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Tonumepol, apmuposanivie CMEKI080IOKHOM, UMEION NOGLIUEHHYIO KOPPOZUOHHYIO CIMOUKOCHIb, NO-
IMOMY UCNONLIVIOMCS 6 CIMPOUMENLCINGE 8 KAYeCcee anbmepHamuebl Cmaibholl apmamype. Apma-
IMYPHBLIL CIEPAHCEHb, APMUPOGAHHBII CIMEKIOB0IOKHOM, 001a0den GbICOKUM NPedeloM NpOYHOCIU
npu pacmsdicenu, CpeoHUM MOOYIEM YAPYSOCMU U YNpYeum NOGeOeHUeM Gnions 00 Pa3pyuleHus.
Ilpu pacueme oannoeo cmepoucts HeoOXOOUMO UCNONL306AMb HEMPAOUYUOHHBIN NOOX00, NOCKOIbKY
npeononazaemcs, Umo ce3b Ha epanuye pazoena Mexcoy apManmypHulM CIMEPICHeM, apMUPOSAHHBIM
CMEKI060I0KHOM, U OEMOHOM OMAUYACMCS 0N MAKOBOU Ol MPAOUYUOHHBIX CINATLHLIX CIEPIICHE,
MaK Kaxk napamempul, OKa3pleaiowjue GIUAHUE HA NPOYHOCHIHYIO XAPAKMEPUCTUKY, UMEION Pa3Hble
snauenus. IIpedcmaginensl pesynomanmvl SKCHEPUMEHMATbHBIX U AHATUMUYECKUX UCCIE006AHULL NO
OYeHKe NPOUHOCMU CEA3U NOIUMEPHBIX CMEPIICHEU, APMUPOGAHHBIX CMEKI060IOKHOM, NPU MOHO-
MONHOU UMY YUKAUHECKOU nepemMenHoil Haepyske. s IKCNepuUMeHmantbHblX UCCIe008AHUI UCNOb-
306anu 30 06pasyos. Yemanosneno, umo 3Ha4eHusi NPOUHOCIU NPU CO8U2e NO NOBEPXHOCMU PA30eNd
OJIsL. NONUMEPHBIX CMEPIICHEl, APMUPOBAHHBIX CMEKIOB0NOKHOM, OMAUYAIOMCS OM MAKOGbIX OJisl
cmanshbix cmepoichetl. IIpoyecc pazynpounenus noIuMepHvix CMEPICHel, ApMUPOSAHHbIX CHEKI0-
BONIOKHOM, NPU YUKIUYECKOU NEPEMEHHOU Hazpyske bojee dceCmKuil, Yem npu MOHOMOHHOU HASPY3-
Ke.

Knroueevie cnosa: nommMep, apMHPOBAHHBINA CTEKIOBOJIOKHOM, MTPOYHOCTH CBS3H, CXEMBI
Harpy3Kd, pa3ymnpoyHeHHe.

Introduction. Over the last a few decades, there has been significant growth in the
use of fiber reinforced polymer (FRP) composites as construction materials in the civil
engineering community due to their favorable properties such as high-strength-to-weight
ratio, good corrosion resistance, labor cost reductions, and easy on-site handling. One of
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the main reasons for considering of FRP bars for concrete reinforcement is that steel bars
can corrode in concrete subjected to harsh environments, resulting in a loss of strength and
structural integrity. Concrete exposed to chlorides through marine or deicing salts is
particularly prone to corrosion of reinforcing steel.

