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A study on behavior of cement based matrices reinforced by ran- 
domly distribu ted microfibers is summarized. Effects of volume frac- 
tion, length and type of fiber, and type of cement based matrix were 
experimentally examined using uniaxial tensile specimens and 
three-point bend beams. The matrix fracture properties were mea- 
sured by a RILEM recommended test procedure. A confocal micros- 
copy technique was used to measure fracture surface roughness, a 
parameter that was shown to correlate with fracture properties. By 
incorporating the obtained matrix fracture properties, fiber aspect 
ratio, and fiber-matrix interface bond into a fracture mechanical 
R-curve approach, mechanical responses of cement based matrices 
reinforced by fibers can be predicted. ADVANCED CEMENT BASED 
MATERIALS 1996, 3, 20--30 
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i ~ he inherent tensile strength and strain capacity 
o f  cement based matrices can be significantly 
enhanced by using appropriate  type and 

amount of fibers [1]. Very high performance cement 
based composites were achieved using continuous, 
long fibers in previous studies [2-5]. Other studies have 
shown that similar toughening mechanisms also exist 
when randomly distributed short fibers are used [6-10]. 
The aim of the current research is to experimentally and 
theoretically study toughening of cement based matri- 
ces reinforced by randomly distributed microfibers that 
are only 3-6 mm in length. 

Experimental Approach 
Materials 
Two types of cement based matrices were used. The 
first type of matrix consisted of white portland cement 
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and sand at a ratio of 1:0.5 and is hereafter referred to as 
the OPC matrix. The second type of matrix was formed 
by adding 18% silica fume by weight of cement into the 
OPC matrix and is hereafter referred to as the OPCS 
matrix. Specific gravities for the white portland cement 
(Lehigh white cement), the silica fume (Elkem micro- 
silica), and the sand were 3.15, 2.20, and 2.60, respec- 
tively. The sand was passed through a no. 30 sieve to 
remove larger particles. The water:cementitious (ce- 
ment plus silica fume) ratio was held constant at 0.30 
for all mixes. A superplasticizer (W.R. Grace WRDA-19) 
was added to all mixes in dosages of 100 or 120 cc per 
batch to improve workability. The mortars were con- 
solidated with the aid of a vibration table. Two types of 
microfibers made of carbon and steel were used. Micro- 
fibers are short fibers with high aspect ratios (e.g. >100) 
and high specific surface areas (e.g. >200 cma/g). Con- 
ventional large fibers used in concrete applications are 
30-60 mm long with lower specific surface areas. The 
steel fibers (Novocon International, Inc.) had an average 
length of 3 mm, a square cross section with an average 
width of 0.030 mm, a specific surface of 175 cm2/g, and 
a specific gravity of 7.6. The carbon fibers (Ashland 
Petroleum Co.) were pitch-based fibers with an average 
length of 3 or 6 mm, an average diameter of 0.015 mm, 
a specific surface of 1650 cm2/g, and a specific gravity 
of 1.6. 

Mechanical Tests 
Two types of specimen geometries, uniaxial tensile dog- 
bone specimen and three-point bend beam as shown in 
Figure 1, were used. The tensile specimen had a cross 
section of 16 x 9 mm and was subjected to a uniaxial 
tensile load in a universal test machine (MTS). Axial 
deformation of the specimens was measured using a 12 
mm range LVDT, and the gauge length was 76 mm. 
This deformation was used as a feedback to control 
loading rate. Both ends of the tensile specimen were 
reinforced by aluminum plates (0.5-mm thick). The alu- 
minum plate at each end was extended 2 mm into the 
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FIGURE 1. Two types of specimen used in the study: (a) uni- 
axial tensile strength and (b) three-point bend beam. 

measurement range of the linear voltage differential 
transducer (LVDT) to ensure that the specimen would 
not fail outside the range of the linear voltage differen- 
tial transducer (LVDT). The three-point bend beam had 
a dimension of 210 x 50.8 x 25.4 mm. The span of the 
beam was 203 mm. A notch of 17 mm was cast into the 
beam. Crack mouth opening displacement (CMOD) 
was measured using a clip gauge with a gauge length of 
5 mm. The signal from the clip gauge was used as a 
feedback to control loading. 

