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Abstract

Natural and artificial materials including rocks and cement-based materials such as
concrete and cement mortar are affected both physically and chemically by various
natural factors known as weathering factors. The freeze-thaw process, as a weathering
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Mode I Fracture factor, considerably affects the properties of rocks and concrete. Therefore, the effect of
Toughness the freeze-thaw process on the physical and mechanical properties of materials should be

taken into account in areas with the risk of this process. Given that few studies have
Mode II Fracture been conducted on the effect of the freeze-thaw process on the fracture toughness, in this
Toughness work, we aimed at investigating the effects of the freeze-thaw cycles and freezing

temperature on the mode I and mode II fracture toughness of cement mortar. To this
end, specimens were exposed to 0, 5, 10, 20, and 30 freeze-thaw cycles, and the mode I
and mode II fracture toughness was determined in different cycles. The effect of
freezing temperature in a freeze-thaw cycle on the mode I and mode II fracture
toughness was also investigated. The damage factor was also defined based on the
effective porosity of cement mortar, and its changes with the number of freeze-thaw
cycles and mode I and mode II fracture toughness were studied. Finally, the decay
function model provided by Mutluturk was investigated. According to the results
obtained, the mode I and mode II fracture toughness of cement mortar decreased linearly
with increase in the number of freeze-thaw cycles. The mode I and mode II fracture
toughness decreased linearly with increase in the freezing temperature in a freeze-thaw
cycle. The damage factor increased with increase in the number of freeze-thaw cycles,
and, additionally, its relationship with mode I and mode II fracture toughness exhibited a
linear behavior.

Freezing Temperature

Cement Mortar

1. Introduction

The freeze—thaw process is one of the main causes
of concrete deterioration in cold regions, where
water periodically freezes and thaws inside the
concrete during the freeze and thaw cycles,
respectively. The water phase change causes a
change in the internal stress of the concrete and/or
the cement mortar, and eventually leads to cement
fracture [1]. Freezing in porous materials such as
concrete and cement mortar occurs when water
molecules inside the microcracks are converted to
ice, consequently increasing the volume of water
molecules by 9% [2]. This, in turn, causes a
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tensile stress, which increases the size of cracks
[3] and reduces the mechanical performance of
materials. Crack propagation in rock materials is
presumably the major mechanism affecting the
cement-based materials during freezing [4].
Cement mortar is extensively used in bridges,
water reservoirs, and silos for filling cracks in old
concretes and injection in rocks [5]. Cement
mortar is also used to make artificial sandstones in
the study of oil wells in sandstone reservoirs [6].
Various studies have been conducted on the effect
of the freeze-thaw process on concrete and
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cement mortar-based materials. Saito et al. studied
the effect of freeze—thaw process on chloride
permeability of concrete and found that the
permeability of concrete specimens was increased
when exposed to the freeze—thaw process [7].
Jacobsen et al. examined the density and the
pattern of cracks formed in the freeze-thaw
process by examining thin cross-sections under a
fluorescence microscope [8]. Sun et al. studied
damage of concretes with different strengths
under the simultaneous effects of the freeze—thaw
process and the compressive loading and found a
larger concrete degradation rate as the number of
freeze—thaw cycles increased. This negative effect
was more pronounced for concretes with a lower
strength. They also observed a reduction in the
degradation rate of specimens exposed to the
freeze—thaw process by adding air and steel fibers
to the concrete structure [9]. Cao et al. examined
the concrete damage during the freeze-thaw
process by measuring the electrical resistivity, and
observed that the concrete damage rate was higher
during the freezing cycle compared to the melting
cycle. Electrical resistivity measurement allows
simultaneous monitoring of temperature and
damage [1]. Shang et al. (2006) examined the
strength and deformation of concrete under
triaxial stress after applying different freeze—thaw
cycles. According to their results, the triaxial
strength of concrete decreased with increase in the
number of freeze—thaw cycles. They also provided
a fracture criterion for concrete by taking into
account the effect of the freeze—thaw process [10].
Siline et al. investigated the effect of the
freeze—thaw process on cement mortar containing
different amounts of pozzolan. Based on their
reports, by increasing the number of freeze—thaw
cycles, the uniaxial compressive strength and
thermal conductivity of specimens decreased,
while the porosity and water absorption increased.
The presence of pozzolanic materials increases the
strength of concrete against the freeze—thaw
process [11]. Reis and Ferreira investigated the
effect of the freeze-thaw process on the mode I
fracture toughness of simple polymeric concrete
and carbon and glass fiber-reinforced concretes.
They found that although this toughness was not
affected in simple polymeric concrete, it was
decreased in carbon and fiber glass-reinforced
concrete [12].

