 150 mm x 150 mm (6"x6") with its diameter of 4.76 mm (3/16'). 
Welded wiremesh with the same dimensions were used in this study. in addition, 
75 mm x 150 mm (3"x6") wiremesh was also used to examine whether a decrease 
in spacing would have any beneficial effect. It should be noted that since the 
thickness of the specimen used in this study was considerably less than the slabs, 
walls, and pavements used in the field, the results overestimate the efficiency of the 
welded wiremesh fabric. 
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Mixing Procedure 

Every concrete batch was mixed in a regular vertical mixer. First, coarse 
aggregate and sand were mixed with half of the total amount of water for one 
minute. Then cement was added to the mixture and mixed for another minute. 
Finally, the rest of the water with or without fibers was added and mixed for 
another four minutes. All specimens were also subjected to vibration for two 
minutes. 

MEASUREMENT 

Specimens were subjected to a drying environment after 4 hours of moist 
curing. This relatively short curing time was selected to increase the potential of 
shrinkage cracking. Cracking in restrained specimens was investigated between 
four hours and forty-two days. To measure crack width, a special microscope set- 
up was designed (Fig. 2). The microscope was fixed to an adjustable and scaled 
locator which is connected to the round steel plate installed on the top of the 
specimen. The ball-bearing on the top of the plate enabled the microscope to 
move around the specimen, whereas the locator, which is connected to a horizontal 
bar, permitted up-and-down movement so that the whole circumferential surface of 
the specimen could be observed with the microscope. The crack width reported 
here is an average of three measurements: one at the center of the ring and the 
other two at the centers of the top and bottom half of the ring (Fig. 2). The 
surface of the specimens was examined for new crack and the measurements of 
the widths of already existing cracks every 24 hours during the first few days after 
cracking, and then every 48 hours. 

Free shrinkage measurements were performed with a dial-gage 
extensometer. Values of the free shrinkage were recorded every 24 hours. At the 
same time using the same specimens, weight loss measurements were also 
conduc ted. 

Specimens both for restrained shrinkage ring and free shrinkage prism 
were cured for four hours at 2OoC (68OF), 100% RH, then after demolding 
exposed to drying in the humidity room at 2OOC (68OF), 40% RH for 42 days. 

In addition, the 3"x6" cylindrical specimens were tested for compressive 
strength. The specimens were cured in water for 7 days then subjected to a drying 
environment at 2WC, 40% RH. 

RESULTS AND DISCUSSION 

In order to see the effectiveness of reinforcement, all results of reinforced 
specimens are compared with the control specimen (plain concrete) of the same 
w/c ratio. The following results will be discussed: restrained shrinkage cracking, 
free shrinkage, and compressive strength. 

&trained Shrinkaee Crac king 
The development of restrained shrinkage cracking for different specimens 

is shown in Figs. 3-13. The effectiveness of different types and amount of fibers 
and wiremesh in controlling shrinkage cracking can also be seen in Table 1. 
Addition of all type of fibers shows significant reduction in crack width. The 
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higher the amount of fiber (steel/polypropylene) added, the lower in maximum and 
average crack width. 

For comparison, the weiqht of reinforcement for specimen reinforced with 
wiremesh 1 (6"x6") and 0.25% steel fiber were almost identical (275 grams and 
245 grams respectively). These two sets of specimens showed a similarity in 
maximum crack width (about 7mo reduction). However, if only one mesh is used 
in the field, then its effectiveness will be considerably less in the field than that 
observed in this study, 

In the case of wiremesh 2, one additional vertical reinforcement (3"x6") 
did not reduce either the maximum or the average crack width as compared to that 
of wiremesh 1. 

The results of 0.5% cellulose fiber reinforced concretes were also very 
satisfactory. Type 1 cellulose fiber gave results comparable to 0.25% steel fiber, 
wiremesh, and 0.5% polypropylene fiber (approximately 70% reduction in 
maximum and average crack width). Types 2 and 3 cellulose fibers were also very 
effective. The maximum crack width was reduced by 55%, and the average crack 
width was reduced by 60%. 

When subjected to drying, the concrete ring will shrink and tensile stress 
will develop if its shrinkage is restrained (in this case by the steel ring). If the 
cumulative value of this tensile stress reaches the tensile strength of the concrete, 
crack will occur. After cracking, the uncracked portion of the concrete will 
continue to shrink and the crack will widen. in the case of reinforced concrete, the 
widening of a crack is prevented due to the fiber bridging at the crack surface, 
The tensile stress will transfer through the uncracked matrix by shear deformation 
at the fiber-matrix interface. If these development stresses exceed the tensile 
strength, then another crack may form. Conventionally reinforced concrete 
(wiremesh) also acts in a very similar way. The ability of the reinforcement to 
control shrinkage cracking may depend on the distribution as well as on its 
propemes such as strength, length, aspect ratio, density, and fiber-matrix bond. 

Furthermore, the value of the crack widths on the outer surface, exposed to 
drying, and on the inner surface sealed off by the steel ring, were found to be very 
close. This proves the assumption of uniform stresses in the cross-section of the 
concrete ring. 

Free Shrinkape 

Results of free shrinkage of steel and cellulose fiber reinforced concretes 
can be seen in Figs. 14-15. The addition of steel or cellulose fibers does not 
substantially alter the drying free shrinkage. For steel fiber reinforced concrete, 
this confirmed other test data [1,6,11]. The work by Grzybowski and Shah [1,2] 
also reported that polypropylene fiber reinforcement has no significant effect on 
the free shrinkage behavior of concrete. 

Weight Loss 

Table 2 shows the percentage weight loss of different concrete at 42 days. 
The measurement is on the free shrinkage specimen. The weight loss of specimen 
is due to loss of water as the specimen is dried. Addition of steel fiber has little 
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effect on the water loss of concrete. Since cellulose fiber has the ability to retain 
water, weight loss of this specimen was somewhat lower than that of the plain 
concrete specimen. 

Compressive Streneth 

Table 3 shows the results of 1 day, 7 days, and 28 days compressive 
strength of different specimens. There is no influence on strength caused by an 
addition of 0.25% steel fibers. However, there is a 16% increase in 28 days 
compressive strength for 0.5% steel fiber reinforced concrete. In contrast, there is 
a reduction in strength due to an addition of cellulose fibers. This reduction is 
relatively small (approximately 10% for 7 days and 1-8% for 28 days compressive 
strength). A small reduction in compressive strength for cellulose fiber reinforced 
concrete is also reported by Soroushian and Marikunte [7]. The reason why 
strength decreases is still unclear, but may be related to the increasing amount of 
entrapped air voids due to the fiber addition. 

It should be noted that, many references [8,9,10] also report a strength 
reduction for polypropylene fiber reinforced concrete. The reduction varied 
between 5% and 30%, depending primary on the length and amount of 
polypropylene used. 

Heat of Hvdration 

In order to find out the possible effects of thermal expansion, the 
temperature in the middle of the free shrinkage specimen was recorded using K- 
type thermocouple, digital thermometer and chart recorder. The temperature was 
recorded immediately after casting up to 24 hours while specimens wereokept at 
20°C and 50% relative humidity. Maximum temperature increases of 1 C was 
observed. This result shows that temperature rise due to heat of hydration was not 
a factor in this type of experimental Set-up. 

