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Fibers are used for improving some properties of conventional concrete (which is a brittle material) such
as tensile strength, abrasion resistance, absorption and crack control. This study investigates the usability
of fibers against the harmful effects of freeze–thaw cycles on cement mortars. For this objective, five dif-
ferent types of fibers, i.e., Polypropylene (PP), Carbon (CF), Aramid (AR), Glass (GF) and Poly vinyl alcohol
(PVA) in four different ratios (0.0%, 0.4%, 0.8% and 1.2%) were added to cement mortars along with an
amount of air agent. These samples were then subjected to five different freeze–thaw cycles (0, 25, 50,
75 and 100). Thus, mechanical behaviors were investigated under freeze–thaw effects.

The most important results of the study are summarized; the fibers increase flexural strength and
deflection ability of the samples while decreasing compressive strength, dynamic modulus of elasticity
and specific mass. The highest flexural strength was obtained with a 1.2% addition of CF fiber for the sam-
ples in normal conditions. The mechanical properties of the samples subjected to repetitive freeze–thaw
cycles were also investigated; the best flexural strength was provided with 1.2% CF addition, while the
highest dynamic modulus of elasticity was obtained with a 1.2% PP addition.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Cementitious composites are generally brittle and low-tensile
strength materials. Fibers enhance this weakness by increasing
tensile strength, ductility and toughness, and therefore, durability.
Contradictory test results have been reported by different studies;
additionally, the efficacy of the fiber reinforcement is dependent
on many factors, including the properties of the matrix, as well
as fiber geometry, size, type, volume and dispersion [1–5].

In cold environments, freeze–thaw cycles can be harmful to a
porous and brittle material such as concrete when it is subjected
to lower temperatures. Concrete subjected to repetitive freeze–
thaw cycles may deteriorate rapidly by losing strength and/or
crumbling. When water begins to freeze in a capillary cavity, the
increase in volume accompanying the freezing of the water re-
quires a dilation of the cavity equal to 9% of the volume of frozen
water, or forcing of the amount of excess water out through the
boundaries of the specimen, or combination of both effects [4].
The magnitude of this hydraulic pressure depends on the perme-
ability of the cement paste, the degree of saturation, the distance
to the nearest unfilled void and the rate of freezing. If the pressure
exceeds the tensile strength of the paste at any point it will cause
local cracking. In repeated cycles of freezing and thawing in a wet
environment, water will enter the cracks during the thawing por-
tion of the cycle only to freeze again later and there will be pro-
gressive deterioration with each freeze–thaw cycle. Thus, the
strength of sample decreases with freeze–thaw cycles [6]. In addi-
tion, the surfaces of samples will scale off and crumble due to the
expansion caused when water freezes to ice.

Fiber reinforcement may reduce this effect by improving ductil-
ity, toughness and tensile strength [7–11]. Steel, glass, carbon and
polymer based fibers are commonly employed in many fiber rein-
forced composite applications [12]. Of these, glass fiber (GF) is the
most commonly used [13]. Polypropylene (PP) fiber is a cheap and
popular material used in the concrete industry, and many
researchers have studied the mechanical properties of PP rein-
forced concrete [3,14]. Polyvinyl alcohol (PVA) based fibers per-
form extremely different in a cement based matrix due to its
surface formation and high strength [2,15,16]. In relation to most
functional properties, carbon fibers are exceptional when com-
pared to other fiber types [2,17–19]. The term ‘‘Aramid fiber’’ is
an abbreviation of aromatic polyamide fiber. This type of fiber’s
molecular chains is highly aligned in the fiber direction and is rel-
atively inflexible. Molecules are arranged in parallel hydrogen
bonded sheets. They have high longitudinal strength (covalent
bonds) and low transverse strength (hydrogen bonds) [3,20–22].
Some researchers prefer to simultaneously use different types of fi-
bers [23] or different lengths of fibers [24] as reinforcement in
cementitious matrix composites.
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Table 2
Chemical, physical and mechanical properties of the CEM I 42.5 R type cement.