In order to use FRP bars as a construction material, adequate bond behavior of the
FRP bars in concrete is necessary not only to ensure an adequate level of safety, by
allowing the two materials (FRP bars and concrete) to work together, but also to control the
structural behavior, by providing an adequate level to deformability. Bond strength is
influenced mainly by the roughness of the rebar surface condition, the concrete mixing, the
cover of concrete, and the types of loading. Although the bond performance between FRP
bars and the surrounding concrete has been established and clearly addressed in various
design codes [1-3], direct application of the codes to FRP bars would be imprudent act
because the interfacial bond behavior of FRP bars to concrete is expected to vary from that
of conventional steel bars. The variation arises from the fact that FRP bars have different
parameters that influence bond performance from those of conventional steel bars, such as
surface condition of the bars, modulus of elasticity, shear stiffness, and tensile strength.
Hence, there is a need to establish clear understanding of the interfacial bond behavior of
FRP bars in concrete.

Many studies on the effects of surface conditions, casting positions, bar size, and
concrete strength and the design of analytical models have been performed to examine the
bond behavior of steel bars [4-6]. On the other hand, few test results are currently available
regarding the interfacial bond behavior of FRP bars. Cosenza et al. [7] studied bond
mechanisms and the influence of type of fiber and external surface condition. According to
the experimental results, sand-coated FRP rebars showed better bond resistance than FRP
smooth rods. Achillides [8], Shima et al. [9], Okelo and Yuan [10], and Lee et al. [11]
tested the bond strength of FRP bars under monotonic loading and noted that the bond
strength of the FRP bar appears to be influenced by the interlaminar shear strength just
below the resin rich surface layer of the bar. Achillides [8] has reported that the FRP bond
strength can only increase with concrete compressive strength up to 50 MPa. On the other
hand, Okelo and Yuan [10] suggested that the bond strength of FRP showed a linear
relationship with the square root of the concrete compressive strength. Most research on the
bond performance of the FRP rebars so far were focused on the elucidation of the bond
failure mechanisms of FRP rebars subjected to monotonic load. However, detailed
investigations available on the interfacial bond behavior of FRP bars under cyclic load have
been relatively limited. This paper presents the results of an experimental study on the
interfacial strength of glass fiber reinforced polymer (GFRP) bars subjected to reversed
cyclic load. The experimental program consisted of testing 30 concrete cubes. Two main
parameters were considered in the experimental investigation: the loading patterns and the
types of rebars (steel, sand coating GFRP, and helical wrapping GFRP).

Test Program.

Materials. The used reinforcing bars were two types of GFRP bars and one type of
steel bar supplied by international manufacturers. The GFRP bars are made of continuous
longitudinal glass fibers glued together with a thermosetting resin. The nominal diameter of
the bars was 12.7 mm (#4). The surface of the GFRP bars was treated to improve bond by
sand coating (SC-GFRP, by Pultrall Inc.) and helical wrapping with sand coating
(HW-GFRP, by Hughes Brothers Inc.). The fiber volume fraction and density of all GFRP
bars were 70% and approximately 2 g/cm3, respectively. The fracture strength of GFRP bars
ranged from 617 MPa to 690 MPa, and the elastic modulus was 200 GPa for the steel and
40.8 GPa to 42.0 GPa for the GFRP bars. All of the GFRP bars followed a linear
stress-strain behavior up to failure. The concrete cylinder tests were carried out according
to ASTM C39, Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens. The average concrete strength of each specimen at the time of parent concrete
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cylinder test was 35.0 MPa. The nominal coarse aggregate size was limited to 13.0 mm to
ease the placement of concrete inside the small formwork.

Specimens and Test Configuration. The 190.5X152.4x102 mm cube specimens were
prepared. Each specimen consisted of a concrete cube with a single rebar embedded
vertically along a central axis. The specimens were prepared based on the ASTM Standard
C234 [12] and CSA S806-02 standard [13]. The concrete was cast with the rebar in the
vertical position inside the steel formwork that was prepared in accordance with ASTM
Standard C234. The bonded length of the rebar was set to 63.5 mm, five times the diameter
of the rebar. In order to minimize the effect of stress from the loading plate, the bar was
sheathed with soft PVC tube to prevent bonding between the bar and concrete on the
loaded and free end sides (Fig. 1). Concrete was placed in four layers of approximately
equal thickness, and each layer was rodded 25 times with 16 mm diameter tamping rod.
After molding, the specimens were initially cured by covering them with plastic sheet,
which prevented moisture loss for 24 h. Immediately after the removal of the molds,
specimens were cured in accordance with ASTM Standard C 511 [14] until the time of test.
During this curing period, they were sprayed with water twice a day to maintain moisture
on the surfaces at all times. Two nominally identical specimens were prepared for each
specimen type as shown in Table 1.