CONCLUSION 

The ring test seems to be an appropriate test to measure the influence of 
fibers on cracking of concrete due to restrained shrinkage. The addition of fibers 
does not alter the free shrinkage behavior of concrete. Thus, the ability of fibers to 
control cracks depends on how well they prevent crack from widening. Wiremesh 
also acts in the same manner. Small amounts of fiber (steel, polypropylene, and 
cellulose) show the ability to reduce crack width significantly. For comparison 
purposes, concrete reinforced with 0.25% steel fiber, 0.5% polypropylene fiber, 
0.5% cellulose fiber (type i), or wiremesh show equally good performance (about 
70% reduction in maximum crack width). The influence on compressive strength 
of fiber addition is minimal. It should be mentioned that the current study 
overestimates the effectiveness of the wiremesh since the thickness of the 
specimen used was considerably less than that used in the field. 
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TABLE 1 - THE RESULTS OF RESTRAINED SHRINKAGE CRACKING 
AT 42 DAYS 

(w/c=o.55) 
c1-0.5* 9 2 0.32 (0.35)*** 0-284 (0.32) 
C2-0.5 9 2 0.48 (0.53) 0.395 (0.44) 
C3-0.5 8 2 0.53 (0.59) 0.383 (0.42) 

*S0.25 and S O S  refer to concretes reinforced with 0.25 and 0.5% by volume of 
steel fibers. 

*Po.25 and Po.5 refer to concretes reinforced with 0.25 and 0.5% by volume of 
polypropylene fibers. 

*Cl-0.5, C2-0.5, and C3-0.5 refer to concretes reinforced with 0.5% by volume of 
type 1, type 2, and type 3 respectively of cellulose fibers. 

**Wiremesh1 is 6"x6" reinforcement. 
Wiremesh2 is 3"x6' reinforcement. 

***The values in parenthesis show the relative values comparatively to plain 
concrete of the same wlc ratio. 
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TABLE 2 - WEIGHT LOSS OF DIFFERENT CONCRETES AT 42 DAYS 

TABLE 3 - COMPRESSIVE STRENGTH OF DIFFERENT CONCRETES 

(1.00) 

(0.96) (0.92) (0.96) 
C3-0.5 - 2883 4702 

(0.94) (0.98) 

* The values in parenthesis show the relative values comparatively to plain 
concrete of the same w/c ratio. 
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‘WOODEN BASE 

Fig. 1-Dimension of the test specimen 
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Fig. 2-Test set-up to measure crack width with a microscope 
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Fig. M a c k  width measurements of plain concrete (w/c = 0.5) 
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Fig. 4-Crack width measurements of plain concrete (w/c = 0.55) 
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Fig. 5 4 r a c k  width measurements of 0.25 percent steel fiber 
reinforced concrete (w/c = 0.5) 
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Fig. ó-Crack width measurements of 0.5 percent steel fiber 
reinforced concrete (w/c = 0.5) 
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Fig. 7-Crack width measurements of 0.25 percent polypropylene 
fiber reinforced concrete (w/c = 0.5) 
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Fig. P r a c k  width measurements of 0.5 percent polypropylene 
fiber reinforced concrete (w/c = 0.5) 
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Fig. 9-Crack width measurements of wiremesh (6 in. x 6 in.) 
reinforced concrete (w/c = 0.5) 
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Fig. lû-Crack width measurements of wiremesh (3 in. x 6 in.) 
reinforced concrete (w/c = 0.5) 
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Fig. Il-Crack width measurements of 0.5 percent type 1 cellulose 
fiber reinforced concrete (w/c = 0.55) 
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Fig. 12-Crack width measurements of 0.5 percent iype 2 cellulose 
fiber reinforced concrete (w/c = 0.55) , 
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Fig. 13-Crack width measurements of 0.5 percent type 3 cellulose 
fiber reinforced concrete (w/c = 0.55) 
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Fig. 14-Free shrinkage test results of 0.25 percent and 0.5 percent 
steel fiber reinforced concrete and plain (w/c = 0.5) 
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Fig. 15-Free shrinkage of diflerent type of cellulose fiber 
reinforced concretes (w/c = 0.55, fiber content = 0.5 percent 
volume) and plain concrete (w/c = 0.55) 
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The Effect of Low Addition 
Rates of Polypropylene 

Fibers on Plastic Shrinkage 
Cracking and Mechanical 

Properties of Concrete 

by N.S. Berke and M.P. Dallaire 

Svnops is :  The r e s u l t s  of a s tudy  of t h e  e f f e c t s  of low 
a d d i t i o n  rates of polypropylene f i b e r s  on p l a s t i c  
shr inkage  c rack ing  and mechanical p r o p e r t i e s  of c o n c r e t e  
a r e  d i scussed .  Addit ion r a t e s  of  0 . 7 5  l b / c u b i c  yard ,  
1 . 5  l b / c u b i c  yard,  and 3 . 0  l b / c u b i c  yard  ( 0 . 0 5  t o  0 . 2  
volume p e r c e n t )  were used, with f i b e r  l eng ths  t h a t  
v a r i e d  between 0 . 5  inches  and 2 i nches .  R e l a t i v e l y  low 
a d d i t i o n  r a t e s  a r e  shown t o  s i g n i f i c a n t l y  reduce p l a s t i c  
shr inkage  c rack ing .  Freez ing  and thawing d u r a b i l i t y  was 
not  a f f e c t e d  by t h e  a d d i t i o n  of f i b e r s .  Modulus of 
e l a s t i c i t y ,  f l e x u r a l  s t r e n g t h ,  and compressive s t r e n g t h  
were not  changed by t h e  a d d i t i o n  r a t e s  of polypropylene 
f i b e r s  s t u d i e d .  A t  t h e  a d d i t i o n  r a t e s  of polypropylene 
f i b e r s  s t u d i e d ,  ASTM Method C 1 1 1 6  Level II I 5  toughness  
index va lues  w e r e  s a t i s f i e d .  The drop weight hammer 
t e s t  a s  desc r ibed  i n  A C 1  Committee 5 4 4 ' s  r e p o r t ,  "AC1 
5 4 4 . 2 R - 8 9 ,  Measurement of P r o p e r t i e s  of F i b e r  
Reinforced Concrete" was u t i l i z e d  f o r  de te rmining  t h e  
impact r e s i s t a n c e  of f i b e r  r e i n f o r c e d  conc re t e .  Drop 
weight hammer impact r e s u l t s  f o r  f i b e r  r e i n f o r c e d  
conc re t e  a t  t h e  f i b e r  a d d i t i o n  r a t e  of 3 . 0  l b / c u b i c  yard  
demonstrated a s i g n i f i c a n t  improvement. 

Keywords: Compressive strength; cracking (fracturind; fiber reinforced 
concretes; flexural strength; freeze thaw durability; impact strength; 
mechanical properties; modulus of elasticity; polypropvlene fiiers; shrinkage 
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A C 1  member N e a l  S. Berke i s  a Research Manager i n  Grace 
Cons t ruc t ion  Products ,  W.R.  Grace E, Co, Conn. H e  i s  a 
member of ASTM Committee C 0 9 . 4 2  - Fibe r  Reinforced 
Concrete .  H e  has  a PhD i n  M e t a l l u r g i c a l  Engineer ing  
from t h e  Un ive r s i ty  of  I l l i n o i s  a t  Urbana-Champaign. 

Michael P .  D a l l a i r e  r e c e i v e d h i s  B . S .  and M .  S .  i n  C i v i l  
Engineer ing from t h e  Un ive r s i ty  of N e w  Hampshire. H e i s  
c u r r e n t l y  a Senior  Research Engineer i n  t h e  Cement and 
Concrete  Products  Research s e c t i o n  of Grace Cons t ruc t ion  
Product s .  