Chemical analysis (%) Blaine surface (cm2/g) 3626

SiO2 21.86 Initial setting time (min) 170
Al2O3 4.39 Final setting time (min) 225
Fe2O3 3.05 Specific gravity (g/cm3) 3.06
CaO 60.62 Le Chatelier expansion (mm) 2
MgO 2.55 Strength (MPa)
SO3 2.35 1st day 12.5
LOI 2.26 2nd day 23.1
Total 97.08 28th day 57.4
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The main objective of this study was to investigate the effects
of the different types of fibers on mechanical properties of ce-
ment mortars subjected to freeze–thaw cycles. For this objective,
five different types of fibers (PP, CF, AR, GF, PVA) in four differ-
ent ratios (0.0%, 0.4%, 0.8%, 1.2%) were added to cement mortars
along with some amount of air agent. These samples were then
subjected to five different freeze–thaw cycles (0, 25, 50, 75, 100).
Then, flexural strengths, compressive strengths and modulus of
dynamic elasticity were obtained. In addition, mass properties
and deflections were established. The results were compared
with control samples.

In many studies of concrete suffering from freezing and thawing
cycles, the dynamic modulus of elasticity and weight loss have
generally been the main focus. These studies, however, have not
provided information on the mechanical properties of concrete un-
der compressive and tensile stress states. Because maximum num-
bers of freeze–thaw cycles are chosen very high as 300–400,
concrete cracks. Thus, it is not possible to obtain compressive
and flexural strength. In this study, because the maximum number
of freeze–thaw cycles was chosen as 100, visible deteriorations
could not occur in the samples; thus, it was possible to apply flex-
ural and compressive strength tests in addition to ultrasonic veloc-
ity tests to samples.
2. Materials and methods

2.1. Materials

Five different types of fibers were used in the experiments.
These were PP, CF, AR, GF and PVA. Some properties of these fibers
are presented in Table 1.

As can be seen in Table 1, the specific masses of the fibers varied
between 0.91 and 2.68 g/cm3; fiber diameters were between 14
and 660 lm, elongations between 1.8% and 10%, tensile strengths
between 300 and 4200 MPa and Young moduli were between
4000 and 240000 MPa. The most brittle material was carbon fiber
and the most ductile was polypropylene fiber.

CEM I 42.5 R type cement was used in the experiments. The
compositions and physical and mechanical properties of the ce-
ment are presented in Table 2. The experiments were conducted
according to EN 196 [25]; thus, CEN-standard sand was used as
aggregate in mortars. The air entraining agent (AE) used in the
experiments was specific inorganic powder and had 0.95 g/cm3

of specific mass.
2.2. Methods

In accordance with the objective of the study, seventeen differ-
ent fiber reinforced cement mortars were prepared with five differ-
ent fiber types and three different proportions (Table 3) in total.
These mortars were subjected to five different freeze–thaw cycles
(0, 25, 50, 75 and 100).
Table 1
The properties of the fibers used in the experiments.

Properties Aramid (AR) Polypropylene fiber (PP)

Specific mass (g/cm3) 1.44 0.91
Fiber length (mm) 12 12
Fiber diameter (lm) 12 18
Melting point (�C) 149–177 160
Ignition point (�C) 450 (roasting) 360
Alkali resistance High High
Elongation (%) 3.6 8–10
Tensile strength (N/mm2) 2920 300–400
Young modules (N/mm2) 83,000 4000
The flexural and compressive strength tests were conducted
according to the principles suggested in EN 196 [25]. The ‘‘test
mortar’’ consisted of 450 g of cement, 1350 g of graded standard
sand and 225 g of water; thus, the water/cement ratio was 0.50.
The powder state air entraining agent was batched with the
mixture in the last 30 s of the mixing cycle of the mortar. While
the fiber reinforced mortars were being produced, after pouring
water into the cement–sand mixtures, the selected fibers were
added to the fresh mortar. Then, the mortars were mixed as long
as was needed in order to obtain homogeneous mixtures. The
homogenous dispersion of the fibers in the samples could be
seen on cracked samples after samples had been tested. Follow-
ing the molding process, the molds (with the mortars in them)
were placed in a moist room at 21 ± 1 �C for 24 h and removed
at the end of this period; the prismatic mortar specimens were
stored in tap water for 40 days. Thus, the mortars were matu-
rated sufficiently prior to the freeze–thaw cycles. According to
the objective of the study, freeze–thaw cycles were applied to
the samples.
2.3. Repetitive freeze–thaw experiments