Table 1
Test Specimens
Load patterns Rebars
Steel GFRP-SC GFRP-HW
1 2 1 2 1 2
Monotonic load MAI1 MA2 MBI1 MB2 MC1 MC2
Cyclic load 1 L1Al L1A2 L1B1 L1B2 Li1C1 L1C2
Cyclic load 2 L2A1 L2A2 L2B1 L2B2 L2C1 L2C2
Cyclic load 3 L3Al L3A2 L3B1 L3B2 L3C1 L3C2
Cyclic load 4 L4Al L4A2 L4B1 L4B2 L4C1 L4C2
E T lse, 0
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Fig. 1. Test specimens and setup.
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The pullout tests were performed by using a UTM with a capacity of 1,000 kN. Load
was applied to the rebar at a rate of about 20,000 N/min. The specimen was mounted on the
testing machine such that the face of the cube with long end of the bar was in contact with
the bearing block assembly. A spherically seated bearing block was manufactured to
transfer the reaction from the block to the weighting table of the testing machine without
exerting transverse load on the bar. The projecting rebar was placed through the bearing
block assembly, and the bar end was gripped for tension by the jaws, with round wedges, of
the testing machine as shown in Fig. 1.

The load was measured with the electronic load cell of the machine. The slips of the
rebar relative to concrete at the loaded end and at the free end were measured with three
linear displacement transducers (LVDTs). The readings of the applied load and the
corresponding LVDTs were recorded automatically through a data logger at specified load
intervals.

Five load patterns [15], including one monotonic load and four different reversed
cyclic load patterns, were chosen for the test to examine the effect of reversed cyclic loads,
as shown in Fig. 2.
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Fig. 2. Load patterns.

Monotonic load: for a monotonic load, the pull-out load was simply applied at a
constant rate, until either a steady residual behavior or bond failure was observed.

Reversed cyclic load 1: the reversed cyclic load 1 condition was similar to the
monotonic load, except that the load was unloaded once when the slip value reached S, /2,
where §,, is the slip value corresponding to the maximum applied load under the
monotonic load, before application of the monotonic load was resumed.

Reversed cyclic load 2: a reversed cyclic load 2 was applied, under which the rebar
was pulled at a constant rate, but with 10 reversed cyclic loads at the slip value of S, /2.

Reversed cyclic load 3: a reversed cyclic load 3 was applied, where the rebar was
pulled at a constant rate as shown in Fig. 2.

Reversed cyclic load 4: a reversed cyclic load 4 was applied, under which the rebar
was pulled at a constant rate, but with 4 reversed cyclic loads at the slip value of §,,/2.

The number of load cycles was chosen to observe the differences in bond degradation
between GFRP and steel rebars while most interfacial damage is expected to take place.
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Test Results.

Monotonic Loading. The bond behavior of three types of rebars in concrete subjected
to monotonic and cyclic loadings was observed from the experimental tests. All of the
specimens failed by pullout of the rebars. None of specimens showed the failure at the
anchorage, the rupture of the rebar, and the splitting of the enclosing concrete.

Figure 3 shows the bond stress-free end slip curves obtained from a pullout test of
steel rebar subjected to monotonic load. The curve is divided into three stages as follows:

Stage I (adhesion area): for low bond-stress values, adhesion between the rebar and
concrete prevail and little slip occurs. However, highly bond stress increases with little
change in slip.