The testing program is summarized in Table 1. Effects 
of fiber volume fraction, fiber length, fiber type and 
matrix type on mechanical behavior of the cement 
based composites were experimentally examined. All 
tests were conducted on 28-day-old specimens cured in 

TABLE 1. Experimental program 

Nominal 
Test Matrix Fiber Fiber Fiber 
Series Type Volume Type Length 

B OPCS 0 NA NA 
C OPCS 2% Carbon 3 mm 
D OPCS 4% Carbon 3 mm 
E OPC 4% Carbon 3 mm 
F OPCS 4% Carbon 6 mm 
G OPCS 2% Carbon 6 mm 
H OPCS 4% Steel 3 mm 
I OPC 0 NA NA 

lime water. Results of the tension and bending tests are 
reported in Tables 2 and 3, respectively. 

Microscopy 
Scanning electron microscopy and confocal microscopy 
were used to study the fracture surfaces of the speci- 
mens. SEM micrographs provided qualitative informa- 
tion about fiber-matrix bond and fiber pull-out. Confo- 
cal microscopy was used to quantify fracture surface 
roughness by a technique described in detail elsewhere 
[11]. Roughness of fracture surfaces has been shown to 
correlate with fracture parameters of plain pastes and 
mortars [12]. The technique uses the capability of the 
confocal microscope to optically section the sample and 
construct a three-dimensional topographic map of the 
surface. A 256 x 256 digital image is created in which 
the pixel values represent z-height at the discrete x-y 
coordinates. Figure 2 shows a typical fracture surface 
map. 

Two sets of confocal images were acquired using a 
Zeiss laser scanning confocal microscope. First, a rela- 
tively low magnification set was acquired from typical 
samples of all eight mix designs. Nine images were ac- 
quired from each of the eight samples. The low magni- 
fication set used rectangular pixels to produce a rectan- 
gular image measuring 2.1 x 3.2 mm, large enough to 
encompass the larger features of the fracture surface 
such as exposed sand grains and protruding fibers. The 
purpose of this set of images was to determine a rough- 
ness number (RN) to represent the tortuosity of the 
main crack path. 

FIGURE 2. Map of fracture surface of mortar with 4% steel 
micro fibers. 
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TABLE 2. Experimental and analytical results for tension specimens 

Experimental Results 

Mortar Peak Stress Strain at 
Series Specimen from Test Peak 
No. No.  (MPa) Stress 

Matrix Average Matrix 
Peak Stress Peak Stress Matrix Peak 
from Rule from Rule Stress from 

of Mixtures of Mixtures R-curve 
(MPa) (MPa) (MPa) 

B B-T1 2.42 0.00021 2.42 2.62 2.96 
B-T2 2.81 0.00022 2.81 
C-T1 2.97 0.00022 2.99 

C C-T2 3.13 0.00018 3.16 3.47 3.65 
C-T3 4.22 0.00026 4.25 
D-T1 3.66 0.00055 3.58 

D D-T2 3.50 0.00044 3.46 3.87 4.08 
D-T3 4.54 0.00038 4.57 

E E-T1 2.30 0.00028 2.28 2.83 3.32 
E-T2 3.32 0.00018 3.38 

F F-T1 6.55 0.00031 6.69 6.23 4.97 
F-T2 5.65 0.00031 5.76 
G-T1 4.54 0.00033 4.57 

G G-T2 3.52 0.00026 3.54 3.98 3.81 
G-T3 3.83 0.00031 3.84 
H-T1 7.33 0.00036 6.89 

H H-T2 4.26 0.00025 3.92 5.07 4.62 
H-T3 4.86 0.00031 4.42 
I-T1 2.24 0.00021 2.24 

I I-T2 2.53 0.00027 2.53 2.46 2.83 
I-T3 2.61 0.00029 2.61 

A second set of confocal images was acquired to in- 
vestigate the roughness  of the matrix in specimens with 
fiber reinforcement.  Thirty images each were  acquired 
from a typical plain OPCS sample (Series B), a sample 
with 4% carbon fibers (Series D), and a sample with 4% 
steel fibers (Series H). A relatively high magnification 
(12.5x higher  than the low magnification) was used to 
capture images of the matrix be tween the fibers. In this 
set, square pixels were  used to p roduce  a square image 
measur ing 0.2 x 0.2 mm, small enough to view matrix 
be tween fibers wi thout  including the fibers themselves 
in the images. The locations of all images were deter- 
mined in a r a ndom manner ,  but  in the case of some 
high magnification images, the sample may  have been 
selectively move d  to remove  fibers f rom the field of 
view. 