Hosseini and Khodayari investigated the effect of
the freeze—thaw process on the strength and rock
strength parameters on the Lushan sandstone.
According to the results obtained, an increase in
the number of F-T cycles and freezing
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temperatures reduced the uniaxial and triaxial
compressive strengths, cohesion, internal friction
angle, and elastic modulus due to the growth of
the existing cracks and the nucleation of new
cracks in the rock. Consequently, the effective
porosity increased, whereas the dry specific
gravity decreased with more F-T cycles and lower
freezing temperatures [13].

Most studies in this area have focused on
characteristics such as uniaxial and triaxial
compressive strength, porosity, tensile strength,
and various additives to reduce the effect of the
freeze-thaw process on concrete, while few
studies have investigated the effect of the
freeze—thaw process on the mode I and mode II
fracture toughness of concrete. This parameter is
highly important in designing and analyzing the
stability of concrete and cement mortar structures.
Therefore, this work aimed at investigating the
impact of the freeze—thaw process on the mode I
and mode II fracture toughness of cement mortar
using the chevron notched Brazilian disc
(CCNBD) method. To this end, 0, 5, 10, 20, and
30 freeze-thaw cycles were applied to the
specimens, and the mode I and mode II fracture
toughness was determined in different cycles. In
order to evaluate the effect of the freezing
temperature on the mode I and mode II fracture
toughness, the freeze-thaw experiments were
carried out at -16, -20, and -24 °C on specimens
that tolerated a single freeze—thaw cycle.

2. Specimens

The specimens used in the experiments were
prepared from Portland cement, fine-grained sand,
and water with a water-cement ratio of 0.5 and a
cement-sand ratio of 1. For this purpose, the
cement mortar was prepared and blended, and
after pouring the mortar into the PVC pipes to
create cylindrical specimens (Figure 1), the blend
was mixed to let out the air bubbles of the
mixture. The specimens were removed from the
pipe after 24 h and stored in water. After 28 days,
the physical and mechanical properties of the
specimens including the effective porosity, dry
weight, uniaxial compressive strength, Brazilian
tensile strength, modulus of elasticity, Poisson’s
ratio, and adhesion were determined using the
methods proposed by the International Society of
Rock Mechanics (ISRM) [14]. Cores with a
diameter of 59 mm and a length-diameter ratio of
2 were used for the uniaxial compressive strength
test, discs with a diameter-thickness ratio of 2 for
Brazilian tensile strength test, and specimens with
a diameter of 54.7 mm and a length-diameter ratio
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of 2 for the triaxial compressive strength test. The
cohesion and internal friction angles of the cement
mortar specimens were determined with the help
of the Rock Lab software. The saturation and

immersion methods were used to measure the dry
weight and effective porosity of the specimen
(Table 1).

Figure 1. (a) PVC pipes for preparation of specimens; (b) specimens prepared for determination of physical and
mechanical properties.

Table 1. Physical and mechanical properties of cement mortar specimen.

Dry unit Effective . . , Modulus of  Internal Bran!mn Uniaxial
. . Cohesion  Poisson's .. . tensile .
weight porosity (MPa) ratio elasticity friction strensth compressive
(KN/m®) (%) (GPa) angle (°) (MP%I) strength (MPa)
18.25 12.23 2.16 0.18 20.45 36.07 4.7 29.05

3. Freeze-thaw experiment

To perform a freeze—thaw test, the specimens
were first saturated in water under the ambient
pressure for 48 h. The saturated specimens were
exposed to a temperature of -16 °C for 18 h
(freezing) and then at 20 °C for 6 h (thaw), adding
up to a total of 24 h for each freeze-thaw cycle.
The mode I and mode II fracture toughness of the
specimens was determined prior to the freeze—
thaw cycles and also after applying 5, 10, 20, and
30 freeze-thaw cycles. The freeze—thaw
experiment was carried out at -16, -20, and -24
°C, and the fracture toughness was measured for a
single freeze—thaw cycle to investigate the effect
of the freezing temperature.