Stage II (from slip to bond strength): adhesion between the rebar and concrete
degrades but mechanical interlocking engages as slip increases resulting in higher bond
stress. The slope of bond-slip curve at Stage II is lower than that at Stage I.

Stage III (after bond strength): bond stress of steel bars gradually decreases as slip
increases.
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Fig. 3. Bond stress vs. slip curves of test specimens subjected to monotonic and cyclic loads.

The observed bond behavior of the steel bar was similar to that obtained from the
pull-out tests by Eligehausen et al. [16].

The test results of SC-FRP bars subjected to monotonic load are plotted in Fig. 3. The
bond stress—slip curves of SC-FRP bars also showed the bond behavior associated with
three stages, as observed in the steel bars. However, the bond strength of SC-FRP bar was
smaller than that of steel bars, and the bond stress of the SC-FRP bar reached a peak
immediate after a measurable slip was observed. In the descending branch of the curve, the
bond stress of SC-GFRP rebar reduced gradually with increasing slip.
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The bond stress versus slip curve of HW-GFRP rebar showed characteristics that are
more similar to those of steel than the SC-GFRP, but displayed a greater slip value
corresponding to the bond strength than that of the steel. The average slip value
corresponding to the maximum bond stress was 5.4 mm, which was 4.4 mm more than that
of the steel. The slope of the curve segment between the end of the adhesive bond and the
maximum bond strength for HW-GFRP bar was much lower than that for steel rebar,
indicating that breaking of adhesive bond results in more adverse effect on the stiffness of
composite reinforced with GFRP than with steel. In the descending branch of the curve, the
HW-GFRP exhibited a gradual reduction of bond stress.

Cyclic Loading. The results of the cyclic loading are plotted in Fig. 3. The effects of
repeated cyclic loads on the bond stress and slip were compared in this figure. In the case
of the steel rebar subjected to reversed cyclic loads, the bond strength showed limited
degradation. In particular, those subjected to reversed cyclic load type 1, 2, and 4 showed
that the bond strength degradation of steel rebar subjected to reversed cyclic load with less
than 10 cycles appeared to be negligible.

Concrete
crushing

Concrete
crushing

Interface
failure 2

Interface
failure 1

SCFRP-Cyclic load 3

SCFRP-Cyclic load 3

SCFRP-Monotonic load || SCFRP-Monotonic load

Interface
failure 1

Interface
failure 2

o)

Fig. 4. Bond failure of steel and GFRP bars after test.

Failure Modes. The specimens were split after the tests for a closer investigation of
the actual mode of bond failure. Figure 4 shows damages associated with the failures of the
specimens. Figure 4 reveals that, in the case of the steel bar, ultimate bond failure occurs
due to concrete crushing against the bar deformations. On the other hand, the bond failure
of the GFRP bars occurred partly on the surface between concrete and resin (interface
failure 1) and partly on the surface between resin and bar fiber due to peeling of the surface
layer of the bar (interface failure 2), as shown in Fig. 4. The failure at interface 1 occurs
when the shear strength between concrete and resin is smaller than the shear strength
between resin and bar fiber, while the failure at interface 2 occurs when the shear strength
between resin and bar fiber is smaller than the shear strength between concrete and resin.
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Hence, the bond strength and failure mode of the GFRP bars depends on the relative shear
strengths of interface 1 and 2. The photos in Fig. 4 for the SC-GFRP and HW-GFRP bars
subjected to monotonic load shows concrete pieces still attached to the bars over the
embedment length, while the photos in Fig. 4 for the SC-GFRP and HW-GFRP bars
subjected to reversed cyclic load shows none of the concrete pieces attached. The
delaminated areas at interface 2 were digitally measured using a graphic software. The ratio
of the delaminated area at interface 2 to the total surface areca of the SC-GFRP and
HW-GFRP bars subjected to reversed cyclic load was much greater than that of SC-GFRP
and HW-GFRP bars subjected to monotonic load. Therefore, it may conclude that the
number of loading cycle changes the failure mode of GFRP bars from interface 1 to
interface 2.