A computer  p rogram was wri t ten to filter and ana- 
lyze the roughness  of the digital image. Both sets of 
confocal images were  smoothed  with a 3 x 3 median  
filter to reduce noise before computa t ion  of RN. The 
pixel values in the image were  used to tr iangulate the 
surface, and RN computed  as follows: 

Roughness N u m b e r  (RN) = 
Estimated actual surface area 

Nominal  surface area 

(1) 

Higher  RN values result f rom the second set of confocal 
images because the higher  resolution is more  sensitive 

to fine features of the fracture surface and texture of 
calcium silicate hydra te  (C-S-H) and other hydrat ion 
products .  For the first set, the resolut ion in the x- 
direction (pixel length) was 12.34 p,m, the y-resolution 
was 8.34 ~m, and the z-resolution (slice thickness) was 
10 t~m. The RN values computed  for the first, set, re- 
por ted as an average of nine images, are listed in Table 
4. For the second set, the resolution in the x and y di- 
rect ions was 0.72 i~m and the reso lu t ion  in the z- 
direction was 2.5 i~m. The RN values computed  for the 
second set, repor ted as an average of 30 images, are 
listed in Table 5. 

"Rule of Mixtures" Analysis of Load 
Resisted by Matrix 
Uniaxial Tension 
By assuming that measured  deformat ions  in fibers and 
matrix are the same, the stress resisted by a matrix sub- 
jected to uniaxial tension can be obtained from the rule 
of mixtures as: 

- nVrE  

c~m = 1 - V f  
(2) 

where  ~r c and cr m are the stresses resisted by the com- 
posite and the matrix respectively, Ef is Young's modu-  
lus of the fiber, Vf  is the fiber vo lume fraction, e is the 
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TABLE 3. Experimental and analytical results for three-point bend specimens 

Experimental 
Results Matrix 

Peak Load 
Mortar Peak Load CMOD at from Rule 
Series Specimen from Test Peak Load of Mixtures 
No. No. (N) (ram) (N) 

Average R-curve Prediction 
Matrix for Toughened Matrix 

Peak Load 
from Rule Critical 

of Mixtures Peak Load Crack Length 
(N) (N) (mm) 

B-B1 472 0.013 472 
B B-B2 522 0.012 522 509 445 18.95 

B-B3 533 0.014 533 
C-B1 700 0.057 660 

C C-B2 645 0.058 604 606 520 24.40 
C-B3 600 0.065 554 
D-B1 620 0.088 495 

D D-B2 700 0.091 571 564 605 24.55 
D-B3 730 0.073 627 
E-B1 680 0.042 621 

E E-B2 590 0.036 539 550 513 24.20 
E-B3 550 0.043 489 
F-B1 835 0.048 767 

F F-B2 1080 0.057 999 948 1008 24.75 
F-B3 1150 0.052 1076 

G G-B1 1020 0.051 984 935 702 24.60 
G-B2 920 0.048 886 

H H-B1 1400 0.061 968 897 892 24.80 
H-B2 1250 0.060 826 
I-B1 448 0.014 448 

I I-B2 430 0.013 430 446 420 19.20 
I-B3 459 0.016 459 

exper imenta l ly  measu red  average  strain value,  and  "q is 
the fiber efficiency factor depend ing  on m a n y  factors 
including orientation, d imension,  and  stiffness of fiber 
as well  as f iber-matr ix interface bond.  A value  of -q = 
0.25 was  used. The Young ' s  m o d u l u s  for the steel fiber 
was  200 GPa and  for the p i tched-based carbon fiber was  
40 GPa. Matr ix  peak  loads c o m p u t e d  for the uniaxial  
tension specimens  are repor ted  in Table 2. 