4. Fracture toughness experiment
The cracked chevron notched Brazilian disc
(CCNBD) method was used to determine the
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mode I and mode II fracture toughness of the
specimens. This method is capable of calculating
the mode I and mode II fracture toughness as well
as the combined fracture toughness. The geometry
and loading of the Brazilian disc are depicted in
Figure 2 [15].

The dimensionless parameters shown in Eq. (1)
are used to describe the geometry of the chevron
notch. The geometric conditions of the specimen
required based on these parameters are shown in
Figure 3:

4 4 B

R TR TETR s

_Ds
2R

«, (1)
where R represents the disc radius, B is the disc
thickness, and Ds (2Rs) is the diameter of the

cutter-head.
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If the notch angle () equals 0, the specimen is
subjected to pure mode I, and the fracture
toughness is calculated from Eq. (2):

Fuw_y*
B\/B min

where K¢ is the mode I fracture toughness, Fix
the load at fracture, R the disc radius, B the disc
thickness, and VY, the dimensionless critical
stress coefficient, which is calculated from Eq.

3):

*_ Voo
Ymin =ue

Kie = 2)

)

where the constants u and v are calculated from
the parameters o, and ap in Table 2.

The pure mode II conditions for CCNBD are met
when the angle between the notch and the loading
direction is set to an appropriate size. This angle
has been determined by theoretical and numerical
methods. For instance, Ayatollahi and Aliha
analyzed a Brazilian disc specimen by the finite
element method in order to determine the angle
corresponding to the pure mode II at different a/R

ratios. Figure 4 shows the changes in the angle ay
with respect to a/R. The mode II fracture
toughness is calculated from Eq. (4) [14].

o, —Q
K / / 1 0y
c — \/ﬂiRB a— ao 17

where Yy is the geometry factor of pure mode II
(Figure 5), which depends on the crack length
ratio (a/R). This geometry factor can be obtained
from numerical modeling by the finite element
method [16].

The geometric dimensions of CCNBD were
selected considering the geometric limitations of
this method (Table 3). In order to prepare the
specimen, cores with a diameter of 71 mm were
cut into discs of 24 mm thickness. In order to
create a chevron notch, a finger milling with a
special base and a cutting disc with a 40 mm
diameter was used (Figure 6). To create a chevron
notch on both sides of the specimen (Figure 7),
two grooves with a depth of 14 mm were created
at the center.

4)

]
72

Figure 2. Geometry and loading of CCNBD [16].
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Table 2. Values of u and v for different o, and ag [15].

0o 0.200 0.250 0.275 0.300 0.325 0.350 0.375 0.400
o u
0.680 0.2667 0.2704 0.2718 0.2744 0.2774 0.2807 0.2848 0.2888
0.720 0.2650 0.2683 0.2705 0.2727 0.2763 0.2794 0.2831 0.2871
0.760 0.2637 0.2668 0.2693 0.2719 0.2744 0.2781 0.2819 0.2860
0.800 0.2625 0.2657 0.2680 0.2706 0.2736 0.2772 0.2811 0.2845
0.840 0.2612 0.2649 0.2672 0.2699 0.2727 0.2763 0.2801 0.2831
0.880 0.2602 0.2642 0.2668 0.2691 0.2723 0.2754 0.2793 0.2816
0.920 0.2598 0.2634 0.2658 0.2684 0.2716 0.2747 0.2782 0.2811
0.960 0.2593 0.2633 0.2655 0.2685 0.2710 0.2746 0.2767 0.2799
1.000 0.2591 0.2630 0.2653 0.2679 0.2709 0.2738 0.2768 0.2786
A%
0.680 1.7676 1.7711 1.7757 1.7759 1.7754 1.7741 1.7700 1.7666
0.720 1.7647 1.7698 1.7708 1.7722 1.7693 1.7683 1.7652 1.7617
0.760 1.7600 1.7656 1.7649 1.7652 1.7662 1.7624 1.7593 1.7554
0.800 1.7557 1.7611 1.7613 1.7603 1.7596 1.7561 1.7525 1.7512
0.840 1.7522 1.7547 1.7551 1.7548 1.7535 1.7499 1.7469 1.7473
0.880 1.7487 1.7492 1.7478 1.7487 1.7463 1.7452 1.7403 1.7434
0.920 1.7423 1.7446 1.7443 1.7432 1.7411 1.7389 1.7360 1.7363
0.960 1.7370 1.7373 1.7372 1.7346 1.7344 1.7309 1.7343 1.7331
1.000 1.7308 1.7307 1.7306 1.7297 1.7273 1.7270 1.7258 1.7302
32
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Figure 4. The angle for pure mode II corresponding to different a/R values [16].
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Figure 5. The geometry factor of mode II with respect to the ratio a/R for CCNBD [16].

