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Abstract 

Properties of polyacrylonitrile (PAN) type carbon 
fiber reinforced cementitious composites were 
tested after aging in water at 20 and 60°C for up to 
10 and 7 months, respectively. Composites with 
water-binder ratios of 025 and 040 and silica- 

fume contents of O-28% were investigated. The 
results show an increase in flexural strength and 
toughness with time up to a maximum at two-four 
weeks, and a reduction thereaper, with a loss of up 
to 65% of the maximum value. The loss was higher 
at 60°C aging temperature and at higher silica-fume 
contents. FlexuraI strength and microhardness tests 
of the matrix showed a continuous increase with 
time, in agreement with observations of densifica- 
tion of the matrix and refinement of the pore struc- 
ture, as observed by mercury intrusion porosimetry 
(MIP) tests. 

Maximum flexural strength and toughness 
values at early ages were obtained with mixes 
containing 7-14% of silica-fume. Higher silica- 
fume contents led to reduction in the early age 
strength and toughness values, although the matrix 
became denser and exhibited finer pore structure. 

SEM observations of the fractured specimens 
aper loading showed crumbling of the matrix near 
inclined fibers, suggesting that fiber bending 
rupture is a major mechanism responsible for loss 
in mechanical properties which accompanied the 
densening of the matrix with increase in silica-fume 
content and age. 

1 INTRODUCTION 

The use of carbon fiber reinforced cement and 
concrete is drawing considerable interest. The 
excellent mechanical properties of the carbon 
fiber combined with its resistivity to the alkaline 
environment of the cement suggest that carbon 

fiber has the potential for becoming an effective 
reinforcement for cementitious materials. Most of 
the work in this area has dealt with the short term 
properties, mainly the mechanical perform- 
ances*-’ and workability of the fresh mix.3-5 

According to Bentur and Mindes@ and Laws7 
there may be cases when the reinforcement of 
Portland cement with fibers of high aspect ratio 
and bond strength, may result in loss in toughness 
when the bond strength exceeds a critical value, as 
may happen with time. This phenomenon is more 
likely to occur when using fine carbon fibers dis- 
persed in high strength cement matrix. However, 
only few works have dealt with the study of the 
long term properties of carbon fiber reinforced 
cements (CFRC). 

Akihama et al. I tested the long term properties 
of Pitch type carbon fiber reinforcing lightweight 
concrete. They found an unexplained reduction of 
approximately 10% in the flexural strength after 
reaching a maximum at four weeks, for specimens 
cured in hot water (75°C) for five months. A 
similar trend was also observed by Ali et al8 for 
PAN type carbon fibers cured in 50°C for one 
year. However, as the reduction was small, it was 
suggested that CFRC properties do not change 
with time.9 

The object of the present work was to resolve 
to some extent certain formulations of CFRC that 
may show signs of loss of mathematical properties 
during aging, in particular compositions with a 
dense matrix. The work carried out here was 
based on the use of PAN type carbon fibers. The 
present paper presents results of mechanical 
properties and microstructure. 

2 EXPERIMENTAL PROCEDURE 

The cement used was ASTM type I Portland 
cement. Silica-fume (SF) was of 92.7% SiO, with 
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a specific surface area of 18 300 m2 kg- ’ and a 
density of 2110 kg rnp3. The carbon fibers were 
of the PAN type, and some of their properties are 
described in Table 1. 

Ten mixes of paste were prepared at two differ- 
ent water-binder (w/b) ratios (O-25 and 0.40) and 
five different silica-fume contents (0,7,14,2 1 and 
28% by weight of the binder). Two types of speci- 
men were prepared for the above matrix composi- 
tions: (a) pastes reinforced with 6% by volume of 
fibers; and (b) unreinforced pastes. All materials 
were mixed in a sigma (2) type mixer, which 
consisted of two horizontal blades with the shape 
of C, providing very high mixing power, as needed 
for this kind of dense and high viscosity material, 
which enables the introduction of a relatively high 
volume of fibers. 

The paste was prepared by adding the cement 
and silica-fume to the water and mixing together 
for 5 min. For the reinforced pastes, fibers were 
gradually added to the paste within 1 min and 
mixing was carried out for an additional 15 min 
until a homogeneous material was achieved. 