Bending 
The cross section of a composi te  b e a m  can be separa ted  
into a fiber por t ion  and  a matr ix  portion.  For g iven 
values  of compos i te  load, P, and  CMOD,  the corre- 

TABLE 4. Roughness of specimens 

Average Standard Deviation 
Series Roughness of Roughness 
No. Number Number 

B 1.618 0.075 
C 1.844 0.061 
D 2.419 0.288 
E 1.983 0.124 
F 2.137 0.399 
G 1.778 0.067 
H 2.151 0.619 
I 1.641 0.050 

spond ing  crack length can be calculated f rom linear 
elastic fracture mechanics  (LEFM) formulat ion,  

6Psa 
C M O D  = E - ~  V, ( ~ )  (3) 

V 1 = [0.76 - 2.28 + 3.38 

( ~ ) 3  (10"66- 
- 2.04 + %)2 ] 

(4) 

where  t c and  Ec are thickness and  Young ' s  m o d u l u s  of 
the composi te  b e a m  section, s and  b are span  and  dep th  
of the beam,  and  a is the crack length (see Figure lb). 

Because the fiber por t ion  and  the matr ix  por t ion  of 

TABLE 5. Roughness of matrix adjacent to fibers 

Series 
No. 

B 
D 
H 

Standard 
Deviation 

Average of 
Fiber Type Roughness Roughness 

and Content Number Number 

plain OPCS matrix 3.317 0.311 
4% carbon (3 mm) 5.466 0.570 
4% steel (3 mm) 4.239 0.624 
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the beam have the same deformation and crack exten- 
sion under the assumption of equal strains, the load 
resisted by the fiber portion, Pf, can be estimated after 
knowing the values of CMOD and the corresponding 
crack length at different load levels, 

E p b 2 t / C M O D  
- (5) 6saVl( ) 

where Ef is the Young's modulus of the fiber, tf = ~qbV/ 
is the effective thickness of the fiber portion of the 
beam, and ~q is the fiber efficiency factor. 

Load resisted by the matrix portion can be obtained 
by subtracting the load resisted by the fiber portion 
from the measured composite load. 

Since the value of Ey (=40 GPa) for carbon fibers is 
close to the value of Em (=27 GPa for the OPCS matrix), 
the obtained stress or load resisted by the matrix is 
almost equal to that resisted by the composite for car- 
bon fiber reinforced composites. However, for steel fi- 
ber composites, the obtained matrix stress or load is 
smaller than that by the composite because Ef = 200 
GPa. 

Matrix peak loads computed for the bending speci- 
mens are reported in Table 3. 

Experimental Results 
Effect of Fiber Volume Fraction 
The effect of fiber volume fraction can be seen in com- 
parisons of Series C (Vf = 2%, 3-mm carbon fibers) with 
Series D (Vf = 4%, 3-ram carbon fibers) and Series G (Vf 
= 2%, 6-mm carbon fibers) with Series F (Vj = 4%, 6-ram 
carbon fibers). Figure 3 shows typical mechanical re- 
sponse from the bend tests for specimens with different 

fiber volume fraction. Calculated values of matrix con- 
tribution is plotted in Figure 3. Higher fiber volume 
fraction had the effect of increasing matrix peak stress 
and increasing strain to peak in the tensile tests and 
flexure tests. 

The fracture surface roughness number was signifi- 
cantly higher for specimens with higher volume frac- 
tion of fibers. This increase in roughness was very evi- 
dent by visual observation. It should be noted that, in 
general, the standard deviation of the roughness data 
was much higher for high roughness series than for low 
roughness series. 

Effect of Fiber Length 
The effect of fiber length can be seen in comparisons of 
Series C (3 mm) with Series G (6 mm) and Series D (3 
mm) with Series F (6 mm). Figure 4 from uniaxial ten- 
sion tests shows measurable differences in the mechani- 
cal response of matrix contribution with different fiber 
lengths. In both the C/G and D/F  comparisons, greater 
energy absorption (area under the stress-strain curve) 
was evident in specimens with longer fiber length. The 
D/F comparison indicated that greater peak load re- 
sulted from longer fiber length. 

Fracture surface roughness did not increase as fiber 
length was increased. Series C and G were similar in 
roughness, whereas Series D was actually somewhat 
rougher than Series F. 