INTRODUCTION 

A wide range of t e s t s  w e r e  performed t o  i n v e s t i g a t e  t h e  
p r o p e r t i e s  of conc re t e  having polypropylene f i b e r s  a t  
low a d d i t i o n  r a t e s  (up t o  0 . 2  volume p e r c e n t ) .  Low 
a d d i t i o n  r a t e s  of f i b e r s  have been u t i l i z e d  f o r  some 
t i m e  by t h e  i n d u s t r y  t o  reduce p l a s t i c  shr inkage  
c rack ing  of conc re t e .  One purpose of t h e  paper  was t o  
document t h e  e f f e c t i v e n e s s  of f i b e r s  i n  reducing p l a s t i c  
shr inkage  c rack ing  and t o  develop a t e s t  method t o  
i l l u s t r a t e  t h i s .  Add i t iona l ly ,  t h e r e  i s  l i t t l e  
publ i shed  d a t a  showing t h e  e f f e c t  of low a d d i t i o n  r a t e s  
of polypropylene f i b e r s  on mechanical p r o p e r t i e s .  The 
purpose of t h e  mechanical t e s t i n g  w a s  t o  show t h e  
e f f e c t s  and t h e  b e n e f i t s  of low f i b e r  a d d i t i o n  rates on 
s p e c i f i c  mechanical p r o p e r t i e s  of conc re t e .  The r e s u l t s  
of t h i s  d i v e r s e  t e s t i n g  program a r e  p re sen ted .  

EXPERIMENTAL PROGRAM 

Mater i a l s ,  Spec imen -cat i o n  and 2 s ~ ~  Procedures 

The coa r se  aggrega te  u t i l i z e d  f o r  t h e  s tudy  m e t  ASTM 
Method C33 s p e c i f i c a t i o n s .  A rounded g r a v e l  meet ing 
ASTM Method C33 s i z e  67 was used f o r  t h e  ma jo r i ty  of t h e  
t e s t i n g .  A crushed q u a r t z  d i o r i t e  w a s  u t i l i z e d  f o r  t h e  
remainder of t h e  t e s t i n g ,  with t h r e e  s i z e s  3 / 4  inch ,  1 /2  
inch  and 3/8 inch  blended t o  m e e t  s i z e  67 
s p e c i f i c a t i o n s .  An expanded s h a l e  coa r se  aggrega te  was 
used f o r  l i gh twe igh t  coa r se  aggregate-normal weight f i n e  
aggrega te  c o n c r e t e .  A f i n e  aggrega te  meeting ASTM 
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Method C33 s p e c i f i c a t i o n s  and a Type I cement w e r e  
u t i l i z e d  throughout  t h e  program. Specimens w e r e  
f a b r i c a t e d  accord ing  t o  ASTM Method C 1 9 2 .  The 
admixtures  used were a n  a i r  e n t r a i n i n g  agen t ,  a w a t e r  
r educing  agent ,  a h igh  range water  reducing agent ,  and a 
r e t a r d e r .  Material p r o p e r t i e s  are  found i n  Table 1. 

P l a s t i c  Shrinkaqtr 

A series of t es t s  were performed t o  a s c e r t a i n  t h e  
in f luence  of c o l l a t e d ,  f i b r i l l a t e d  polypropylene f i b e r s  
i n  reducing  p l a s t i c  shr inkage  of conc re t e .  Seve ra l  
f i b e r  a d d i t i o n  r a t e s  and f i b e r  l eng ths  were s t u d i e d .  
F i b e r  loading  r a t e s  ranged from 0 . 7 5  pcy t o  3 . 0  pcy .  
F i b e r  l e n g t h  ranged from 1 / 2  inch  t o  2 i nches .  The 
cement f a c t o r  f o r  t h e  s tudy  w a s  517 pcy with a w / c  r a t i o  
of 0 . 4 8 .  Standard doses  of  r e t a r d i n g  admixture and a i r  
e n t r a i n i n g  agent  w a s  u t i l i z e d .  The mix des ign  used f o r  
t h e  s tudy  along with a summary of f i b e r  a d d i t i o n  r a t e s ,  
t ype ,  and l eng th  can be found i n  Table 2 .  Concrete  was 
mixed accord ing  t o  ASTM Method C192, with  t h e  f i b e r s  
be ing  added 1 minute a f t e r  t h e  a d d i t i o n  of t h e  cement. 
Standard ASTM t e s t  methods f o r  slump, u n i t  weight ,  a i r  
con ten t  by t h e  p r e s s u r e  method, and compressive s t r e n g t h  
were measured. P l a s t i c  shr inkage  specimens w e r e  
f a b r i c a t e d  us ing  a plyform mold with a s u r f a c e  a r e a  t o  
volume r a t i o  of 3 : l .  Specimen dimensions were 1 4 . 5  
inches  i n  width x 22  inches  i n  l eng th  x 4 i nches  i n  
dep th .  A metal  i n s e r t  i n  t h e  bottom of t h e  mold w a s  
o i l e d  t o  a l low f o r  debonding of t h e  p l a s t i c  c o n c r e t e .  
End r e s t r a i n t  w a s  provided by r isers a t  each end of t h e  
mold. A c e n t e r  stress r iser  promoted t h e  format ion  of  
c r a c k s .  A schematic  drawing of t h e  mold can be found i n  
F igure  1. 

Specimens w e r e  v i b r a t e d  f o r  a t o t a l  of 15 seconds.  The 
shr inkage  s l a b s  were moved t o  t h e  environmental  room and 
main ta ined  a t  an  average tempera ture  of 95 OF and 4 0  % 
r e l a t i v e  humidi ty .  The specimens were then  p l aced  on a 
fan  t a b l e  t o  inc rease  t h e  s e v e r i t y  of t h e  t e s t .  A 
schematic  drawing of t h e  f an  t a b l e  i s  found i n  F igure  2 .  
A f t e r  p l a c i n g  t h e  specimen on t h e  f an  t a b l e ,  t h e  
specimen w a s  f l o a t e d  with a magnesium f l o a t  f o r  a t o t a l  
of 20  p a s s e s .  The dry ing  f ans  were t u r n e d  on and t h e  
a i r  v e l o c i t y  was measured with a hand he ld  anemometer. 
The average wind v e l o c i t y  over  t h e  specimens w a s  1 7  mph. 
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Afte r  a pe r iod  of 2 4  hours ,  t h e  specimens were removed 
from t h e  environmental  room. The specimens were 
c a r e f u l l y  gr idded  i n t o  2 inch x 2 inch squares  and t h e  
s u r f a c e  was in spec ted  f o r  c r acks .  Any crack found was 
marked by t r a c i n g  a long  t h e  l eng th  of t h e  c rack .  A 
crack compari tor  with a m i n i m u m  crack width of 0.002 
inch  was used t o  measure average crack width a t  1/2 i nch  
i n t e r v a l s .  The l eng th  of c racks  and t h e  average width 
f o r  each g r i d  square was recorded .  These va lues  were 
then  summed up t o  ob ta in  t h e  t o t a l  crack l e n g t h  and 
t o t a l  c rack  a r e a  of t h e  specimen. The crack a r e a s  of 
conc re t e  specimens w i t h  f i b e r  a d d i t i o n s  were compared t o  
crack a r e a  of t h e  c o n t r o l  concre te  spec imen(s)  
f a b r i c a t e d  t h e  same day. The r educ t ion  of crack a r e a  of 
t h e  f i b e r  a d d i t i o n  conc re t e s  was expressed a s :  

Crack Area of F i b e r  C o n c r e t e  
PERCENT OF CONTROL = x 1 0 0 %  
CRACK AREA Crack Area of C o n t r o l  C o n c r e t e  

Freez inq  and Thawina D u r a b i l i t v  

he performance of polypropylene f i b e r  r e i n f o r c e d  
conc re t e  i n  f r e e z i n g  and thawing d u r a b i l i t y  t e s t s  was 
i n v e s t i g a t e d .  Normal weight concre te  was t e s t e d  with 
1 . 5  pcy of f i b r i l l a t e d  f i b e r .  Two f i b e r  l e n g t h s  of 1 / 2  
inch  and 3 / 4  inch  were i n v e s t i g a t e d .  The cement f a c t o r  
f o r  t h e  s tudy  was 517  pcy, with a w/c r a t i o  of 0 . 5 5 .  
Concrete m i x  des ign  d a t a  can be found i n  Table 3 .  
Tes t ing  f o r  slump, u n i t  weight,  a i r  con ten t  by t h e  
p re s su re  method, and compressive s t r e n g t h  were measured 
Specimens were cured and removed from cur ing  accord ing  
t o  ASTM Method C666. 