The workability of the fresh mix was tested on 
a flow table and the results were presented else- 
where.“’ 

Thin slab specimens with size 140 X 120 X 
10 mm were cast and kept sealed for a day or two. 
After demolding, all specimens were kept in water 
at 20°C. After three days some of the specimens 
were placed in a hot water bath at 60°C for the 
purpose of accelerated aging. This method of 
aging enables the basic structure of the cement 
matrix, which is developed mainly at an early age, 
to be developed under normal conditions. The 
high temperature affects mostly the aging process 
without damaging the early age structure.’ l A 
temperature of 60°C is recommended by the 
international standard (ISO/DIS 8366-Fiber 
Cement Flat Sheet, 1991) for testing FRCs. In the 
following, the letter H preceding the age refers to 
aging in hot water, for example: H230 means 
aging at 60°C for 230 days. The tests were carried 
out after 1, 3, 5, 10, 15, 28 and 300 days at 20°C 
and after 14,28,56,84 and 230 days at 60°C. 

Table 1. Carbon fiber properties 

Type Tensile Modulus Ultimate Carbon Diameter Length 
strength of strain content (pm) (mm) 
(MPa) elasticity 61 C@ 

GPa) 

PAN 2900 230 1.4 95 6.8 6 

On the day of testing, the slab specimen was cut 
into six small beams of 20 X 120 X 10 mm. The 
three point bending test was performed by an 
Instron testing machine. The span of the beam 
was 90 mm and the rate of the crosshead move- 
ment was 0.5 mm min- l. Flexural strength calcu- 
lated from the maximum load, limit of 
proportionality (LOP) and toughness were deter- 
mined for each specimen. Figure 1 represents a 
typical load-deflection curve on which the points 
determining the LOP and flexural strength, and 
the toughness (area under the curve) are marked. 

The toughness in this study was defined as the 
area under the load-deflection curve up to a 
deflection of 0% mm (Z/l 10). Other methods of 
toughness characterization are based on the defin- 
ition of toughness indexes, such as those proposed 
by Barr et ~1.‘~ and Johnston,13 which were 
adopted by ASTM Cl 018 as a standard testing 
method. However, the value of the toughness 
index calculated from these methods is very sensi- 
tive to the determination of the load and deflec- 
tion at first crack. The definition chosen in this 
work is a more direct representation of the frac- 
ture energy associated with fiber pullout. 

Plain cement paste specimens without fibers 
were prepared and tested for bending using the 
same procedures and aging treatment as the fiber 
reinforced specimens. 

Several tests for evaluating the microstructure 
were carried out on fragments of the specimens 
after the flexural test: 

- Scanning electron microscope (SEM) 
observation of the fractured surface to 
obtain information on the matrix structure 
around the fiber, as well as on the bulk 
matrix and the fiber surface. 

- Mercury intrusion porosimetry (MIP) to 
characterize the toal porosity and pore size 
distribution of the composite. Two para- 
meters were calculated from the MIP tests: 
(a) pore size distribution and (b) the poros- 
ity of all pores larger than 3 nm, which were 
considered to have a strong effect on the 
mechanical properties of the materiali The 
term ‘total porosity’ in this work will refer to 
the porosity of all the pores larger than 
3 nm, as measured by the MIP. 

- Vickers microhardness was determined on 
some of the specimens in order to evaluate 
the micro-mechanical properties of the 
composites. Due to technical difficulties in 
the preparation of the specimens for the 
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Fig. 1. Typical load-deflection curve. 

microhardness tests, only specimens at the 
age of 300 or H230 days were tested accur- 
ately for all the silica-fume contents, while 
for other ages the results are of qualitative 
nature only. It should be noted that this 
method does not allow to evaluate the 
matrix hardness close to the fiber as the 
sensitivity of the testing apparatus was 
10 pm and the fiber diameter was 7 pm. 
For testing of the hardness close to the fiber, 
a resolution of approximately 1 pm is 
needed, which can not be achieved with the 
current equipment. Thus, the results here 
represent the properties of the bulk matrix 
of the composite. 

3 RESULTS AND DISCUSSION 

3.1 Effect of aging conditions on the mechanical 
properties of the composite 
3.1.1 Flexural strength and toughness 
Typical results of age on the flexural strength and 
toughness are presented in Figs 2(a) and 2(b), 
respectively, for a composite with a w/b of 0.25 
and silica-fume content of 7%. Figure 3(a) and 
3(b) represent the same but for composites with 
w/b of O-40. The dotted lines represent specimens 
aged at 60°C and the solid lines represent the 
specimens aged at 20°C. 