Table 3. Geometric dimensions of the specimens prepared for determining mode I and mode II fracture

toughness.
B(mm) R;(mm) a(mm) a,(mm) ay,(mm) R (mm) Pure mode II angle (°)
24 20 13 18.5 7.5 35.5 26.5

-t —— -1 R=20

K

—

\
»
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I
I
t——&3
4

|
Figure 7. Steps to create a chevron notch by a 40 mm diameter disc milling [16].
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5. Results and discussion

5.1. Effect of number of freeze—thaw cycles on
mode I and mode II fracture toughness

The mode I and mode II fracture toughness was
determined before applying the freeze-thaw
cycles and after 5, 10, 20, and 30 cycles (Tables 4
and 5). Three experiments were carried out to
determine the fracture toughness at each cycle.
The average results are given in Tables 4 and 5.

In order to investigate the relationship between
the mode I and mode II fracture toughness and the
number of freeze-thaw cycles, the changes in the
fracture toughness were plotted with respect to the
number of cycles and the best curve fitting the
points was plotted (Figures 8 and 9). As it can be
clearly seen, the mode I and mode II fracture
toughness decreases linearly with a coefficients of
determination of 0.98 and 0.82, respectively, as
the number of freeze—thaw cycles increases.

Calculated by Eq. (5), the reductions in mode I
and mode II fracture toughness after the end of 30
cycles were 22.38% and 14.82%, respectively. As
shown, the mode II fracture toughness shows a
lower reduction than mode I fracture toughness,
indicating the less impact of the freeze—thaw
cycles on the mode II fracture toughness as
compared to the mode I fracture toughness.

R = K, oK, —-K, orK

K, oKy,

Iy,

x100

)

where Kj is the mode I fracture toughness before
applying the freeze-thaw cycle, Kj; the mode I
fracture toughness after 30 cycles, K; the mode 11
fracture  toughness before applying the
freeze-thaw cycles, K39 the mode II fracture
toughness after 30 cycles, and R is the percentage
changes in the mode I and mode II fracture
toughness after applying 30 freeze—thaw cycles.

Table 4. Mode I fracture toughness of cement mortar before applying freeze-thaw cycles and after 5, 10, 20, and

30 cycles.
Number of cycles Mode I fracture toughness (MPa.m'?)
0 0.335
5 0.32
10 0.31
20 0.275
30 0.26

Table 5. Mode II fracture toughness of cement mortar before applying freeze-thaw cycles and after 5, 10, 20, and
30 cycles.

Number of cycles Mode II fracture toughness (MPa.m'?)

0 0.73
5 0.72
10 0.68
20 0.69
30 0.59
04 | 0335
2 035 032 031
£ o0s 0.275 0.26
=
g 025
g 02 y = -0.0026x + 0.3336
g 0.5 R2 =0.9821
Fo
S 0.1
< 0.05
(=]
E o0
0 5 10 15 20 25 30 35

Number Of Cycle

Figure 8. Mode I fracture toughness versus number of freeze—thaw cycles (the points show the mean value of the
mode I fracture toughness after 0, 5, 10, 20, and 30 cycles).
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Figure 9. Mode II fracture toughness versus number of freeze—thaw cycles (the points show the mean value of the
mode II fracture toughness after 0, 5, 10, 20, and 30 cycles).