The f r e e z i n g  and thawing specimens were r u n  accord ing  t o  
ASTM Method C666, Procedure A .  I n i t i a l  dynamic modulus 
readings  and beam weights were recorded a f t e r  cu r ing  1 4  
days i n  l imewater .  Dynamic modulus readings  were then  
taken  accord ing  t o  ASTM Method s p e c i f i c a t i o n s  throughout  
t h e  du ra t ion  of t h e  t e s t .  For each reading ,  Re la t ive  
Dynamic Modulus (RDME) was c a l c u l a t e d  and t h e  specimen 
weight recorded .  Sca l ing  of t h e  specimens was a l s o  
eva lua ted  q u a l i t a t i v e l y  and mass loss  of t h e  specimens 
was c a l c u l a t e d .  
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o n c r e t e  having a d d i t i o n  r a t e s  of 0.75 pcy and 1 .5  pcy o f  
f i b r i l l a t e d  f i b e r  were t e s t e d .  F ibe r  l e n g t h s  of 1 / 2  
i nch  and 3/4 inch  were i n v e s t i g a t e d  f o r  normal weight 
conc re t e  and l i gh twe igh t  coa r se  aggregate-normal weight 
f i n e  aggrega te  conc re t e .  The cement f a c t o r  f o r  bo th  
normal weight conc re t e  and coa r se  aggrega te  l i gh twe igh t  
conc re t e  w a s  517 pcy. W/c r a t i o  f o r  t h e  normal weight 
conc re t e  w a s  0 . 6 2  and 0 . 5 1  f o r  l i gh twe igh t  coa r se  
aggregate-normal weight f i n e  aggrega te  conc re t e .  
Specimen dimensions were 3 inches  i n  width x 4 i nches  
i n  depth  x 1 6  inches  i n  l e n g t h .  Slump, u n i t  weight,  a i r  
con ten t  by t h e  p r e s s u r e  method, and compressive s t r e n g t h  
were a l s o  performed f o r  normal weight conc re t e .  A i r  
con ten t  f o r  sand- l i gh twe igh t  conc re t e  was determined by 
t h e  volumetr ic  method a s  s p e c i f i e d  by ASTM Method C173. 
Concrete  mix d a t a  can be found i n  Table 4 .  

The f l e x u r a l  s t r e n g t h  of t h e  conc re t e  was determined by 
ASTM Method C78, F lexura l  S t r eng th  of Concrete by t h e  
Thi rd  Po in t  Method. The apparent  d u c t i l i t y  of t h e  
specimen ( i e  d i d  t h e  specimen remain i n  one p i e c e  a f t e r  
u l t i m a t e  load )  a t  f a i l u r e  was noted .  

Concretes  made wi th  a d d i t i o n  r a t e s  of 0.75 pcy, 1 . 5  pcy, 
and 3 . 0  pcy of 3/4 inch  f i b r i l l a t e d  f i b e r  w e r e  t e s t e d .  
The cement f a c t o r  was 500 pcy, i d e n t i c a l  t o  t h e  c o n c r e t e  
u t i l i z e d  f o r  p l a s t i c  shr inkage  c rack ing .  Slump, u n i t  
weight,  and a i r  con ten t  by t h e  p r e s s u r e  method w e r e  
measured and compressive s t r e n g t h  c y l i n d e r s  were a l s o  
made and t e s t e d .  Concrete mix des ign  d a t a  can be found 
i n  Table 5 .  

The Modulus of E l a s t i c i t y  of t h e  conc re t e  w a s  determined , accord ing  t o  ASTM Method C 4 6 9 ,  S t a t i c  Modulus of 
E l a s t i c i t y  and Po i s son ' s  Ra t io  of Concrete  i n  
Compression. Def l ec t ion  of t h e  specimens du r ing  
compression w a s  recorded us ing  a compari tor  equipped 
wi th  an  LVDT. The output  from t h e  LVDT w a s  d i r e c t l y  
t i e d  t o  an  X-Y p l o t t e r .  Load was a l s o  recorded on t h e  
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The a d d i t i o n  r a t e s  s t u d i e d  f o r  t h e  d e t e r m i n a t i o n  of 
toughness  by ASTM Method C1018 w e r e  a c o n t r o l  mix, and 
mixes w i t h  0.75 pcy, 1 .5  pcy, and 3 . 0  pcy a d d i t i o n  rates 
of  polypropylene f i b e r s .  F i b e r  l e n g t h s  i n v e s t i g a t e d  
were 1 / 2  i nch  and 3 / 4  i nch  l e n g t h .  The cement f a c t o r  
was 517, with a w / c  r a t i o  of 0 . 6 2  . Mix des ign  d a t a  can 
be found i n  Table 6 .  Specimen dimensions w e r e  3 i n c h e s  
i n  width x 4 i nches  i n  depth  x 1 6  i n c h e s  i n  l e n g t h .  
Slump, u n i t  weight,  a i r  c o n t e n t  by t h e  p r e s s u r e  method 
were measured, and compressive s t r e n g t h  c y l i n d e r s  were 
a l s o  made and t e s t e d .  

The toughness  of  t h e  c o n c r e t e  was determined accord ing  
t o  ASTM Method C1018. An MTS p o s i t i o n  c o n t r o l  h y d r a u l i c  
t e s t i n g  machine w a s  used t o  provide  t h e  0.003 in/min 
d e f l e c t i o n  r a t e .  The system was a c l o s e d  loop  system 
wi th  d e f l e c t i o n  rate c o n t r o l  feedback provided by an 
LVDT. The LVDT w a s  p o s i t i o n e d  a t  t h e  mid-span and mid- 
wi th  of t h e  of  t h e  specimen t o  c a l c u l a t e  nonminal mid- 
span d e f l e c t i o n s .  An X-Y p l o t t e r  p l o t t e d  t h e  toughness  
cu rve .  A t y p i c a l  l o a d  d e f l e c t i o n  curve i s  p r e s e n t e d  i n  
F i g u r e  3 .  The a r e a  under t h e  curve was determined by 
t h e  u s e  o f  a p l a n i m e t e r .  

Drop Weight Hammer Impact 

The drop weight hammer t e s t  a s  d e s c r i b e d  i n  AC1 
Committee 544 ' s  r e p o r t ,  "AC1 544.2R-89, Measurement of 
P r o p e r t i e s  of F i b e r  Reinforced Concrete" was u t i l i z e d  
f o r  determining t h e  impact r e s i s t a n c e  of  f i b e r  
r e i n f o r c e d  c o n c r e t e .  An i l l u s t r a t i o n  of t h e  t e s t  
appara tus  can be  found i n  F igu re  4 .  The t e s t  a p p a r a t u s  
w a s  anchored t o  a c o n c r e t e  base with a mass of 100 lbs  
t o  e l i m i n a t e  rebounding of t h e  t e s t  a p p a r a t u s .  Cement 
f a c t o r s  i n  t h e  c o n c r e t e  t e s t e d  were 400  pcy and 511 pcy.  
Mix des ign  d a t a  can be  found i n  Table 7 .  Specimens w e r e  
f a b r i c a t e d  a s  a 6 i n c h  diameter  x 1 2  i n c h  c y l i n d e r  i n  
accordance t o  ASTM Method C 1 9 2 .  The c y l i n d e r s  were t h e n  
c u t  i n t o  t h e  a p p r o p r i a t e  t h i c k n e s s ,  2 1 / 2  i nches  t h i c k ,  
f o r  t h e  t e s t  method. 

