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ABSTRACT

This paper examines the effect of freezing and thawing on the coarse sand coating chosen to achieve the composition of
FRP and concrete in FRP-concrete composite deck. Push-out test specimens with dimensions of 100 x 100 x 450 mm
were subjected to repeated freeze-thaw cycles under wet conditions ranging from —18°C + 2°C to 4°C + 2°C. The failure
strength of the interface and the deformation of FRP at failure exhibited by the specimens that experienced 300 freez-
ing-thawing cycles showed a difference of merely 5% compared to those of the specimens that were not subjected to
freeze-thaw. This indicates that coarse sand coating is not affected by freezing-thawing cycles and the FRP-concrete
composite deck owns sufficient applicability in terms of durability against freezing-thawing.
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1. Introduction

Strong composition between the FRP (Fiber Reinforced
Polymer) panel and concrete is necessary to achieve the
FRP-concrete composite deck. The method usually adopted
to realize such composition is the coarse sand coating.
This method is different from the epoxy bonding applied
for repair and strengthening. Epoxy bonding can be ap-
plied to stick FRP sheets or panels on existing structures
as done for repair and strengthening but becomes diffi-
cult in FRP-concrete composite deck since concrete is
placed over the FRP panel. Therefore, coarse sand is ep-
oxy-bonded preliminary on the FRP panel before placing
concrete so as to provide shear connection by means of
the gears formed between the irregularities of the small
aggregates and concrete (Figure 1).

The shear connection performance of coarse sand
coating depends on the bonding performance between the
small aggregates and FRP panel and the gear perform-
ance between the sand and concrete. The bonding per-
formance between the small aggregates and FRP panel is
subordinated to the bonding performance of epoxy whereas
the gear performance between sand and concrete is in-
fluenced by the strength of concrete. Coarse sand coating
exhibits optimal static performance when it is realized
using sand with grain size of 4 - 7 mm and density of 4
kg/m® [1]. In such case, the interface develops shear
composition capacity close to perfect composition [2].
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However, since the FRP-concrete composite deck using
coarse sand coating is installed outdoor, the shear con-
nection performance of coarse sand coating is unavoid-
ably affected by environmental factors such as freezing
and thawing.

Generally, FRP is insensitive to freezing and thawing
[3-5]. Besides, epoxy and concrete are known to be eas-
ily damaged by the degree of water content or freez-
ing-thawing [6,7]. Apart from such material factors, the
water trapped between FRP and concretemay provoke
damage at the interface by dilatation and contraction of
its volume under freezing and thawing. Moreover, dam-

Figure 1. Coarse sand coated FRP panel.
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age may also occur due to the different degrees of ther-
mal dilatation experienced by FRP and concrete. Even if
several studies were dedicated to observe the level of
damage caused by freezing and thawing in the field of
repair and strengthening [8-12], these studies failed to
provide consistent results. In addition, an experimental
study performed to evaluate the freeze-thaw effect on
sand-coated FRP reinforcing bars embedded in concrete,
which can be assumed as a connection method similar to
coarse sand coating, revealed the absence of damage
caused by freezing and thawing [13].

This review shows that the previous studies failed to
provide consistent evaluation of freezing and thawing on
the shear connection performance between FRP and con-
crete. Furthermore, the absence of research devoted to
the evaluation of the freeze-thaw effect on coarse sand
coating applied on structures presenting large surfaces
like the FRP-concrete composite deck is also noteworthy.
Consequently, this study intends to evaluate the freeze-
thaw effect on the composition performance of coarse
sand coating used to achieve the composition of the FRP-
concrete composite deck.

2. Experimental Program

2.1. Freeze-Thaw Experimental Program

Concrete subjected to freezing and thawing experiences
not only performance changes due to freezing and thaw-
ing but also performance changes according to time.
Therefore, need is to exclude the ageing-induced per-
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formance changes in order to examine only the changes
of the performance provoked by freezing and thawing.
To that goal, specimens subjected to freezing-thawing as
well as specimens that were not subjected to freezing-
thawing were fabricated to allow comparison. Table 1
arranges these specimens. Two freeze-thaw specimens
were manufactured for each set of freezing-thawing cy-
cles and the numbers of cycles were set to 50, 100, 200
and 300. The specimens for constant temperature and
humidity room were fabricated at sets of 3, 2 and 2 units
corresponding respectively to 0, 100 and 300 freezing-
thawing cycles. In addition, compression cylinders were
also manufactured to allow observation of the perform-
ance changes of concrete subjected to freezing and thaw-
ing.