The freeze–thaw tests were realized according to Turkish Stan-
dard, TS 699 [26]. This standard is generally used as an alternative
to CEN/TS 12390-9 [27] to determine the freeze–thaw resistance of
concrete in Turkey [7]. The working principle of freeze–thaw
equipment is given in Table 4. The samples were subjected to five
different freeze–thaw cycles (0, 25, 50, 75, 100). Because the max-
imum number of freeze–thaw cycles chosen was 100, visible dete-
riorations did not occur in the samples. Thus, it was possible to
apply flexural and compressive strength tests in addition to ultra-
sonic velocity tests. One cycle took about 6½ hours to complete’.
Thus the completion of 100 cycles took roughly 27 days. It was
clear that the additional 27-day strength gain was highly impor-
tant to the mortars which their hydrations are not ultimately com-
pleted. To prevent this situation, as the freeze–thaw cycle stages
finished, the samples were taken from the freezer equipment and
stored in a cure tank until the freeze–thaw cycles of all the samples
were completed.

After the freeze–thaw processes had been completed, ultrasonic
velocity, flexural strength and compressive strength tests were
conducted. The deflections were the maximum deformations of
Glass fiber (GF) Carbon fiber (CF) Polyvinyl alcohol fiber (PVA)

2.68 1.76 1.3
12 12 12
14 6.9 660
860 3500 >200
Incombustible Incombustible Combustible
High High High
2.4 1.8 7
1700 4200 900
72,000 240,000 23,000



Table 3
Mix designs of seventeen different fiber reinforced mortars.

Fibers Air entraining agent (AE3) (0.65%) (g) Standard sand (g) Cement (CEM-I/42.5R) (g) Water (g) W/C

Type Volume ratio (%) Mass (g) 2.925 1350 450 225 0.5
PP 0.40 3.15

0.80 6.30
1.20 9.45

CF 0.40 6.08
0.80 12.16
1.20 18.24

AR 0.40 4.98
0.80 9.95
1.20 14.30

GF 0.40 9.26
0.80 18.52
1.20 27.79

PVA 0.40 4.49
0.80 8.99
1.20 13.48

Control-1 0.00 0.00
Control-2 0.00 0.00 0.00

Table 4
The time elapsed for one freeze–thaw cycle and temperatures subjected.

Stages Temperature (�C) Time elapsed (min)

Stage 1 20 1
Stage 2 �15 5
Stage 3 �16 5
Stage 4 �17 5
Stage 5 �18 5
Stage 6 �20 90
Stage 7 �20 121
Make water and wait 20 120
Water discharge – 25
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the midpoint of beams at the moment of breaking. Three speci-
mens were tested for each type of mixture according to the Rilem–
Cembureau method in EN 196 [25].

2.4. Determining modulus of dynamic elasticity

Ultrasonic velocity tests were executed with a Proceq Pundit
Lab+ device. While modulus of dynamic elasticity was being found,
it was benefited from ultrasonic velocity. For this aim, ultrasonic
waves were sent from one edge along the long border of the pris-
matic mortar sample and read from the other edge. Thus, the reach
time was determined. Then, the velocity was calculated according
to Eq. (1). After wave velocity had been calculated, the modulus of
dynamic elasticity was also calculated (Eq. (2)).

V ¼ S
t
� 106 ð1Þ

V is the ultrasonic wave velocity (m/s), S is Interval between trans-
ducers (m), and t is the time (ls):

Ed ¼
V2 � q� ð1þ lÞ � ð1� 2lÞ

ð1� lÞ ð2Þ

Ed is the modulus of dynamic elasticity (GPa), q is density (kg/m3),
and l is the Poisson ratio.

3. Results and discussions

3.1. The physical and mechanical properties of the fiber reinforced
cement mortars

3.1.1. The effects of fiber addition on unit masses of cement mortars
Because unit masses of fibers (except for GF) are lighter than

cement mortars, it was expected that the fiber addition would
decrease the unit masses of the cement mortars. However, there
was a decrease in the GF reinforced mortars, too. It was assumed
that because of this decrease, the GF had a hydrophilic structure
and had absorbed some of the mixing water, thereby decreasing
workability; thus, the mortar was found to not be compacted well.
For the same reason, the mechanical properties of the mortars also
decreased.