Foam shims were p l a c e d  between t h e  f o u r  s u p p o r t s  and t h e  
specimens.  The number of  blows t o  t h e  f i r s t  v i s i b l e  
crack w a s  r eco rded .  The shims w e r e  t h e n  removed and t h e  

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94


A C 1  SP-142  94 m Ob62949 0533345 07T m 

Fiber Reinforced Concrete 25 

number of blows r equ i r ed  f o r  t h e  specimen t o  come i n  
c o n t a c t  wi th  t h r e e  of t h e  f o u r  suppor t s  w a s  recorded .  

g r e s s i v e  S t r e n g t h  

Compressive s t r e n g t h  d a t a  w a s  genera ted  a s  p a r t  of t h e  
t e s t i n g  f o r  f l e x u r a l  s t r e n g t h ,  f r e e z i n g  and thawing, 
toughness ,  and Modulus of E l a s t i c i t y .  S ince  a wide 
range of d a t a  was genera ted  from va r ious  p o r t i o n s  of t h e  
r e sea rch ,  compressive s t r e n g t h  d a t a  from t h e  p l a s t i c  
shr inkage  s tudy  i s  ana lyzed .  The p l a s t i c  shr inkage  
s tudy  encompassed a broad c r o s s  s e c t i o n  of f i b e r  l e n g t h s  
and a d d i t i o n  ra tes .  Mix des ign  d a t a  i s  shown i n  Table 
8 .  The specimen s i z e  chosen f o r  t h e  s tudy  was 4 inch  
d iameter  x 8 inch  c y l i n d e r s .  Specimens w e r e  t e s t e d  
accord ing  t o  ASTM Method C39 s p e c i f i c a t i o n s .  

Specimens w e r e  t e s t e d  accord ing  t o  ASTM Method C39, 
Compressive S t r eng th  of C y l i n d r i c a l  Concrete  Specimens. 
Specimens were cured i n  a fog room, su lphur  capped t h e  
day of t e s t i n g  and kept  moist  u n t i l  t e s t e d .  

RESULTS AND DISCUSSION 

P l a s t i c  Shr inkaqe  

R e s u l t s  of p l a s t i c  shr inkage  c racking  are p resen ted  i n  
F igure  5 .  A l l  f i b e r  a d d i t i o n  r a t e s  and f i b e r  l e n g t h s  
t e s t e d  r e s u l t e d  i n  s i g n i f i c a n t  r educ t ions  i n  p l a s t i c  
shr inkage  c rack ing .  S i m i l a r  r educ t ion  i n  p l a s t i c  
sh r inkage  c racking  was noted by Vondron. (1) A t  a f i b e r  
a d d i t i o n  r a t e  of 1 . 5  pcy, t h e  Percent  of Cont ro l  C r a c k  
Area of t h e  combined average of t h e  t h r e e  f i b e r  l e n g t h s  
was reduced t o  under 40 p e r c e n t .  An i n c r e a s e  of t h e  
f i b e r  a d d i t i o n  r a t e  t o  3 .0  pcy reduced t h e  combined 
average of t h e  Percent  of Cont ro l  C r a c k  Area t o  under 2 0  
p e r c e n t .  The increase i n  l eng th  from 1 / 2  i nch  t o  3 / 4  
i nch  shows a marked dec rease  i n  crack a r e a  a t  low 
a d d i t i o n  r a t e s  due t o  t h e  i n c r e a s e  i n  e f f i c i e n c y  of t h e  
f i b r i l l a t i o n .  There i s  l i t t l e  d i f f e r e n c e  between t h e  
performance of t h e  3 / 4  inch  l eng th  f i b e r  and t h e  2 i nch  
l eng th  f i b e r .  
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Freezing ansi Thawinq 

R e s u l t s  of t e s t i n g  are found i n  Table  9 .  RDME v a l u e s  
are close t o  o r  exceed 1 0 0 % .  RDME v a l u e s  i n d i c a t e  t h a t  
t h e  a d d i t i o n  of f ibers a t  t h e  ra tes  u t i l i z e d  i n  t h i s  
s t u d y  does n o t  a f fec t  t h e  f r e e z i n g  and thawing 
d u r a b i l i t y  of p r o p e r l y  a i r  e n t r a i n e d  c o n c r e t e .  The 
weight loss of t h e  specimens w a s  minimal.  These r e s u l t s  
agree wi th  work p resen ted  by Vondron . ( l )  

R e s u l t s  of f l e x u r a l  s t r e n g t h  t e s t i n g  a r e  found i n  Table 
10 .  A t  95% conf idence ,  t h e  c o n t r o l  conc re t e  and t h e  
f i b e r  r e i n f o r c e d  conc re t e  a t  t h e  l o w  f i be r  volume 
p e r c e n t s  s t u d i e d  had t h e  same f l e x u r a l  s t r e n g t h s .  
R e s u l t s  a r e  s i m i l a r  t o  those r e p o r t e d  by Romauldi . (2)  

Modulus ef E l a s t i c i t y  

R e s u l t s  of Modulus of E l a s t i c i t y  t e s t i n g  are found i n  
Table  11. R e s u l t s  a t  t h e  va r ious  ages and mix d e s i g n s  
i n d i c a t e  t h a t  t h e r e  w a s  l i t t l e  d i f f e r e n c e  i n  t h e  Modulus 
of E l a s t i c i t y  of t h e  c o n t r o l  conc re t e  and t h e  f iber  
r e i n f o r c e d  c o n c r e t e .  

Touahness 

R e s u l t s  of Toughness t e s t i n g  a re  found i n  Table  1 2 .  All 
mixes inc lud ing  t h e  c o n t r o l  mix achieved  toughness  
v a l u e s  grea te r  t h a n  4 . 0 .  A l l  conc re t e  mixes meet ASTM 
Method C 1 1 1 6  s p e c i f i c a t i o n s  f o r  Level I I  performance a t  
I5  toughness  l e v e l s .  T h e  average  toughness  v a l u e s  w e r e  
s l i g h t l y  l a r g e r  f o r  specimens con ta in ing  fibers, b u t  t h e  
95% conf idence  i n t e r v a l s  i n d i c a t e d  t h a t  t h e  r e s u l t s  were 
n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

R e s u l t s  of Drop Hammer Impact t e s t i n g  a re  found i n  Table  
13. The tes t  r e s u l t s  i n d i c a t e  t h a t  good r e p e a t a b i l i t y  
i s  ach ievab le  u t i l i z i n g  t h i s  t e s t  method based on pooled 
s t a n d a r d  d e v i a t i o n s  and 95% conf idence  i n t e r v a l s .  
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R e s u l t s  from bo th  mix  des igns  i n d i c a t e  t h a t  t h e r e  i s  a 
d e f i n i t e  improvement a t  t h e  f i b e r  loading  ra te  of  t h r e e  
pounds p e r  cub ic  ya rd .  The d a t a  i n d i c a t e  t h a t  t h e  f i b e r  
l oad ing  ra te  of 1 . 5  pounds pe r  cubic  yard  does no t  
provide  an  i n c r e a s e  i n  impact r e s i s t a n c e .  