There is currently no unified specification relative to
the number of freeze-thaw cycles to be applied when
evaluating the freeze-thaw effect on the interface. The
number of freeze-thaw cycles varies slightly according to
the researcher. This study assumed that the factor having
the largest effect on the performance of the interface is
the concrete itself. Accordingly, the freeze-thaw cycles
were determined with respect to the accelerated test
method [14] in order to evaluate the freeze-thaw effect of
concrete. The temperature range specified in the standard
test method is —18°C £ 2°C - 4°C + 2°C, and the time
required for one cycle runs from 2 to 5 hours. Moreover,
freezing-thawing under wet state was selected because it
provides harsher conditions than the dry freezing-thaw-
ing. Figure 2(a) shows such freezing-thawing cycles
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Figure 2. Freezing-thawing cycles. (a) Freeze-thaw test method; (b) Actually measured freeze-thaw cycles.

Table 1. Details of the specimens.

Freeze-thaw Freeze-thaw

Constant temperature and humidity

cycles Designation of specimen Specimen (number) Cylinder (number) Designation of specimen Specimen (number) Cylinder (number)
0 - - - CT000 3 3
50 FT050 2 - - - -
100 FT100 2 3 CT100 2 3
200 FT200 2 3 - - 2
300 FT300 2 3 CT300 2 3

Copyright © 2013 SciRes.
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and, Figure 2(b) plots the actually measured freezing-
thawing cycles. The temperature range felt from —18°C to
6°C and the time required for once cycle averaged 4.3
hours, which satisfied the standard test method. Figure 3
pictures the freeze-thaw testing apparatus and the speci-
mens installed in the constant temperature and humidity
chamber.

2.2. Specimen Details

The specimens were fabricated as push-out shear test
specimens as shown in Figure 4. The external dimen-
sions of the specimens are 100 x 100 x 450 (length x
width x height, mm), and the connected section of FRP
and concrete is 300 mm long. Even if the length of this
connected section is shorter than the effective length of
the coarse sand coating connected section, this length
will not provoke problem since performance comparison
is done on specimens with identical shapes. Steel rein-
forcing bars with diameter of 6 mm were arranged to
prevent failure of concrete. Steel plates with thickness of

(b)

Figure 3. Freeze-thaw test apparatus and storage of speci-
mens in the constant temperature and humidity chamber.
(a) Specimens installed in the freeze-thaw testing apparatus;
(b) Specimens stored in the constant temperature and hu-
midity chamber.

Copyright © 2013 SciRes.

3 mm were attached at the fixed end to prevent bearing
failure of FRP.

The FRP plate is made of GFRP and presents a thick-
ness of 6 mm. The mechanical properties of this plate are
summarized in Table 2. The adhesiveness of coarse sand
coating was increased by sand blasting of the section of
the plate to be connected with concrete.

The bonding performance at the coarse sand coating
interface depends mainly on the bond performance be-
tween FRP and coarse sand and the bond performance
between coarse sand and concrete. Here, the bond per-
formance between coarse sand and concrete is directly
subordinated to the damage of concrete. Accordingly, the
degree of damage caused by freezing-thawing of con-
crete should be similar to that occurring in reality in or-
der to observe the performance change of the coarse sand
coated surface caused by freezing and thawing as set as
the purpose of the test. To that goal, concrete was fabri-
cated in compliance with the Concrete Standard Specifi-
cations [15]. Especially, the fabrication was executed to
secure an air content superior to 4.5% according to the
specifications, and the resulting air content was measured
to be 6%.

After placing, the specimens were subjected to 28 days
of water curing followed by drying during three days in
the constant temperature and humidity chamber. The
corresponding compressive strength of concrete was 24.6
MPa.

Coarse sand coating was applied on the connected sec-
tion of the FRP plate. Epoxy was applied on the FRP
plate followed by bonding of small aggregates with di-
ameter of 4 - 7 mm distributed at a rate of 4 kg/m’.