Effects of Matrix Type 
The effect of matrix type can be seen in comparisons of 
Series B and I (both with no fibers) and Series D and E 
(both with 4% of 3-mm carbon fibers). There was small 
improvement in peak load by the use of silica fume in 
the Series B mortar when compared to the plain Series 
I mortar, but no significant difference in strain to peak 
was observed. The OPCS matrix in Series D ted to im- 
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provements in carbon fiber reinforced matrices. Figure 
5 from bend tests illustrates the Series D/E  comparison. 
Series D achieved higher peak load and strain to peak 
than Series E. 

The surface roughness measurements reflected the 
differences in behavior in the B/I  and D/E  compari- 
sons. There was little difference in mechanical response 
in the B/I  comparison, and the roughness measure- 
ments were similar for Series B and I specimens. Series 
D had greater roughness than Series E, reflecting the 
improvements in mechanical properties due to incorpo- 
ration of silica fume in the matrix. Silica fume is known 
to densify the matrix and improve matrix-fiber interfa- 
cial bond resulting in improved properties. 

E f f e c t  o f  F i b e r  T y p e  

The effect of fiber type can be seen in comparisons of 
Series D (carbon) and H (steel). Figure 6 shows that the 
steel fibers were much more effective in strengthening 
the mortar specimens in bend tests. The peak load of 
Series H was almost twice that of Series D. However, 
the strain to peak load was higher for Series D than for 
Series H. 

Analysis of surface roughness showed that the frac- 
ture of Series D (carbon) involved a much more tortu- 
ous crack path. Although Series H was clearly stronger 
and tougher, its fracture surface had much lower 
roughness. Results of both the low magnification con- 
focal images (Table 4) and high magnification confocal 
images (Table 5) showed greater roughness for Series D. 

Discussion of Experimental Results 
It has been recognized that fibers can enhance tough- 
ness of fiber reinforced concrete. The presence of fibers 
will constrain opening of matrix macrocracks thereby 
enhancing the postpeak response of the composite. 
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In this case, additional toughening is attributed to 
debonding and pulling out of fibers. 

Fibers can also improve the prepeak response and 
enhance the matrix tensile strength, if they can effec- 
tively bridge matrix microcracks. The effectiveness of 
the fiber-bridging action will depend on the length, di- 
ameter, and distribution of fibers as well as on fiber- 
matrix properties. With the relatively small volume of 
fibers used in fiber reinforced concrete, the commonly 
used fibers are too widely spaced to influence the pre- 
peak response of the matrix. However, if microfibers 
(fiber diameter in micron range) are used, then it is 
possible even with the relatively smaller volume of fi- 
bers to enhance the tensile strength of the matrix. This 
is demonstrated by the results of the research reported 
here. As shown in Tables 2 and 3, the matrix tensile 
strength (calculated using the rule of mixtures) is sub- 
stantially enhanced when microfibers are used. 

The increase in matrix tensile strength can be ex- 
plained by fracture mechanics as considered later in this 
paper. It is assumed that the presence of microfibers 
alters microstress distribution (such as stress intensity 
factor) and as a result, higher stresses are required to 
propagate a crack in the matrix. The matrix fracture 
toughness is assumed to be unchanged by the presence 
of fibers. However, the roughness measurements of the 
study seem to indicate that the presence of fiber can 
enhance the toughness of the matrix itself. 

Results of this study indicated that the roughness of 
the matrix increases with increasing fiber volume frac- 
tion. Increased roughness was observed even when the 
roughness measurement was made on a micron scale 
indicating that the matrix roughness itself is altered in 
the presence of fibers (Table 5). The work by Lange et al. 
[12] has shown that the roughness number correlated 
well with the fracture toughness of the matrix. Zampini 
et al. [13] has recently shown that incorporation of sand 
particles increases the roughness of cement matrix. The 
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increased roughness was also related to the increased 
toughness. Furthermore, the increased roughness of the 
fracture surfaces was concentrated primarily in the in- 
terfacial zone between the bulk matrix and the sand 
particle. It is postulated that the increased roughness of 
the matrix observed in the current study is associated 
with the fiber-matrix interface. When a higher fiber vol- 
ume fraction is used, a larger area of interface is in- 
volved. As a result, it was observed that increasing the 
volume of fibers increased the roughness of the matrix. 