R e s u l t s  of Compressive s t r e n g t h  t e s t i n g  a r e  found i n  
Table 1 4 .  Ove ra l l ,  pooled s t anda rd  d e v i a t i o n  of t h e  
d a t a  set  was 1 4 3  p s i .  Average C o e f f i c i e n t  of V a r i a t i o n  
was 2 . 4 % .  Compressive s t r e n g t h  a t  28 days averaged 
5,290 p s i .  Average a i r  conten t  of t h e  conc re t e  w a s  
5 . 3 % .  Table 1 4  g ives  t h e  95% confidence i n t e r v a l s  f o r  
t h e  compressive s t r e n g t h s .  S ince  t h e s e  t e s t s  were 
performed over a long pe r iod  of t i m e ,  a comparison of 
mixes performed on t h e  same day i s  a good i n d i c a t o r  of 
how f i b e r s  a f f e c t  t h e  compressive s t r e n g t h  of  c o n c r e t e .  
The confidence i n t e r v a l  va lues  have been normalized by 
d i v i d i n g  t h e  average compressive s t r e n g t h  of t h e  c o n t r o l  
mix f o r  a given mix day i n t o  t h e  95% upper conf idence  
i n t e r v a l s ,  95% lower confidence i n t e r v a l s ,  and averages  
of t h e  f i b e r  mixes t e s t e d  t h e  same day.  

T o  summarize t h e  r e s u l t s  of t h e  compressive s t r e n g t h  
t e s t i n g ,  a graph which averages  t h e  normalized 
conf idence  i n t e r v a l s  i s  p resen ted  i n  F igure  6 .  The 
average  normalized va lues  f o r  each f i b e r  l e n g t h  and 
a d d i t i o n  r a t e  i s  p l o t t e d  a g a i n s t  t h e  average of t h e  
c o n t r o l  m i x e s  f o r  each f i b e r  l eng th  and a d d i t i o n  ra te .  
The r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  no s i g n i f i c a n t  
d i f f e r e n c e  between t h e  c o n t r o l  mixes and t h e  Eiber  
a d d i t i o n  mixes.  A C 1  544.1R r e p o r t s  s i m i l a r  f i n d i n g s .  
( 3 )  

CONCLUSIONS 

P l a s t i c  shr inkage  c racking  i s  s i g n i f i c a n t l y  reduced wi th  
t h e  a d d i t i o n  of low volume percentages  of f i b e r .  

Mechanical p r o p e r t i e s  of compressive s t r e n g t h ,  f l e x u r a l  
s t r e n g t h ,  and Modulus of E l a s t i c i t y  a r e  not  a f f e c t e d  by 
t h e  low volume a d d i t i o n  r a t e  of f i b e r s  i n  t h i s  s tudy .  
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Freez ing  and thawing d u r a b i l i t y  o f  c o n c r e t e  i s  n o t  
affected by t h e  l o w  volume a d d i t i o n  r a t e  of f i b e r s  i n  
t h i s  s t u d y .  T h i s  confirms work by Vondron. 

ASTM Method C1116 Level  I I  Toughness f o r  I 5  i s  m e t  by 
t h e  l o w  volume pe rcen t  f i b e r  a d d i t i o n  r a t e s  i n  t h i s  
s tudy ,  b u t  it i s  n o t  c lear  t h a t  f i b e r  conc re t e  i s  
d i f f e r e n t  from t h e  r e f e r e n c e .  

Impact r e s i s t a n c e  a s  measured by t h e  drop  weight  hammer 
t e s t  method of A C 1  Committee 5 4 4 ' s  r e p o r t  "AC1 544.2R- 
89, Measurement of  P r o p e r t i e s  of F i b e r  Reinforced  
Concrete"  i s  s i g n i f i c a n t l y  improved a t  0 . 2 %  volume 
pe rcen t  ( 3  lbs/yd3)  f i b e r  a d d i t i o n  r a t e .  
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TABLE 1 - FIBER REINFORCED CONCRETE STUDY 
MATERIAL PROPERTIES 

Mater ia l  
Lab Fine Aggregate 

Speci f ic  Percent 
Grav i ty  Absorption 

2 . 6 2  0.9 

Lab Gravel 2 . 6 3  0.9 

Lab Trap Rock 2.95 0.5 

Lightweight CA 

Air Entraining Agent 

1 . 2 5  14% for 24 hours 
of soaking 

1 .05  --- 
Retarder (ASTM C494 Type D) 1 . 2 1  --- 
Water Reducer (ASTM C494 Type A) 1 . 2 2  --- 

T B L E  2 - PLASTIC SHRINKAGE CRACKING MIX DESIGN DATA 

Cement Factor 500 pcy 

Fine Aggregate 1370 pcy 
Unit Weight 143 pcy 
WIC Ratio 0.48 

Coarse Aggregate 1750 pcy Gravel 

Air Content 6 - 8 %  

0.75 ozkwt  AEA 
4 ozlcwt Retarder 

Fiber Length and Addition Rate Data 
Fiber Length Fiber Addition 

( Inches) ( PCY) 
0.5 0.75 
0.5 1 . 5  
0.5 3 

0 .75 0.75 
0.75 1.5 
0.75 3 

2 0.75 
2 1.5 
2 3 

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94


A C 1  SP-142  94 9 0bb2949 0511350 437 

30 Berke and Dallaire 

TABLE 3 - FREEZE THAW MIX DESIGN DATA 

Normal Welght Concrete 
Cement Factor 517 pcy 

Coarse Aggregate 1800 pcy 
Fine Aggregate 1180 pcy 

Unit Weight 140 pcf 
WIC Ratio 0.55 

Air Content 5.5-7% 

Fiber Length 
( inches) 

0.5 
0.75 

Fiber Additlon 

1.5 
1.5 

( PCV) 

Lightweight Concrete 
Cement Factor 517 pcy 

Fine Aggregate 1400 pcy 
Unit Welght 116 pcf 
WIC Ratio 0.55 

Coarse Aggregate 750 pcy Expanded Shale Lightweight 

Air Content 5.1 - 6.6% 

Fiber Length 
( Inches) 

0.5 
0.75 
0.5 
0.75 

Fiber Addition 

0.75 
0.75 
1.5 
1.5 

( PCY) 

TABLE 4 - FLEXURAL STRENGTH MIX DESIGN DATA 
Normal Weight Concrete 

Cement Factor 517 pcy 
Coarse Aggregate 1700 pcy Trap Rock 

Fine Aggregate 1180 pcy 
Unit Weight 140 pcf 
WIC Ratio 0.62 

Air Content 2-3% 

Fiber Length Fiber Addition 

0.5 0.75 
0.75 0.75 
0.5 1.5 

0.75 1.5 
0.75 3 

( inches) ( PCY) ' 

Lightweight Concrete 
Cement Factor 517 pcy 

Fine Aggregate 1400 pcy 
Coarse Aggregate 750 pcy Expanded Shale Lightweight 

Deslgn Wlc 0.55 
Actual W/c 0.51 
Air Content 6-7% 
Unit Weight 113 pcf 

Fiber Length Fiber Addition 
( inches) ( PCV) 

0.5 0.75 
0.5 1.5 

0.75 1.5 
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TABLE 5 - MODULUS OF ELASTICITY MIX DESIGN DATA 

Cement Factor 
Coarse Aggregate 

Fine Aggregate 
Unit Weight 
WIC Ratio 

Air Content 
4  ozlcwt Retarder 
0.75 ozlcwt AEA 

Fiber Length 
( Inches) 

0.75 
0.75 
0.5 

500 pcy 650 pcy 
175Opcy Gravel 1750 pcy Trap Rock 
1370 pcy 1370 pcy 
143 pcf 150 pcf 