2.3. Testing Procedure and Measurements

Since the specimens that completed the freeze-thaw cy-
cles were in wet conditions and the specimens stored in
the constant temperature and humidity chamber were in
dry state, the water contents of both types of specimens
were naturally different. Therefore, need was to fit the
water content levels of the two types of specimens. To
that goal, the specimens that completed the freeze-thaw
cycles were dried during three days in the constant tem-
perature and humidity chamber prior to the execution of
the test.

The specimens were installed for pull-push out test on
a UTM (Universal Testing Machine) with capacity of
1000 kN as shown in Figure 5. Semi-circular spacers
were disposed on the top of concrete to minimize the
effect of the flexural moment that could occur in the
push-out shear test. Strain gauges were installed on the
top of concrete and both sides of the FRP plate to meas-
ure the relative displacement between concrete and the
FRP plate.
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Figure 4. Shape of specimens and layout of gauges (units: mm).

Table 2. Mechanical properties of the FRP plate.

Test item Units Result Test method
Tensile strength MPa 456 KS M 3006: 2003
Tensile elastic modulus GPa 27.0 KS M 3006: 2003
Loading direction

Compressive strength MPa 532 ASTM D695-08

Compressive elastic modulus GPa 13.1 ASTM D695-08

Direction perpendicular Compressive strength MPa 163 ASTM D695-08
to loading Compressive elastic modulus GPa 5.47 ASTM D695-08

However, the size of the displacement occurring at the
interface being very small, large disturbance was likely
to happen even under small motions induced during the
installation and test. Therefore, strain gauges were in-
stalled at interval of 50 mm on both sides of the FRP
plate in each specimen to supplement this problem.

These strain gauges were used to obtain not only the
stress distribution of the FRP plate but also the deforma-
tion of the FRP plate by means of integration.

Loading was applied by displacement control at speed
of 0.2 mm/min until failure. Figure 6 shows a view of
the test.

3. Experimental Results and Discussion
3.1. Consideration of Eccentricity

The push-out shear test is generally accompanied by un-
intended eccentricity leading to the application of differ-
ent loads at both sides of the specimen. In such case, if

Copyright © 2013 SciRes.

failure occurs on the side subjected to the larger load, the
other side also fails even before having reached the fail-
ure strength because of the concentration of the load that
was distributed on both sides. This situation results in the
failure of the whole specimen. Figure 7(a) illustrates the
typical failure pattern of the specimens in which failure
occurred on the right-side surface. Figure 7(b) plots the
relation between the load and the strain measured by
gauges So; and Sy (Figure 5). Since gauges Sy, and Sog
are disposed at locations outside the section connecting
FRP and concrete, the strains measured by these gauges
depend only on the acting load. In the figure, the larger
load acts on the right-side and leads to larger strain on
the right. This results in the failure of the right-side sur-
face. Accordingly, the composition strength between
FRP and concrete should be computed with respect to the
side experiencing failure. In addition, the corresponding
failure load should consider the effect of the eccentricity
of the specimen.
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Figure 5. Installation of specimen and measurement loca-
tions.

Figure 6. View of installed specimen.

The loads acting on both sides of the specimens con-
sidering the eccentricity can be obtained easily from the
strains measured by gauges Sy, and Sqr using the follow-
ing equations.

Copyright © 2013 SciRes.
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Figure 7. Eccentric load pattern of push-out shear test. (a)
Failure pattern of the specimens; (b) Difference of the loads
at both sides of the push-out shear test specimens.
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where P is the total load applied on the specimen; P, and
Py are the left-side and right-side loads considering the
eccentricity; and gy, and gy are the strains measured by
gauges So; and Sog.

3.2. Failure Strength

Table 3 and Figure 8 arrange the mean values of the
strength according to the number of freeze-thaw cycles.
Here, the interface failure strength stands for the failure
load of the section considering the eccentricity. The com-
pressive strength of the cylinder does not exhibit signifi-
cant difference regardless of the execution of freezing-
thawing or the elapsed time. Accordingly, the compres-
sive strength of concrete can be seen to be relatively in-
sensitive to freezing and thawing. Besides, the interface
failure strength of the specimens shows large difference
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Figure 8. Strength change pattern according to the number of freeze-thaw cycles. (a) Failure strength of interface; (b) Com-

pressive strength of compression cylinder.