The trends in Figs 2 and 3 are typical of all the 
specimens. It seemed that at an early age of 
two-four weeks, the composite gained maximum 
flexural strength and toughness. After achieving 
this maximum, a significant reduction in both 
properties was observed. The magnitude of the 
reduction was dependent on aging temperature 
and silica-fume content. For the higher aging 

Age (days:1 
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Fig. 2. Development of (a) flexural strength and (b) tough- 
ness of composites with w/b = 0.25 and SF= 7%. 
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Fig. 3. Development of (a) flexural strength and (b) tough- 
ness of composites with w/b = 0.40 and SF= 7%. 
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temperature the values of the maximum strength 
and toughness achieved at two-four weeks were 
higher than for the lower aging temperature. 
However, the reduction afterwards was much 
greater at the higher temperature, leading to lower 
values of final flexural strength and toughness 
than for composites aged at the lower tempera- 
ture. 

Trends of reduction in properties with time 
were also reported by Akihama et al. I for low 
modulus carbon fibers (Pitch type) and weaker 
matrix. Ali et al.* reported such trends for con- 
tinuous high modulus fibers. It is possible that this 
trend depends on both fiber and matrix properties 
and, therefore, it is not always clearly observed for 
every combination of fiber and matrix. 

The age effect could be expressed more clearly 
by presenting the relative residual flexural 
strength and the relative residual toughness. The 
relative values are the ratio between the residual 
flexural strength or toughness at the end of the 
aging period relative to the maximum achieved at 
the age of two-four weeks. These values are 
presented in Figs 4(a) and 4(b) for specimens aged 
in water at 60°C. For the composites aged in water 
at 20°C the reduction in the properties was quite 
similar (approximately 30%), independent of the 
silica-fume content. It is possible that the higher 
aging temperature improves the reactivity of the 
silica-fume to a greater degree than the lower 
temperature, 15+‘6 thus, leading to stronger changes 
in a shorter time. 

It can be seen from Fig. 4 that a significant 
reduction occurred for both flexural strength and 
toughness. The loss of flexural strength or tough- 
ness is more pronounced at the higher silica-fume 
contents. Specimens of 0% silica-fume lost 
approximately 35 and 45% of their properties for 
w/b of 0.25 and 0.40, respectively, For higher 
silica-fume contents the loss of properties was 50 
and 65%, respectively, and the composite lost 
most of the flexural strength gained by the addi- 
tion of the fibers. It will be shown later that after 
the long aging period the composite flexural 
strength dropped to values similar to those of the 
plain matrix. The toughness of the plain matrix 
was very low, and can be considered as zero. 
Therefore, even a loss of 75% in the toughness 
after a long aging period still leaves the composite 
with some toughness that is significantly higher 
than the toughness of the plain matrix. 

It is possible that loss in properties is associated 
with additional densening obtained due to the 
continuation of hydration and pozzolanic reac- 
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Fig. 4. Effect of silica-fume content on the relative residual 
flexural strength (a) and toughness (b) of composites aged at 
60°C. 

tions. Thus, the trends of loss in properties are 
much more marked in composites of high silica- 
fume content and higher aging temperature. 

3.1.2 First crack strength 
Trends in the results of first crack strength (limit 
of proportionality-LOP) were very similar to the 
results of the flexural strength, i.e.: (a) age effect 
showing increase in first crack strength at an early 
age (two-four weeks) and a reduction thereafter; 
and (b) effect of silica-fume content showing a 
maximum in first crack strength at silica-fume 
contents of 7-14%. The typical age effect on the 
flexural strength and LOP can be seen in the 
insert in Fig. 5 for a composite of w/b = 0.40 and 
silica-fume content of 2 l%, aged at 60°C. 

It seems that the increase in flexural strength 
over the first crack strength is affected by age. At 
early age and 20°C aging temperature the ratio of 
LOP/flexural strength was between 0.6 and 0.7, 
while for later ages it increased to approximately 
0.8, as may be seen in Fig. 5. For composites aged 
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I 

Fig. 5. Effect of age on the ratio LOP/flexural strength. 
The insert: development with time of LOP and flexural 
strength for the same mix. 

at 60°C this ratio varied from 0.75 at early age up 
to 0.85 at a later age, as presented in Fig. 5. The 
increase with age in the LOP/flexural strength 
ratio indicates a reduced post-crack load bearing 
capacity, which might be interpreted as reduced 
toughness in the ascending part of the 
load-deflection curve, i.e. an increase in brittle- 
ness. 

3.1.3 EfSect of silica-fume content on the aging of 
the composite 
The effect of the silica-fume content on the flex- 
ural strength and toughness is presented in Fig. 6 
for composites of w/b = 0.40. The trends were 
similar for the lower w/b ratio of O-25. 