0 . 4 8  0 .48  
3.6% 3-6% 

Fiber Addition 

0.75 
1.5 
3 

( PCW 

TABLE 6 - TOUGHNESS MIX DESIGN DATA 

Normal Weight Concrete 
Cement Factor 517 pcy 

Coarse Aggregate 1700 pcy 
Fine Aggregate 1580 pcy 

Unit Weight 151 pcf 
WIC Ratio 0.62 

Air Content 2-3% 

Fiber Length Fiber Addition 

0.5 0.75 
0.75 0.75 
0.5 1.5 

0.75 1.5 
0.75 3 

( Inches) ( PCY) 

Trap Rock 

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94


A C 1  S P - 1 4 2  94 Obb2949 0511352 20T 

32 Berke and Dallaire 

TABLE 7 - DROP WEIGHT HAMMER IMPACT MIX DESIGN DATA 

Normal Weight Concrete 
Cement Factors 400 - 517 pcy 

Coarse Aggregate 1750 Gravel 
Coarse Aggregate 1700 Trap Rock 

Fine Aggregate 1650-1 380 pcy 
Unit Weight 141-150 pcf 
WIC Ratio 0.56- 0.78 

Air Content 2 4 %  

Fiber Length 
( inches) 

0.75 
0.75 
0.75 
0.75 
0.75 

2 
2 

Fiber Addition 
( PCY) 
0.75 
1.5 

2.25 
3 

4.5 
0.75 
f .5 

TABLE 8 - COMPRESSIVE STRENGTH MIX DESIGN DATA 
Normal Weight Concrete 

Cement Factor 500 pcy 
Coarse Aggregate 1750 pcy 
Fine Aggregate 1370 pcy 

Unit Weight 143 pcf 
WIC Ratio 0.48 

Air Content 6-8% 

Fiber Length 
( Inches) 

0.5 
0.5 
0.5 

0.75 
0.75 
0.75 

2 
2 
2 

Fiber Addition 

0.75 
1.5 
3 

0.75 
1.5 
3 

0.75 
1 .5 
3 

( PCY) 

Lightweight Concrete 
Cement Factor 517 pcy 

Coarse Aggregate 750 pcy 
Fine Aggregate 1400 pcy 

Unit Weight 116 pcf 
WIC Ratio 0.55 

Air Content 5.1 - 6.6% 

Flber Length 
( Inches) 

0.5 
0.75 
0.5 

0.75 

Fiber Addition 
( PCY) 
0.75 
0.75 
1.5 
1.5 
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TABLE 9 - FREEZING AND THAWING DURABILTTY DATA 

Normal Welght Concrete 
Fiber 

Air Length 
WIC Content % (IN) 

0.55 6.8 O 
0.55 6.2 0.5 
0.55 6.8 0.75 
0.55 7 0.75 
0.55 6.75 0.75 

___----- -------- --__ -------- _------- 

RDME 95% Confldence Interval- f 5 
Weight Loss 95% Confidence Interval= i 1% 

Lightweight Concrete 
Cement Fiber 
Factor Air Length 
( PCY) WIC Content % (IN) 

5 1 7  0.51 6 O 
5 1 7  0.51 6.6 0.75 
5 1 7  0.51 6.4 0.5 
5 1 7  0.51 5.1 0.75 
5 1 7  0.51 6.1 o. 5 

________ -------- ______-- -------- -------- ____--__ -------- -------- 

mh€ 
Value 

'@ 302 Cycles 

1 O 0  
1 0 3  
105  
104  
1 0 2  

-------- -------- 

RDME 95% Confidence Interval. t 4 

TABLE 10 - FLEXURAL STRENGTH DATA - 
NORMAL WEIGHT CONCRETE 

Normal Weight Concrete 

WIC 

0.62 
0.62 
0.62 
0.62 
0.62 
0.62 

Fiber 
Addition 

( PCY) -------- -------- 
O 

0.75 
0.75 
1.5 
1.5 
3 

7 Day 95% Confidence Interval= I 44 psi 
28 Day 95% Confidence interval. f 100 psi 

Lightweight Concrete 

Fiber 
Addition 

( PCY) _____--- ---_____ 
O 

1.5 
1.5 

0.75 

Flexural 
Strength 

7 Day 
( Psi) - ------- - ------- 
61 5 
5 7 0  
585  
5 4 0  
590  
600  

Flexural 
Strength 

7 Day 
( Psi) -------- -------- 
5 9 0  
5 2 0  
585  
5 8 0  

Flexural 
Strength 
28 DAY 
( Psi) -------- 
-----I 

7 6 0  
6 9 0  
7 1 0  
7 0 5  
7 8 0  
7 5 0  

Flexural 
Strength 
28 DAY 
( Psi) - - - - - - - - - - - - - - - - 
670  
680  
645 
675 

7 Day 95% Confidence Interval- f 106 psi 
28 Day 95% Confidence Interval= f 30 psi 
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TABE 11 - MODULUS OF ELASTICITY DATA FOR FIBER CONCRETE 

Compressive 
Cement Micro- Fiber Fiber Strength 
Factor Silica Length Addition w l c  Slump Air 28 Day 
(PCY) (PCY) (in) (PCY) rat io (in) h n t e n w  (psi) ------- ----- ------- ------ --------- ------- ------- ------- ------- ----- ------- --_-__ ____----- ------- ------- ------- 

5 0 0  O 0.00 0.00 0.47 5.75 6.1 4900 
5 0 0  O 0.75 0.75 0.47 5.75 5.4 5455 
5 0 0  O 0.75 1.50 0.47 4.75 3.8 5470 
5 0 0  O 0.75 3.00 0.47 4.00 3.2 5533 
6 5 0  6 5  0.00 0.00 0.40 5.50 5.0 9570 
6 5 0  6 5  0.75 3.00 0.40 5.00 5.3 9720 
5 1 7  O 0.00 0.00 0.58 6.25 7.6 4460 
5 1 7  O 0.75 3.00 0.58 3 6.2 4040 

Table 11 Continued 
Modulus of Elasticlty Data 

6 
( x 10 psi) 
(Average) 

Mix # 1 Day 7 Day i 4  DAy 28 Day O Months 

1 2.09 2.52 3.50 
2 2.22 3.12 3.60 
3 2.11 2.95 4.01 
4 1.97 2.89 4.1 9 
5 3.97 4.90 5.57 
6 3.40 4.95 5.55 
7 1.96 3.55 4.45 
8 1.97 3.65 4.05 

------- -------- -------- ------- ---------. -------- ------- -------- -------- __------ 

TABLE 12 - ASTM METHOD C 1018 TOUGHNESS DATA 

Cement Fiber Fiber 1 5  
Factor Length Addition Toughness 
(pcy) (in) (pcy) W/C Values ------ ------- -----__-_ --------_- ------ --------. ------- --------- ---------- 

5 1 7  0.00 0.00 0.62 4.031 
5 1 7  0.50 1.50 0.62 4.407 
5 1 7  0.50 0.75 0.62 4.694 
5 1 7  0.75 0.75 0.62 4.444 
517  0.75 1.50 0.62 4.256 
5 1 7  0.75 3.00 0.62 4.425 

95% Confidence interval= f 0.52 
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TABLE 13 - DROP WEIGHT HAMMER IMPACT DATA 
Average S t a t i s t -  

Drops C i g n i f -  
Number of c a l l y  

Cement Fiber Fiber To Test i c a n t  
Factor Length Addit ion Comple- Dif ference 

400 0.00 0.00 0.78 
400 0.75 0.75 0.78 
400 0.75 1.50 0.78 
400 0.75 3.00 0.78 

95% Confidence Interval= f1.7 

51 7 
517 
51 7 
517 
51 7 
51 7 
51 7 

95% 

0.00 0.00 0.56 
2 0.75 0.56 
2 1.5 0.56 
2 3.00 0.56 

0.75 0.75 0.56 
0.75 1.50 0.56 
0.75 3.00 0.56 
Confidence Interval= '2.8 

t i  o n  
-------' -------- ------- -------- 

3.8 not applicable 
6.8 no 
6.2 no 
7.7 yes 
8.8 yes 
8.4 yes 

4.40 not applicable 
5.20 no 
6.20 no 
9.00 yes 

3.8 not applicable 
3.2 rio 
3.4 no 

13.20 yes 
3.20 no 
3.20 no 

12.60 yes 
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TABLE 14 - FIBER CONCRETE COMPRESSIVE STRENGTH SUMMARY 
Normalized 

Strength 
Compressive Fiber Avg 

' x 100% Compressive Strength _.____ 
Strength 95 % Confidence Intervals Control Avg. 