The fact that the improved toughness of the matrix is 
associated with the increased roughness of the interfa- 
cial zone can also be deduced from the results of speci- 
mens that incorporated silica fume as well as when the 
effect of fiber type is analyzed. Incorporation of silica 
fume did not alter the roughness of unreinforced ma- 
trix. However, when fibers were used, the incorpora- 
tion of silica fume substantially increased the roughness 
of the matrix. It is known that silica fume densifies the 
fiber-matrix interface. Thus, the increased roughness of 
the matrix when both fibers and silica fume are present 
is due to the increased toughness of the interfacial zone. 

One important difference between the two fiber types 
is that carbon fibers had smaller diameters and were 
more numerous than the steel fibers for a given mortar 
volume. The carbon fibers had a specific surface about 
10 times greater than the steel fibers. Therefore, speci- 
mens reinforced with carbon fibers had a relatively 
higher proportion of interfacial zone. This is reflected in 
the roughness of the matrix in specimens reinforced 
with carbon fibers as compared with those with steel 
fibers. 

Although the matrix toughness as indicated by the 
roughness measurement was higher for carbon fiber 
specimens, the maximum tensile strength capacity of 
the matrix reinforced with carbon fibers was lower than 

FIGURE 8. Steel fiber has relatively coarse surface texture (Se- 
ries H). 

that with steel fibers (as calculated by the rule of mix- 
tures). This is perhaps the result of more efficient bridg- 
ing of microcracks provided by steel fibers. The relative 
efficiency of the two types of fiber is related to their 
surface textures. Carbon fiber had a relatively smooth 
surface texture (Figure 7), whereas the steel fiber sur- 
face had greater roughness (Figure 8). 

The efficiency of fibers during bridging depends both 
upon bond characteristics and the embedment length of 
fibers. Calculated matrix tensile strength increased with 
increasing length of fibers. However, as expected, the 
length of fibers have no influence on the measured 
roughness of the matrix. An analysis of the relationship 
between composite strength and roughness number is 
presented next. 

In summary, the benefits of fibers in cement based 
composites may be attributed to three mechanisms. 
First, fibers that bridge microcracks create closing pres- 
sures that suppress crack growth. Second, the presence 
of small, closely spaced microfibers induces improved 
matrix behavior through crack deflection. Third, fibers 
that span opening macrocracks will debond and pull- 
out (or break) thereby enhancing postpeak load behav- 
ior. The first two of these three mechanisms are particu- 
larly relevant to prepeak load behavior. A theoretical 
model for prediction of the bridging effect of microfi- 
bers is described later in this paper. 

FIGURE 7. Carbon fiber has relatively smooth surface texture 
(Series C). 

Analysis of Relationship Between 
Composite Strength and 
Roughness Number 
Figure 9 shows peak bending load plotted against RN 
for the control and carbon fiber reinforced specimens. 
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Figure 9 illustrates that fiber length is a significant fac- 
tor affecting composite strength. A simple analysis ap- 
proach has recently been proposed by Betterman et al. 
[14] to account for the effect of fiber length. This ap- 
proach is briefly presented and used here. 

In fiber-reinforced matrices, the fibers usually pro- 
vide bridging across the cracked surfaces of the matrix. 
The bridging force can be evaluated by pulling a fiber 
out of the matrix. Therefore, it is reasonable to assume 
that the peak load is proportional to the fiber pull-out 
force. Ouyang et al. [15] have found that since the value 
of slip corresponding to the peak pull-out load is small, 
the effect of frictional stress before the peak pull-out 
load may be neglected. As a result, the peak pull-out 
force is the force necessary to debond the fiber and may 
be expressed as 

8FEfn2r a 
p2 = coth2[co(L _ ac)] 

(6) 

where Pc is the peak pull-out force, F is the surface 
energy for debonding, r is the radius of the fiber, co is 
the interfacial material parameters, L is the embedment 
length of the fiber, and a c is the debonded length cor- 
responding to the peak pull-out force. Therefore, the 
ratio of pull-out forces for two different fibers is 

Pc1 (rll3/2coth[co(L2-ac2)] 
k12 - Pc2 - \ r2 ] coth[(~(L1 acl) ] (7) 

where k12 is the length and diameter factor of the fibers, 
and subscripts 1 and 2 represent two fibers of the same 
type that may have different geometry and embedment 
lengths. It is assumed that the value of co is equivalent 
for the same type of fiber and matrix. In this investiga- 
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FIGURE 10. Normalized peak bending load versus roughness 
number for specimens with different fiber length (Series B, C, 
D, F, and G). 

tion, a value of co = 133 m -1 previously measured [14] 
was used. Analysis detailed in Ouyang et al. [15] indi- 
cates that the peak load usually occurs when the 
debonded length of the fiber is 0.75 L to 0.85 L. There- 
fore, the value of the critical debonded length a c was 
assumed to be 0.8 L for simplicity. 