Two sets of lines are plotted: one for the maxi- 
mum flexural strength and toughness achieved at 
ages of two-four weeks, and the other for the 
flexural strength and toughness at the end of the 
aging period (300 and H230 days). 

The difference between the maximum line and 
the corresponding line at 300 days or H230 days 
represents the loss in properties due to aging, both 
in 20°C and 50°C water. All the lines exhibit a 
similar trend for a tendency to a maximum at a 
silica-fume content in the range of 7-14%. A 
similar effect of silica-fume was reported by 
Soroushian and Bayasit7 for steel fiber reinforced 
concrete. 

3.2 Properties of the matrix 
3.2.1 Flexural strength 
Test results for the plain matrix can serve as an 
estimate to the matrix properties in the composite. 
Typical age effects on the matrix flexural strength 
is presented in Fig. 7, for pastes aged at 20°C and 
different silica-fume contents. It is clear from 
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Fig. 6. Effect of silica fume on the (a) flexural strength and 
(b) toughness of composites of w/b = 0.40 at different ages. 

m 

Fig. 7. Development of flexural strength of unreinforced 
paste of w/b = 0.25. 

Fig. 7 that matrix flexural strength increases 
gradually with time, and no reduction in strength 
was seen, contrary to the observations in the com- 
posite. Therefore, deterioration of the matrix can 
not be the cause for the reduction in the compo- 
site properties with age. 

Evaluation of the effect of silica-fume indicates 
a reduction in the flexural strength as the sihca- 
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fume content increases, as can be seen in Fig. 8 decrease with increasing silica-fume content (Fig. 
for paste of w/b = 0.40 at two ages: three days and 8). As discussed in the case of flexural strength, 
28 days (all specimens at the age of 300 days and this trend is not in agreement with the expected 
w/b= 0.40 accidentally broke down during the infhtence of silica-fume content on the pore struc- 
preparations for testing and could not be tested). ture, which densifies with increasing silica-fume 
This effect is surprising as one could expect content. These results suggest that mechanisms 
higher strength silica-fume pastes due to the other than pore structure may affect the strength 
refinement in the pore structure. However, an of the matrix, one of the possibilities being auto- 
increase in the silica-fume content might be genous shrinkage which may lead to microcrack- 
associated also with an increase in micro-cracking ing and internal damage to the matrix. Paillere et 
due to autogenous shrinkage,‘8-‘0 which affects al. 2 1 and Bloom and Bentur22 considered such an 
mainly tensile and flexural strength. effect. 

3.2.2 Microhardness 
Tests were performed under the limitations 
described earlier, i.e. the results presented the 
properties of the matrix between the fibers. Test 
results of specimens of 0 and 28% silica-fume 
content indicate a gradual increase of the micro- 
hardness with age, similar to the increase in the 
flexural strength of the matrix. This supports the 
assumption that the matrix properties have not 
decreased with age and the reduction in the 
composite properties during aging can not be 
related to matrix deterioration. 

3.3 Microstructure 
3.3. I SEA4 observations 

The effect of silica-fume content on the micro- 
hardness values at ages of 300 and H230 days 
(aged at 20°C and 60°C respectively) is presented 
in Fig. 9 for the two water-binder ratios. It can be 
seen that the microhardness decreased as the 
silica-fume content increased to 14-2 1%; there- 
after, a trend can be observed for a slight increase 
in the microhardness with increase in the silica- 
fume content. 

SEM photomicrographs of the fractured surface 
of the densest composite (w/b = 0.25 and 
SF= 28%) and the less dense composite (w/b = 
0.40 and SF= 0%) are presented in Figs 10 and 
11, respectively. It can be seen that in all cases, the 
matrix structure is uniform throughout, i.e. very 
close to the fiber, as well as far away from it (Figs 
10(a) and 11(b)). E ven at higher magnifications 
(Fig. 12) no transition zone was seen, contrary to 
typical observations in cementitious composites 
reinforced with relatively large fibers such as 
steel’” or aggregates.‘4,25 It might be suggested 
that the formation of the transition zone depends 
on the size of the filler; when using small diameter 
fibers as in this work (6% pm), which are smaller 
than most of the cement grains, the transition 
zone does not develop. 

This trend is similar to that observed for the 
flexural strength of the matrix, which tended to 

It can also be seen in Fig. 10(a) that the fiber 
distribution is relatively uniform. Fibers are 
randomly distributed in the matrix, and each 
individual filament is well surrounded by the 
matrix. Uniform distribution and dense matrix 

10 I5 20 25 

SF Content (%) 

Fig. 8. Effect of silica-fume on the flexural strength of Fig. 9. Effect of silica-fume content on the microhardness 
unreinforced paste of w/b= 0.40 at the ages of 3 and 28 
days. 

of the composite at the ages of 300 and H230 days (aged at 
20 and 6O”C, respectively). 