When the air entraining agent, having 2.04 g/cm3 unit mass,
was added to the control sample, its unit mass decreased to
2.00 g/cm3. After 1.2% of fiber addition, these decreases for PP,
CF, AR, GF and PVA were about 4.5%, 3.5%, 4.5%, 2.5% and 5.0%,
respectively (Fig. 1, Table 5).

3.1.2. The effects of fiber addition on flexural strengths of cement
mortars

Compared with control samples, in general, fiber addition in-
creased the flexural strength of mortars. However, this increase
was not clearly determined for PP addition in any addition ratios.
The best results were obtained in 0.8% addition ratios for AR and
PVA. In higher ratios than this, the contribution to flexural strength
was decreased. CF addition increased flexural strength in all addi-
tion ratios. For used ratios, CF addition limit was not determined.
1.2% of CF addition increased flexural strength from 9.14 N/mm2

(control) to 11.18 N/mm2. For GF, the situation seemed likely that
CF. 5% in flexural strength increase (9.62 N/mm2) was obtained
with 1.2% of GF addition (Fig. 2, Table 6).

3.1.3. The effects of fiber addition on compressive strengths of cement
mortars

Since the fibers have more ductile structure compared to the
cement matrix and aggregate when the fibers are added to mor-
tars, they cause discontinuity in the cement matrix. This is
therefore expected to decrease the compressive strength of mor-
tars [2]. This situation was also experienced in this study. As fi-
ber addition ratio increased, compressive strength decreases
further. The CF fiber which is most brittle one shows the least
there was a decrease in compressive strength. A 1.2% addition
of PP, CF, AR, GF and PVA fibers decreased the compressive
strength of the mortar by about 18.4%, 5.3%, 12.5%, 10.0% and
18.1%, respectively (Fig. 3, Table 7).

3.1.4. The effects of fiber addition on moduli of dynamic elasticity of
cement mortars

When fibers are added to mortar, it is expected that fibers with
high Young modulus will increase the moduli of dynamic elasticity
of mortars, or vice versa. On the other hand, Eq. (2) shows that the



Fig. 1. Relationship between fiber addition ratio and unit masses of the mortars.

Table 5
Unit masses of the fiber reinforced mortars.

Fiber ratio (% by volume) AE ratio (% by mass) Unit mass (g/cm3)

PP CF AR GF PVA

0.00 0.00 2.04 2.04 2.04 2.04 2.04
0.00 0.65 2.00 2.00 2.00 2.00 2.00
0.4 0.65 1.94 1.96 1.95 1.97 1.94
0.8 0.65 1.93 1.94 1.93 1.96 1.92
1.2 0.65 1.91 1.93 1.91 1.95 1.90

Fig. 2. Relationship between fiber addition ratio and flexural strengths of the mortars.

Table 6
Flexural strengths of the fiber reinforced mortars.

Fiber ratio (volume %) AE ratio (mass %) Flexural strength (N/mm2)

PP CF AR GF PVA

0.00 0.00 8.96 8.96 8.96 8.96 8.96
0.00 0.65 9.14 9.14 9.14 9.14 9.14
0.4 0.65 9.16 9.35 9.41 9.27 9.56
0.8 0.65 8.78 10.10 10.23 9.48 10.03
1.2 0.65 8.75 11.18 8.92 9.58 9.62
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modulus of dynamic elasticity is directly proportional to the unit
masses of the samples. It was therefore concluded that all fiber
types decreased the modulus of the dynamic elasticity of mortars.
However, CF, which is the most brittle one, decreased it the least.
On the other hand, the most ductile PP decreased the most. A
0.4%-CF addition only did not decrease the Young modulus. The



Fig. 3. Relationship between fiber addition ratio and compressive strengths of the mortars.

Table 7
Compressive strengths of the fiber reinforced mortars.