Table 3. Pattern of strength change according to the number of freeze-thaw cycles.

Failure strength of specimen, kN

Failure strength of interface, kN

Compressive strength of cylinder, MPa

Cycles
CT series FT series CT series FT series CT series FT series
0 40.1 - 23.2 - 24.6 -
50 - 46.9 - 25.8 - -
100 74.1 53.2 41.6 29.3 27.2 28.2
200 - 47.5 - 28.2 28.0 26.5
300 64.6 67.7 39.3 40.9 27.6 30.5

with respect to the number of freeze-thaw cycles. For the
specimens of CT series that did not experienced freeze-
thaw, small strength was observed only during the first
cycles to become nearly constant after a larger number of
cycles. For the specimens of FT series that experienced
freeze-thaw, low strength was observed until 200 cycles
to become similar to the CT series specimens after 300
cycles. In other words, the strength of the specimens does
not exhibit specific pattern according to the number of
freeze-thaw cycles nor the elapsed time.

Such inconsistent behavioral pattern seems to be at-
tributable to the effects of unintended factors induced by
the testing procedure like the drying time of the speci-
mens. The push-out test was executed on the specimens
that were dried in the constant temperature and humidity
room during a definite period after completion of the
water curing or completion of the freeze-thaw cycles.
The reason for the drying of the specimens relied on the
will to exclude possible effects due to the difference of
water content between the specimens. The specimens
were actually dried as listed in Table 4. Here, the drying
time for the specimens of CT series corresponds to the
period starting from the time at which the specimen is
introduced in the constant temperature and humidity
room after completion of water curing to the time of test.

Copyright © 2013 SciRes.

Table 4. Drying time per specimen.

Specimen Drying time, days
CT000 4
CT100 28
CT300 69
FT050 5
FT100 6
FT200 4
FT300 15

The drying time of the specimens of FT series stands for
the period from the time at which the specimen is intro-
duced in the constant temperature and humidity room
after completion of the relevant freeze-thaw cycles to the
time of test. Specimens CT000, FT050, FT100 and
FT200 that experienced drying time shorter than 6 days
were also those for which low interface failure strength
appeared. On the other hand, specimens CT100, CT300
and FT300 that were subjected to drying time longer than
15 days exhibited nearly similar interface failure strength
regardless of the execution of freeze-thaw. This implies
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that the interface failure strength is more influenced by
the water content level in the specimens rather than the
cyclic undergoing of freezing and thawing. Especially,
the fact that the interface failure strength of specimens
FT300, which experienced 300 freeze-thaw cycles, was
practically identical to those of specimens CT100 and
CT300 indicates that the composition capacity brought
by coarse sand coating is quasi-insensitive to the freeze-
thaw effect.

Even if the compression cylinders were dried identi-
cally to the specimens, the size of the cylinders being
significantly smaller than the specimens and the absence
of FRP plate that could impede drying enabled fast dry-
ing, which was without effect on the strength.

3.3. Failure Pattern

The specimens failed at first at the side on which the lar-
ger load acted as shown in Figure 7. At that time, the
pattern of the failed surface differed according to the
bond strength between FRP and coarse sand and to the
relative size of the bond strength between coarse sand
and concrete. If the bond strength between FRP and
coarse sand is larger than the bond strength between
coarse sand and concrete, failure occurs mainly in the
concrete side. In the opposite case, coarse sand separates
from the FRP surface. Figure 9 illustrates the failed sur-
face of specimens CT300 and FT300. It can be observed
that specimens CT300 failed mostly in the concrete side.
This can be explained by the slightly larger compressive
strength of specimens FT300 as shown in Figure 8(b).
However, the interface failure strength induced by such
difference in the failure pattern did not appear to be sig-
nificant between the two types of specimens as illustrated
in Figure 8(a). Accordingly, the composition perform-
ance of coarse sand coating can be seen to be relatively
insensitive to cyclic freeze-thaw.