Fiber Fiber Air StandardUFPW W R  LRER Lmm 
MIX 4dditior Length Contei Avg. DeviatiorWIDEhCE CONIDENCE MKIDENCE CONDENCE 
DAY ~DCVI I in.i % IDS¡\  Ios i i  INTERVAL Avo. INTERVALNTERVAI Avo NERVAL ,. . . 

1 0.00 
1 0.75 
1 0.75 
1 0.75 

2 0.00 
2 0.75 

3 0.00 
3 0.75 
3 0.75 

4 0.00 
4 0.75 

5 0.75 
5 0.00 
5 0.75 

6 0.00 
6 0.75 
6 1.50 

7 0.00 
7 0.75 
7 1.50 

8 0.00 
8 1.50 

9 0.00 
9 0.75 
9 1.50 
9 3.00 

10 0.00 
10 0.75 

11  0.00 
11  1.50 
11  3.00 

12 0.00 
12 3.00 
12 3.00 

13 0.00 
13 1.50 
13 1.50 

14 0.00 
14 1.50 

15 0.00 
15 1.50 
15 3.00 

16 0.00 
16 1.50 

17 0.00 
17 1.50 

18 0.00 
18 1.50 

19 0.00 
19 3.00 

., . 
'0.ÓO 6.40 4435 
0.50 6.40 4260 
0.75 5.60 4687 
0.75 6.20 4811 

0.00 6.00 4825 
0.75 6.60 4662 

0.00 6.10 4746 
0.50 6.40 4600 
0.75 6.60 4374 

0.00 7.10 4342 
0.75 8.00 4226 

0.50 6.90 5381 
0.00 6.60 5663 
0.75 6.60 5443 

0.00 3.40 6005 
2.00 3.50 5993 
2.00 4.00 5573 

0.00 5.90 5159 
0.75 6.00 5232 
0.75 6.20 5468 

0.00 4.30 5972 
2.00 3.50 6480 

0.00 1.80 5392 
2.00 2.10 6215 
2.00 2.20 5956 
2.00 2.20 5686 

0.00 7.60 5211 
2.00 7.10 5741 

0.00 4.30 5210 
2.00 4.80 5739 
2.00 5.00 6210 

0.00 3.60 4973 
2.00 4.30 5385 
2.00 4.60 5182 

0.00 3.70 5440 
0.50 3.80 5517 
0.50 3.90 5014 

0.00 3.40 5517 
0.50 3.90 5446 

0.00 2.60 5820 
0.50 3.00 5647 
0.50 3.00 5483 

0.00 7.90 4095 
0.75 7.40 4105 

0.00 9.80 4258 
0.50 9.00 4144 

0.00 6.50 5022 
0.75 6.00 5262 

0.00 4.90 5202 
0.75 5.40 5368 

.< . 
80 4599 4435 
6 5  4424 4260 

170 4851 4687 
50 4975 4811 

295 4989 4825 
122 4826 4662 

94 4910 4746 
228 4764 4600 
120 4538 4374 

38 4809 4645 
116 4506 4342 

6 6  5545 5381 
73  5847 5683 
40 5607 5443 

141 6169 6005 
46  6157 5993 

105 5737 5573 

120 5323 5159 
208 5433 5232 

98 5632 5468 

3 7  6136 5972 
221 6644 6480 

58 5593 5392 
124 6416 6215 
294 6157 5956 
31 5687 5686 

224 5375 5211 
96 5905 5741 

224 5374 5210 
9 8  5903 5739 
20 6374 6210 

188 5137 4973 
90 5549 5365 

163 5346 5182 

79 5604 5440 
49 5661 5517 
53 5178 5014 

6 0  5681 5517 
115 5610 5446 

60 5984 5820 
43 5811 5647 
53 5663 5483 

242 4259 4095 
233 4269 4105 

161 4422 4258 
29 4308 4144 

65 5166 5022 
121 5426 5262 

130 5366 5202 
145 5568 5368 

4271 
4096 
4523 
4647 

4661 
4498 

4582 
4436 
4210 

4481 
41 78 

521 7 
5519 
5279 

5841 
5829 
5409 

4995 
5031 
5304 

5808 
6316 

5191 
6014 
5755 
5485 

5047 
5577 

5046 
5575 
6046 

4809 
5221 
5018 

5276 
5353 
4850 

5353 
5282 

5656 
5483 
5282 

3931 
3941 

4094 
3980 

4858 
5098 

5038 
5167 

103.5 lOÕ.0 96.2 
99.9 96.1 92.3 

109.5 105.7 101.9 
112.3 108.5 104.7 

103.3 100.0 96.5 
100.1 96.6 93.0 

103.3 100.0 96.4 
100.5 96.9 93.3 
95.9 92.3 88.7 

103.9 100.0 
101.2 97.3 3:; 
103.0 94.7 91.7 
103.0 100.0 97.0 
98.8 95.8 93.8 

102.8 100.0 97.2 
102.6 99.8 97.0 
95.6 92.6 90.0 

103.3 100.0 96.7 
104.7 101.4 98.1 
109.3 106.0 102.7 

102.8 100.0 97.2 
111.3 108.5 105.7 

103.1 100.0 96.9 
118.3 115.2 112.1 
113.5 110.4 107.3 
108.6 105.5 102.4 

103.2 100.0 96.8 
113.4 110.2 107.0 

103.2 100.0 96.8 
116.9 113.7 110.5 
122.4 119.2 116.0 

103.4 100.0 96.6 
111.5 108.3 105.1 
107.6 104.2 100.8 

103.1 100.0 96.9 
104.4 101.4 98.3 
95.3 92.2 89.1 

103.0 100.0 97.0 
101.7 98.7 95.7 

102.9 100.0 97.1 
99.9 97.0 95.1 
97.1 94.2 91.3 

104.1 100.0 95.9 
104.3 100.2 96.1 

104.0 100.0 96.0 
101.3 97.3 94.3 

103.4 100.0 96.6 
108.2 104.8 101.4 

103.2 100.0 96.8 
106.4 103.2 100.0 

Pooled Standard Deviation= 143 psi 
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Fig. 54ummary of crack reduction properties fiber 
lengths and loading 

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94


A C 1  SP-342  94 = O662949 0533362 
42 Berke and Dallaire 

-I 

I 

1' 

159 m 

m 

m 

._ 
<n 

k $  
o s  
O P  
' o m  m h  
.N v) 

E 
- 

O z 

Full document details: ACI SP-142-94

http://www.avadocuments.com/doc/aci-sp-142-94
http://www.avadocuments.com/doc/aci-sp-142-94