Conclusions. In this study, experimental investigations were conducted to determine
the effects of rebar types and loading patterns on the bond performance of various bars in
concrete. The test results indicated that the bond strength degradation of GFRP bars
subjected to reversed cyclic load was more severe than that of the steel bars. HW-GFRP
bars under reversed cyclic load showed the bond strength degradation of greater than
20.8%. The discrepancy between the bond strength under monotonic loading and the bond
strength under repeated loading of HW-GFRP was greater than that of steel bars or
SC-GFRP bars. The steel bars subjected to reversed cyclic load were failed by concrete
crushing in front of the bar deformations. The bond failure of GFRP, however, occurred
partly on the surface between concrete and resin and partly on the surface between resin
and bar fiber. The number of loading cycles changed the failure mode of GFRP bars from
interface 1 to interface 2. As a result, the strength degradation of GFRP bars under reversed
cyclic load was more severe than that of the steel bars or GFRP bars under monotonic load.
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Pe3ome

[Momimepu, apMOBaHi CKJIOBOJIOKHOM, MAlOTh IiJIBUIIEHY KOPO3iHHY CTIHKICTh, TOMY BHKO-
PHUCTOBYIOTHCSI Ha OYAIBHHUITBI SIK aJbTEPHATHBA CTAIBHIM apmarypi. ApMaTypHUil CTpH-
JKCHb, APMOBAHHUN CKJIOBOJIOKHOM, Ma€ BHCOKY TPaHMIIO MIITHOCTI TPH PO3Ts3i, CepeaHii
MO/JIyJIb MPY>KHOCTI 1 MPY’KHY HNOBEAIHKY Maibke 10 pyiHyBaHHs. [lJ1si po3paxyHKy JaHOTO
CTPIIKHS HEOOXiJJTHO BHKOPHCTOBYBATH HETPAIULIHHHUN ITIAX1M, OCKUIBKH HPHUITYCKAETHCS,
110 3B’5130K HAa TPaHMLI MOy MiXK apMaTypHHUM CTPH)KHEM, apMOBaHUM CKJIOBOJIOKHOM, i
0ETOHOM BIJIPI3HSAETHCS BIJl TAKOTO JUISl TPAJULIHHNUX CTaJIbHUX CTPHIKHIB, OCKUIBKH Iapa-
METpH, IO MAalOTh BIUIMB Ha MIIHICHY XapaKTepPHCTHKY, MaloTh pi3Hi 3Ha4deHHA. [Ipen-
CTaBJICHO PE3YJIbTATH EKCIICPUMEHTAIBHUX 1 AHATITUYHUX JOCII/UKEHb MO0 OLIHKH Mill-
HOCTI 3B’SI3Ky IIOJIIMEPHHUX CTPH)KHIB, apMOBAHUX CKJIOBOJIOKHOM, 32 MOHOTOHHOTO a0o0
LUKJIIYHOTO 3MIHHOTO HaBaHTaXeHHs. sl eKCHepHMEHTAIbHHX BHIPOOYBaHb BHKOPHC-
toByBasi 30 3pa3kiB. YCTaHOBIICHO, 1110 3HAYECHHS MILTHOCTI IIPH 3CYBI 110 MOBEPXHI MOJILTY
JUIS TIOJIMEPHHUX CTPHIXKHIB, apMOBAaHUX CKJIOBOJIOKHOM, BIJPI3HSIOTHCS BiI TaKUX IS
crapHuX. [Iponec 3HEMIlTHEHHS MOJIMEPHUX CTPHIKHIB, apMOBAHHX CKJIOBOJOKHOM, i
Yac IMUKIIYHOTO 3MIHHOTO HAaBAaHTA)XXEHHSI OLIBII JKOPCTKHUH, aHIX 33 MOHOTOHHOTO HaBaH-
Ta)KeHHS.
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