3.4. Load-Displacement Relation

If no performance loss of the coarse sand coating is pro-
voked by cyclic freezing-thawing, the load-relative dis-
placement relationship at the interface should be similar.
However, the values measured by the gauges installed as
shown in Figure 5 cannot be applied as they are to verify
such relationship. This is due to the small values of the
relative displacement to be measured, which makes the
measurement polluted by non-negligible errors brought
the damage of concrete of the corners at the top of the
specimens or slight rotation of the specimens caused by
the eccentricity during the push-out shear test. As an
example, Figure 10 shows the scattering of the load-dis-
placement curves. Here, the relative displacement repre-
sented in the horizontal coordinate axis is the mean value
of the displacements measured at both sides of the FRP

Copyright © 2013 SciRes.

(d)
Figure 9. Typical failure patterns. (a) CT300; (b) FT300.
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Figure 10. Load-relative displacement curves.

from which the displacement measured of concrete at the
center has been subtracted. Moreover, this case presents
the disadvantage of not considering the eccentric action
of the load.

To overcome this problem, this study intended to ob-
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tain the relative displacement using the deformation at
the extremity of the connected section of FRP instead of
the measured displacements. The deformation, J, at the
extremity of the connected FRP section can be obtained
by integrating the strain as expressed in Equation (3).

&= [edL 3)

Equation (3) provides the displacement under the con-
dition that the strain of the whole connected surface is
known. However, the measurement of the strain being
possible only at the limited measurement locations,
Equation (3) needs to be discretized in order to obtain the
displacement at the extremity of FRP. Figure 11 depicts
the relation between the strain at the FRP connected sur-
face (dotted line) and the measured strain. The measured
strain can be assumed as the mean strain within a given
section. Accordingly, the strain at the extremity of the
FRP connected surface can be approximated using the
following equation.

5= 6l 4)

where ¢& is the measured strain; and, L; is the tributary
length of the gauge. This length is 50 mm since the strain
gauges were installed at interval of 50 mm on the speci-
mens.

Figure 12 plots the load-displacement curves for
CT300 specimens that did not experienced freeze-thaw
and FT300 specimens that experienced 300 cycles of
freezing-thawing. The displacement is obtained by Equa-
tion (4) applied on the failed surface, and the load con-
siders the eccentricity as the load of the failed side. It can
be seen that the specimens of CT300 series and FT300
series are exhibiting similar behavior. In addition, the
interface failure strength of FT300 specimens is 40.9 kN,

which results in an error of approximately 4% compared
to the 40.9 kN of FT300 specimens. Similarly, the dis-
placement at failure of CT300 specimens being 0.437
mm shows a small error of about 5% compared to the
displacement of 0.457 mm derived for the FT300 speci-
mens. In view of these results, it can be concluded that
the performance of the coarse sand coated interface is not
affected by the effect of freeze-thaw.

4. Conclusions

The freeze-thaw effect on coarse sand coating used to
combine FRP and concrete in the FRP-concrete compos-
ite deck has been investigated. To that goal, freeze-thaw
cycles (—18°C + 2°C - 4°C £ 2°C) were applied under wet
condition on push-out shear test specimens with dimen-
sions of 100 x 100 x 450 mm.

The specimens subjected to respectively 50, 100 and
200 freeze-thaw cycles exhibited smaller shear strength
than the specimens that did not experience cyclic freeze-
thaw, but such result could be attributed to the insuffi-
cient drying time of the freeze-thaw specimens. Besides,
the specimens subjected to 300 freeze-thaw cycles showed
a difference of the interface failure strength smaller than
5% compared to the specimens that did not experience
cyclic freeze-thaw. Since this observation was derived
from the specimens that were subjected to the largest
number of freeze-thaw cycles among the whole set of
tests, it could be concluded that coarse sand coating is
not affected by the freeze-thaw effect. This confirmed
that coarse sand coating bears sufficient applicability for
the composition of FRP-concrete composite deck in
terms of durability against freezing-thawing. In future, it
should be verified at in sifu condition.

Figure 11. Computation of the deformation of the FRP plate using strain integration.

Copyright © 2013 SciRes.
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Figure 12. Load with respect to the integrated strain.
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