Fiber ratio (Volume %) AE ratio (Mass %) Compressive strength (N/mm2)

PP CF AR GF PVA

0.00 0.00 50.20 50.20 50.20 50.20 50.20
0.00 0.65 51.18 51.18 51.18 51.18 51.18
0.4 0.65 47.34 50.03 46.56 47.48 44.97
0.8 0.65 44.19 49.54 45.52 46.10 42.63
1.2 0.65 41.79 48.46 44.80 46.08 41.90
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highest decrease (19%) in modulus of dynamic elasticity was deter-
mined in the sample that had 1.2% PP (Fig. 4, Table 8).

Fig. 5 shows that the deflections of the mortars increased by
about 30–45% in the case of all types of fiber addition. However,
the moduli of dynamic elasticity of the fibrous mortars decreased
and because deflections increased, the ductility of the samples in-
creased, too. Thus, it can be said that fiber addition is able to com-
pensate for micro cracks and small inter-stress of mortars with
lower modulus of dynamic elasticity and higher deflection capacity.
Fig. 4. Relationship between fiber addition ratio and
3.2. The mechanical properties of the fiber reinforced cement mortars
under repetitive freeze–thaw effects

3.2.1. The effects of fiber addition on flexural strengths of cement
mortars under repetitive freeze–thaw effect

When the effects of freeze–thaw cycles on the flexural strength
of the fibrous mortars were investigated, it was seen that, as the
number of freeze–thaw cycles increased, the flexural strengths of
the mortars decreased. However, the fiber reinforced mortars
modulus of dynamic elasticity of the mortars.



Table 8
Moduli of dynamic elasticity of the fiber reinforced mortars.

Fiber ratio (Volume %) AE ratio (Mass %) Moduli of dynamic elasticity (N/mm2)

PP CF AR GF PVA

0.00 0.00 29,252 29,252 29,252 29,252 29,252
0.00 0.65 28,335 28,335 28,335 28,335 28,335
0.4 0.65 24,032 28,264 25,612 25,808 26,114
0.8 0.65 23,345 27,562 24,175 25,456 24,326
1.2 0.65 22,968 26,348 24,128 25,346 23,842

Fig. 5. Relationship between fiber addition ratios and deflections of the mortars.
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showed better comparative performance than non-fibrous ones
(Table 9, Fig. 6). In addition, it was observed that the fiber
reinforced samples, which had less flexural strength than the con-
trol sample prior to freeze–thaw cycles, showed higher flexural
strength than the control sample after freeze–thaw cycles.

After 100 freeze–thaw cycles, flexural strength of the non-
additive control sample decreased by 28%. This decrease for the
control sample that had 0.65% AE was about 23%. This decrease
for all fibrous samples is on average 12%.
Table 9
Flexural strengths of the fiber reinforced mortars under freeze–thaw effects.

Freeze–thaw cycles ? 0

Flexural strength (N/mm2)
Control sample non-additive 8.96

Control sample with 0.65% AE 9.14

Sample with 0.65% AE + PP 0.4% PP 9.16
0.8% PP 8.78
1.2% PP 8.75

Sample with 0.65% AE + CF 0.4% CF 9.35
0.8% CF 10.10
1.2% CF 11.18

Sample with 0.65% AE + AR 0.4% AR 9.41
0.8% AR 10.23
1.2% AR 8.92

Sample with 0.65% AE + GF 0.4% GF 9.27
0.8% GF 9.48
1.2% GF 9.58

Sample with 0.65% AE + PVA 0.4% PVA 9.56
0.8% PVA 10.03
1.2% PVA 9.62
The samples with PP showed the best results, with 0.4% by vol-
ume of fiber addition ratio. After 100 freeze–thaw cycles, decreases
in flexural strength for the samples that had 0.4%, 0.8% and 1.2% of
PP were 15%, 14% and 13%, respectively (Fig. 6). These decreases in
flexural strength for the same addition ratios of CF were 10%, 9%
and 13%, respectively. Decreases for AR addition were about
12%, 15% and 12%, while for GF these ratios were 15%, 11% and
11%. For PVA, these decreases in flexural strengths were about
9%, 14% and 12%, respectively.
25 50 75 100

9.14 7.93 7.18 6.41

8.78 8.27 7.81 7.07

8.86 8.65 8.29 7.82
8.61 8.09 7.78 7.58
8.42 7.96 7.73 7.58

9.10 8.91 8.59 8.46
9.78 9.41 9.34 9.18
10.79 10.28 9.94 9.65

9.03 8.74 8.56 8.25
9.93 9.58 9.12 8.72
8.72 8.49 8.05 7.84

8.86 8.67 8.18 7.86
9.18 8.99 8.68 8.44
9.44 9.07 8.55 8.51

9.42 9.12 8.93 8.73
9.87 9.62 9.08 8.68
9.43 9.19 8.88 8.47
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Fig. 6. Relationship between fiber addition ratio and flexural strengths of the mortars under freeze–thaw effects.