5.2. Effect of freezing temperature on (modes I and II) versus the freezing temperature
freeze—thaw process in Figures 10 and 11 (three fracture toughness
As mentioned earlier, the cement mortar tests were carried out at each temperature and the
specimens were exposed to the different mean values were displayed on the diagrams).

temperatures of -16, -20, and -24 'C during the
freezing step of a freeze-thaw cycle to study the
effect of the freezing temperature on the mode I
and mode II fracture toughness. The results
obtained were plotted as the fracture toughness

As it can be clearly seen, the mode I and mode II
fracture toughness of cement mortar linearly
decrease with a coefficient of determination of
0.93 and 0.90, respectively, as the freezing
temperature in the freeze—thaw process increases.

0.5
g
£ 0.4
4
s 0.3
® y=0.0138x+0.6117
E R2=0.9356 0.2
]
= 0.1
o
3 0
(=]
£-30 -25 -20 -15 -10 -5 0

Freeze Temperature

Figure 10. Mode I fracture toughness of cement mortar with respect to freezing temperature (the marked points

show the mean mode I fracture toughness at -16, -20, and -24 °O).

0.91 .
2 077 08
£ 0.8
=)
H
° y=0.0175x + 1.1767 0.6
5 R2=0.9018
£ 04
g
= 02
D
g 0O
c \v)
.30 25 -20 15 -10 5 0

Freeze Temperature

Figure 11. Mode II fracture toughness of cement mortar with respect to freezing temperature (the marked points

show the mean mode II fracture toughness at -16, -20, and -24 °O).
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5.3. Degradation mechanism

To investigate the degradation mechanism, the

damage factor D was calculated from Eq. (6)

based on the change in the effective porosity

before applying the freeze—thaw cycles and after

5, 10, 20, and 30 cycles (Table 6). The damage

factor is displayed in Figure 12 with respect to the

number of freeze—thaw cycles [17].

D=0 (©)
iy

where D represents the damage factor, ny is the

effective porosity after N cycles, and n, denotes

the initial porosity.

As shown in Figure 12 and based on Eq. (7), with

increase in the number of freeze—thaw cycles, the

damage factor linearly increases with a coefficient

of determination (R*) of 0.96, which indicates the

formation and development of cracks in the
specimen.

The relationships between the damage factor and
mode I and mode II fracture toughness of cement
mortar are shown in Figures 13 and 14.

As it can be clearly seen, with increase in the
damage factor, the mode I and mode II fracture
toughness decrease linearly with a coefficients of
determination of 0.96 and 0.75 based on Egs. (8)
and (9), respectively.

D =0.018N +0.0241 (7)
K oy =-0.1398D +0.336 (8)
K ey =-02177D +0.7381 ©9)

Table 6. The effective porosity percentage of cement mortar specimens before applying freeze—thaw cycles and
after 5, 10, 20, and 30 cycles.

Number of cycles Effective porosity (%) D

12.23 0

13.25 0.08

15.42 0.26

17.35 0.41

18.67 0.52
0.53

y=0.018x + 0.0241
R>=0.9623

0
5
10
20
30

0.60

0.50

0.40

/| 030 0.26

0.20

0.10,

0.00 &

0 10

20

30 40

Number Of Cycle
Figure 12. Damage factor as a function of the number of freeze—thaw cycles.

g, 04
g 035
S 03
=
£025
£ 02
2015 y =-0.1398x +0.336
s R* = 0.9643
= 0.1
2 0.05
s 0
000 010 020 030 040 050  0.60
D

Figure 13. Mode I fracture toughness versus damage factor.
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y=-0.2177x + 0.7381

R*=0.7525

0.00 0.10 0.20

0.30
D

0.40 0.50 0.60

Figure 14. Mode II fracture toughness versus damage factor.

5.4. Evaluation of decay function model

The decay function model was first introduced by
Mutluturk in order to predict the effect of the
number of freeze-thaw and heing—cooling cycles
on the rock integrity. In this model, the rock
integrity reduction due to freeze-thaw and
heating—cooling cycles is modeled as a first-order
process and the degradation rate due to these
processes is assumed proportional to the rock
integrity at the beginning of each cycle, as
expressed in Eq. (10) [18]:

) w
where {dI/dN} is the degradation (decay) rate, A
the decay constant, I the rock integrity, and N the
number of cycles. The exponential relation in Eq.
(11) is obtained by integrating Eq. (9):