S IO 15 20 25 

SF Content (o/o) 
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Fig. 10. SEM photomicrograph of a composite of w/b = 0.25 and SF= 28% aged in hot water for 56 days. (a) General look, ( 
high er magnification at the matrix close to the fiber hole. 

bi 

around the fiber are basic requirements for ade- 
quate performance of a composite material. 

When an inclined fiber is pulled out, local 
compressive stresses are developed in the matrix, 
leading to crumbling and spalling of the matrix at 
the point at which the fiber exits the matrix. The 
arrow in Fig. 11(b) points towards a crumbled 
zone of this nature. The specimens were cleaned 
in an ultrasonic bath as part of the preparations 

for SEM observation, thus, crumbs were not seen 
all the time. However, a cavity of the missing 
crumbled zone can be seen clearly in Figs 10(b) 
and 11 (a), marked by arrows. 

Figure 12 presents a high magnification of the 
fiber surface ( x 5000). Such observations were 
carried out to determine possible signs of damage 
to the carbon fiber that may occur due to the long 
exposure (56 days in hot water) in the high alka- 
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Fig. 11. SEM photomicrograph of a composite of w/b = 0.40 and SF= 0% aged in hot water for 56 days. (a) Pullout fiber hole, 
(b) a fiber subjected to bending stress. 

line environment of the cement matrix. It can be 
seen that the fiber surface is uniform without any 
defect, indicating that the fiber did not suffer from 
any chemical deterioration, as happens for glass 
fiber.6 Therefore, the loss of strength and tough- 
ness with age can not be related to any deteriora- 
tion of the fiber. 

3.3.2 Pore structure 
Pore size distribution and the total porosity of all 
pores larger than 3 nm were determined by 

mercury intrusion porosimetry as described 
earlier. Figure 13 presents typical pore size dis- 
tribution of a composite of w/b = 0.40 and silica- 
fume content of 0 and 28% at ages of 1 day and 
H230 days. The pore size distribution curves of 
other composites having silica-fume contents 
between 0 and 28% were in between the curves in 
Pig. 13, for each of the respective ages. 

It can be seen from Fig. 13 that at the age of 
one day the silica-fume affects mainly the thresh- 
old diameter, and the influence on the total poros- 
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Fig. 12. SEM photomicrograph of a fiber surface in a composite of w/b = 0.25 and SF= 28%, aged in hot water for 56 days. 

Pore size (micron) 

Fig. 13. Pore structure of a composite of w/b = 0.40 and 
silica fume content of 0 and 28% at the ages of 1 day and 
H230 days. 

ity is very small. With the advance of the 
hydration process up to the age of H230 days, the 
effect of the silica-fume becomes more significant: 
the pore size distribution is changed and the total 
porosity is reduced markedly. While a clear 
threshold was observed at the composites without 
silica-fume, no clear threshold could be seen for 
composites with silica-fume, indicating a continu- 
ous distribution of pore sizes. 

The effect of age on the total porosity is pre- 
sented in Figs 14(a) and 14(b) for aging at 20 and 
6O”C, respectively. Values for two silica fume 
contents of 0 and 28% were plotted in the figures 
for each w/b ratio. Porosity values for other silica- 
fume contents, between 0 and 28%, fall in 
between the corresponding lines at each w[b ratio. 

Age (days) 

xc 
p 0.3. 
:: 

‘: 0.29 
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e 8 0.2. 

5 0.19 
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\r---)-__ 
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30 

Fig. 14. Effects of age on the total porosity of the compo- 
sites aged at (a) 20°C and (b) 60°C. 

It seems that the rate of change in the total poros- 
ity is higher for the specimens aged in hot water. 
In these specimens, the major change in the total 
porosity occurred at the ages of 3-14 days, and 



96 A. Katz, A. Bentur 

after 14 days the rate became more moderate. For 
the specimens aged at 20°C (Fig. 14(a)) it seems 
that the total porosity was decreasing 
continuously with time (with approximately a 
constant rate along the log time scale). On the 
basis of the porosity values, it might be concluded 
that the majority of the hydration process took 
place during the first two-three weeks for the two 
aging temperatures (the time scale in Fig. 14 is 
logarithmic), but the rate was higher for the 
composites aged in hot water. 
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