Table 10
Compressive strengths of the fiber reinforced mortars under freeze–thaw effects.

Freeze–thaw cycles ? 0 25 50 75 100

Compressive strength (N/mm2)
Control sample non-additive 50.20 51.18 46.15 44.20 41.83

Control sample with 0.65% AE 51.18 49.53 47.85 46.04 44.21

Sample with 0.65% AE + PP 47.34 46.16 44.78 43.35 41.74 7.82
44.19 43.03 41.36 40.24 39.38 7.58
41.79 40.87 39.96 39.33 38.16 7.58

Sample with 0.65% AE + CF 50.03 48.68 47.47 45.86 45.28 8.46
49.54 49.01 46.63 45.02 43.85 9.18
48.46 47.57 45.79 44.56 43.47 9.65

Sample with 0.65% AE + AR 46.56 45.10 44.15 42.79 42.17 8.25
45.52 45.10 44.07 43.31 42.48 8.72
44.80 43.92 42.38 42.01 41.06 7.84

Sample with 0.65% AE + GF 47.48 46.73 45.83 43.27 41.86 7.86
46.10 45.61 43.89 42.03 41.91 8.44
46.08 45.42 43.73 42.38 40.39 8.51

Sample with 0.65% AE + PVA 44.97 44.27 42.07 41.36 39.64 8.73
42.63 40.74 40.02 39.01 37.68 8.68
41.90 41.09 40.35 39.76 39.04 8.47
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The samples that had 1.2%-CF, 0.8%-AR, 0.8% PVA and 0.8%-GF
showed the best performance against repetitive freeze–thaw
effects in terms of flexural strength.

3.2.2. The effects of fiber addition on compressive strengths of cement
mortars under repetitive freeze–thaw effect

The compressive strength decrease started from the 25th freeze–
thaw cycles for the samples that were both fibrous and non-fibrous
(Table 10, Fig. 7). However, the strength loss was less for fiber rein-
forced mortars than for the control samples. After 100 freeze–thaw
cycles, the compressive strength of the control samples without AE
decreased about 17%, while the compressive strength of the control
sample with AE decreased 14%. The conditions for the fibrous sam-
ples after 100 freeze–thaw cycles were as follows.

Although the samples with PP generally had less compressive
strength than control samples, strength loss percentages in PP-fi-
ber reinforced mortars were less than in the control samples. PP
showed the best contribution with a 0.4% addition ratio. For this
addition ratio, the decrease was roughly 11%. CF also presented
the best contribution with 0.4–0.8% addition ratio. For these
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Fig. 7. Relationship between fiber addition ratio and compressive strengths of the mortars under freeze–thaw effects.

Table 11
Moduli of dynamic elasticity of the fiber reinforced mortars under freeze–thaw effects.

Freeze–thaw cycles ? 0 25 50 75 100

Modulus of dynamic elasticity (N/mm2)
Control sample non-additive 29,252 28,335 27,528 26,535 25,857

Control sample with 0.65% AE 28,335 28,024 27,139 26,240 25,754

Sample with 0.65% AE + PP 24,032 23,986 23,637 23,118 22,432 7.82
23,345 23,188 23,029 22,506 21,910 7.58
22,968 22,912 22,753 22,394 22,097 7.58

Sample with 0.65% AE + CF 28,264 27,979 27,688 27,338 26,553 8.46
27,562 27,190 26,430 25,824 24,999 9.18
26,348 25,948 25,470 24,980 23,908 9.65

Sample with 0.65% AE + AR 25,612 25,167 24,823 24,138 23,315 8.25
24,175 23,764 23,424 23,239 22,113 8.72
24,128 23,428 22,862 22,182 21,845 7.84