To compute the pull-out force ratios for the fibers 
used in this investigation, the 3- and 6-mm long fibers 
were designated as fibers 1 and 2, respectively. The 
3-ram long fiber was used as a reference fiber for com- 
parison purposes. Hence, kll = 1. By substituting values 
of L and co for the three different fibers into eq 7, the 
value of k12 = 0.503 was obtained. The values of the 
peak bending load for the specimens reinforced with 
6-mm long fiber were then multiplied by the factor k12 
= 0.503. The resulting values of the normalized peak 
load were then plotted against maximum fiber distance 
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as shown in Figure 10. Figure 10 shows that normalized 
peak loads are basically a unique function for compos- 
ites reinforced by fibers with different lengths. A simi- 
lar procedure was applied to the peak tensile strength, 
and the obtained results are shown in Figure 11. 

This analysis demonstrates that the superior proper- 
ties of specimens with longer fibers is due primarily to 
the greater load required for fiber debonding. The con- 
focal technique observes the fracture surface but cannot 
"see" the debonded zones (i.e., the sockets left from 
fiber pull-out) that extend away from the fracture sur- 
face into the matrix. Consequently, RN did not increase 
with increasing fiber length. 

Predictions of Bridging Effect 
of Microfibers 
An R-curve type model has been proposed to predict 
toughening of cement based matrices due to fiber rein- 
forcement [16]. This R-curve approach is briefly re- 
viewed here. 

When load is applied to a specimen with an initial 
flaw of size ao, it produces atrain energy (U). The rate of 
strain energy release with respect to crack length (a) is 
denoted by G and is referred to as strain energy release 
rate. Crack propagation at the crack tip consumes some 
energy (W). Rate of change of this energy with respect 
to crack length (a) is denoted by R and is referred to as 
the fracture resistance. The crack propagates when the 
following condition is satisfied: 

G = R (8) 

For an ideally brittle material, R is a material con- 
stant, and propagation of the initial flaw may mean 
catastrophic failure of the specimen. However, in ce- 
mentitious materials, due to the existence of crack arrest 
mechanisms such as aggregate bridging, the crack 
steadily propagates until a second condition is also sat- 
isfied (see Figure 12a): 

3G OR 
B 3a 3a (9) 

To use eqs 8 and 9 to describe critical crack propaga- 
tion, an R-curve formulation should be known. An ap- 
proximate R-curve previously proposed is expressed as 
[17] 

R = ]3(a - ao) a (10) 

1 ( x - 1 1 c ~ - 1  (~_1)211/2 
d = ~ +  (x - [ 4  + - ( x  - (11) 

where c~ = ac/a o, and [3 is a constant to be determined. 
The values of ~ and 13 can be obtained from the matrix 
fracture properties: K~c and CTOD o where Kic is the 
critical stress intensity factor and CTOD c is the critical 
crack tip opening displacement. The values can be de- 
termined from a single notch beam test [18]. 

Figure 12 illustrates that the fibers provide additional 
toughening to cement based materials. This fiber tough- 
ening can be taken into account by a closing pressure. 
For randomly distributed short fibers, the following re- 
lationship between the closing pressure and the slip 
displacement is assumed [9]: 

pc !A 
p - (12) 

UO 

where u is the fiber slip that is equal to half the crack 
opening displacement, pc is the maximum pull-out 
load, and Uo is the fiber slip at the maximum pull-out 
load. The value of Pc is given by 

rl~VfL 
.... (13) 

P°= df 

where L is the fiber length, df is the fiber diameter, and 
"r is the average bond strength of fibers. 