(11)

where A is the decay constant, N the number of
cycles, Iy the rock integrity after N cycles, and I,
the initial rock integrity before applying the cycle.
In this work, another relationship known as "rock
half-life" was defined as a measure of rock
durability. By definition, rock half-life is the
number of cycles required to reduce the rock
integrity by 50% based on Eq. (12):

Iy =I,e™"
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0.693
NI/2 ﬂ,
where Ny, is the half-life of the rock and A is the
decay constant. The validity of the model is
determined by examining the goodness of fit
(GOF) of the experimental data. For this purpose,
an exponential relationship was derived between
the number of cycles and the mode I and mode II
fracture toughness, as shown in Figures 15 and 16.
GOF of the decay function model is determined
by the coefficient of determination (R?). As
shown, the coefficients of determination for the
Mutluturk decay function model for the modes I
and II fracture toughness are, respectively, 0.98
and 0.81, indicating the high validity of this model
for the results of this work. The decay constant
and half-life of cement mortar for the mode I and
mode II fracture toughness are listed in Table 7
based on the Mutluturk decay function model.
As it can be clearly seen, the half-life of the mode
I fracture toughness of the cement mortar is
greater than that of the mode I, indicating the
lower impact of the number of freeze—thaw cycles
on the mode II facture toughness of the cement
mortar.

(12)
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04 | 0335
2 035 032 031
£ 03 0.275 0.26
=3
£ 02
02
E y = 0.3348¢-0.00%
g 0I5 R®=0.985
E 01
—
=S 0.05
(=}
= 0

0 5 10 15 20 25 30 35

Number Of Cycle

Figure 15. Mode I fracture toughness versus number of cycles in the form of Mutluturk decay function model.

0.80.73 0.72

Mode II fracture toughness

0.69

y=0.7388e - 0.006x

04 R*=0.8193
03
0.2
0.1
0
0 5 10 15 20 25 30 35

Number Of Cycle

Figure 16. Mode II fracture toughness versus number of cycles in the form of Mutluturk decay function model.

Table 7. Half-life and decay constant of modes I and mode II fracture toughness of cement mortar.

Parameter

Mode I fracture toughness
Mode II fracture toughness

Half-life Decay constant
77 0.009
116 0.006

6. Conclusions
The effects of the number of freeze—thaw cycles
and freezing temperature in a freeze—thaw cycle
on the mode I and mode II fracture toughness of
cement mortar was investigated. To this end, 0, 5,
10, 20, and 30 freeze—thaw cycles were applied to
the cracked chevron notched Brazilian disc
(CCNBD) specimens, and the mode I and mode 11
fracture toughness was determined. The damage
factor was expressed as a function of the effective
porosity, and its relationship with the changes in
fracture toughness was investigated. Finally, the
decay function model presented by Mutluturk was
evaluated. The results obtained showed that:

=  The mode I fracture toughness of cement
mortar decreased linearly with increase in the
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number of freeze-thaw cycles with a coefficient
of determination of 0.98. The mode I fracture
toughness decreased by 22.38% after the end of
30 cycles.

=  The mode II fracture toughness of cement
mortar decreased linearly with increase in the
number of freeze-thaw cycles with a coefficient
of determination of 0.82. The mode II fracture
toughness decreased by 14.82% after the end of
30 cycles.

»  The percentage reduction in the mode II
fracture toughness at the end of the 30 cycles was
less than that of the mode I fracture toughness,
indicating the lower impact of the freeze-thaw
process on the mode II fracture toughness.
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* The mode I and mode II fracture
toughness of cement mortar decreased linearly
with coefficients of determination of 0.93 and
0.90, respectively.

* By increasing the number of cycles, the
damage factor defined based on the porosity of the
cement mortar increased linearly with a
coefficient of determination of 0.94, indicating the
formation and development of various cracks in
the specimen due to the freeze—thaw process.

= A linear relationship was found between
the damage factor and the mode I and mode II
fracture  toughness  with  coefficients  of
determination of 0.96 and 0.75, respectively. The
mode I and mode II fracture toughness of the
cement mortar decreased with increase in the
damage factor.

= Given the high reliability and goodness of
fit (GOF) using the Mutluturk decay function
model, this model can be reliably used to predict
the long-term effect of the number of freeze—thaw
cycles on the cement mortar.
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