Sample with 0.65% AE + GF 25,808 25,698 25,302 25,086 23,950 7.86
25,456 25,000 24,285 23,775 23,487 8.44
25,346 25,075 24,639 23,981 22,972 8.51

Sample with 0.65% AE + PVA 26,114 25,931 25,121 24,467 23,733 8.73
24,326 24,220 23,711 23,040 22,384 8.68
23,842 23,159 22,830 22,352 21,804 8.47
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ratios, the compressive strength was higher than in the control
samples after 100 freeze–thaw cycles. For other addition ratios,
the strength results were also good. Addition of 0.8%-AR de-
creased the compressive strength only 7% after 100 freeze–thaw
cycles. On the other hand, although PVA decreased compressive
strength of mortars in the highest ratio, it increased freeze–thaw
resistance significantly.
3.2.3. The effects of fiber addition on moduli of dynamic elasticity of
cement mortars under repetitive freeze–thaw effect

Similar to flexural and compressive strengths, repetitive freeze–
thaw cycles decreased the moduli of dynamic elasticity of the
samples (Table 11, Fig. 8). After 100 freeze–thaw cycles, modulus
of dynamic elasticity of the control samples without AE decreased
about 12% and decreased about 9% for the control samples with AE.
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Fig. 8. Relationship between fiber addition ratio and modulus of dynamic elasticity of the mortars under freeze–thaw effect freeze–thaw effects.
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However for the samples with fiber and AE, modulus of dynamic
elasticity fell between 3.5% and 9.5%.

After 100 freeze–thaw cycles, modulus of dynamic elasticity de-
creased 4% with 1.2% PP addition, 6% with 0.4% CF addition and on
average 9% with AR addition. These decreases were about 8% for GF
and PVA.

4. Conclusions

The objective of the study was to investigate the mechanical
behaviors of mortars with different types and percentages of fibers
under repetitive freeze–thaw effects. The flexural and compressive
strengths and deflections and moduli of dynamic elasticity of the
samples prepared for this objective were determined. The conclu-
sions obtained from this study can be summarized as:

i. Fiber reinforced mortar properties without considering
freeze–thaw effects:

� Flexural strengths were generally increased with fiber

addition. However, the optimum addition ratio is variable
for each type of fiber. CF and GF present the best perfor-
mance with 1.2%, however, AR and PVA show it with 0.8%
addition ratio. If true type (CF) and optimum percentage
(1.2% by volume) is chosen, the fibers contribute to flex-
ural strength of mortars at high level (22%).

� For all fiber percentages used in this study, the compres-
sive strengths fell. With 1.2% of fiber addition ratio, the
compressive strengths of the mortars containing PP, CF,
AR, GF and PVA decrease about 18%, 5%, 12%, 10% and
18%, respectively. It was observed that decreases in the
compressive strength of mortars that had CF were left
at reasonable levels. On the other hand, fibers decreased
modulus of dynamic elasticity; however, ductility are
increased.
ii. Fiber reinforced mortar properties under repetitive freeze–
thaw effects:

� All mechanical properties of the samples fell under repet-

itive freeze–thaw effects. However, fibrous samples pre-
sented better performance than non-fibrous ones.

� It was observed that even though the flexural strengths of
the fibrous samples were less than that of the control
samples prior to freeze–thaw cycles, fiber reinforced
mortars were higher than them after 100 freeze–thaw
cycles. After 100 freeze–thaw cycles, flexural strength,
compressive strength and modulus of dynamic elasticity
of the control samples decreased by 23%, 14% and 9%,
respectively. These decreases for fiber reinforced mortars
were on average 12%, 10% and 8%, respectively. The best
flexural strength was provided by 1.2%-CF addition.

� Although the fibers decreased the compressive strength
of mortars, the decreases were less than in the non-
fibrous control sample after 100 freeze–thaw cycles. For
modulus of dynamic elasticity, there were similar out-
comes to that of compressive strengths. The highest
dynamic modulus of elasticity was obtained with 1.2%
PP addition.

� Briefly summarized, the best addition ratios were 1.2% for
CF, 0.4–0.8% for AR, 0.8% for GF, 0.4% for PVA and 0.4% for
PP by volume for all properties and all conditions in this
study.
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