As a result, the conditions for the critical crack propa- 
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gation, which corresponds to the peak matrix load for 
matrices with fiber reinforcement, are 

a~ F 
KIc = K'~i (C~mf, a c) - f o p(x,a~)K~ (x,G)dx (14) 

CTOD~ = CTODm(r~mf, ac,a o) 

- f ~  p(x,G)Q(Omf, ac,ao)dx 
(15) 

where (~mf is the peak stress resisted by the toughened 
matrix, Q is the Green's function for the crack closure at 
point ao due to a unit force applied at point x along the 
crack length, p is the closure pressure at a point s along 
the crack face, and K~ is the stress intensity due to a unit 
load applied at the point x along the crack surface. K~I, 
CTOD m, K~, and Q can be obtained by LEFM [19]. Two 
unknowns, (rmf and a c, can be obtained from eqs 14 and 
16. Parameters o~ and [3 can then be determined, and the 
mechanical response of matrices reinforced by fibers 
can be predicted. 

To predict the peak load of cement based matrices 
due to fiber reinforcement, the material properties E m, 
Kic, and CTOD c were first measured using the same 
dimension beams made of plain unreinforced matrices. 
The values of E,~ = 24 GPa, Kic = 18 N / m m  -3/2, and 
CTOD c = 0.003 mm were obtained for the OPC matrix. 
The values of E m = 27 GPa, Kic = 23 N / m m  -3/2, and 
CTOD c = 0.006 mm were obtained for the OPCS matrix. 
The values of -q = 0.25, ,r = 1.5 MPa, and u o = 0.006 mm 
were used for the OPCS matrix reinforced by  the carbon 
fiber. 

Theoretical and experimental comparisons for t h e  
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FIGURE 14. Theoretical versus actual matrix load of speci- 
mens in bending (Series B, C, and D). 

OPCS matrix reinforced by the carbon fiber are shown 
in Figure 13 for tensile specimens and in Figure 14 for 
the three-point bend beam specimens. Values of matrix 
peak load and critical crack length computed by the 
R-curve approach are shown in Tables 2 and 3. The 
proposed R-curve approach provides results that match 
quite well with the experimental results. One of the 
strengths of the proposed R-curve approach is that it 
permits prediction of the fracture response of different 
geometries from a given set of material properties. 
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Summary 
This study has investigated carbon and steel microfiber 
mortars. The experimental results illuminated effects of 
fiber volume fraction, fiber length, matrix type, and fi- 
ber type. Increases in fiber volume fraction and longer 
fiber length resulted in enhanced properties. The matrix 
with silica fume generally outperformed the plain ma- 
trix in fiber reinforced specimens. The steel fibers con- 
tributed more to properties than did carbon fibers due 
to ductility of and surface texture of the steel fibers. 

The confocal technique produced digital maps of 
fracture surfaces that quantify greater crack path tortu- 
ousity present in microfiber reinforced specimens than 
in the unreinforced control specimens. The analysis of 
fracture surface roughness demonstrated that rough- 
ness number generally correlated with fracture proper- 
ties of fiber reinforced systems. However,  the relation- 
ship between fiber length and roughness was an excep- 
tional case in which roughness did not correlate with 
changes in material properties. An analysis of the rela- 
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tionship between composite strength and roughness 
demonstrated that enhanced properties of specimens 
with longer fibers were due primari ly to greater 
debonded fiber-matrix interface not seen by the confo- 
cal technique. 

The rule of mixtures analysis differentiated the ma- 
trix contribution from the fiber contribution, and it was 
demonstrated that the presence of fibers enhances the 
contribution of the matrix. In fiber reinforced mortars, 
there is a synergistic effect whereby the composite per- 
formance is greater than the sum of the expected fiber 
contribution and the performance of plain matrices. In- 
deed, the matrix contribution computed from the rule 
of mixtures analysis was always substantially higher 
than properties measured using plain matrix speci- 
mens. This finding is supported by physical evidence 
from the high magnification confocal images. The high 
magnification set showed much higher roughness in 
matrix adjacent to fibers than in matrix of unreinforced 
specimens. The higher roughness adjacent to fibers in- 
dicates that the fibers deflect cracks and stimulate 
toughening mechanisms in the nearby matrix. 

The R-curve approach to analysis of fracture proper- 
ties was successfully applied and can be used for pre- 
diction of composite behavior given fiber and plain ma- 
trix properties. The distinguishing feature of the R- 
curve approach is that it uses matrix properties Kzc and 
CTODc that characterize nonlinear fracture behavior of 
quasibrittle materials. 
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