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Ðàçóïðî÷íåíèå ïîëèìåðíûõ ñòåðæíåé, àðìèðîâàííûõ ñòåêëîâîëîêíîì,
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à Ôàêóëüòåò ãðàæäàíñêîãî ñòðîèòåëüñòâà, àðõèòåêòóðíîãî ïðîåêòèðîâàíèÿ è ïðîåêòèðîâàíèÿ

ñèñòåì îêðóæàþùåé ñðåäû, Óíèâåðñèòåò Ñîíãþíãâàí, Ñóâîí, Ðåñïóáëèêà Êîðåÿ

á Ôàêóëüòåò àðõèòåêòóðíîãî ïðîåêòèðîâàíèÿ, Íàöèîíàëüíûé óíèâåðñèòåò Êîíäæó, Êîíäæó,

Ðåñïóáëèêà Êîðåÿ

â Ïðîåêòíî-òåõíè÷åñêàÿ ãðóïïà ÅÏÑ, Äóñàí Õåâè Èíäàñòðèñ & Êîíñòðàêøí, Ðåñïóáëèêà

Êîðåÿ

Ïîëèìåðû, àðìèðîâàííûå ñòåêëîâîëîêíîì, èìåþò ïîâûøåííóþ êîððîçèîííóþ ñòîéêîñòü, ïî-

ýòîìó èñïîëüçóþòñÿ â ñòðîèòåëüñòâå â êà÷åñòâå àëüòåðíàòèâû ñòàëüíîé àðìàòóðå. Àðìà-

òóðíûé ñòåðæåíü, àðìèðîâàííûé ñòåêëîâîëîêíîì, îáëàäàåò âûñîêèì ïðåäåëîì ïðî÷íîñòè

ïðè ðàñòÿæåíèè, ñðåäíèì ìîäóëåì óïðóãîñòè è óïðóãèì ïîâåäåíèåì âïëîòü äî ðàçðóøåíèÿ.

Ïðè ðàñ÷åòå äàííîãî ñòåðæíÿ íåîáõîäèìî èñïîëüçîâàòü íåòðàäèöèîííûé ïîäõîä, ïîñêîëüêó

ïðåäïîëàãàåòñÿ, ÷òî ñâÿçü íà ãðàíèöå ðàçäåëà ìåæäó àðìàòóðíûì ñòåðæíåì, àðìèðîâàííûì

ñòåêëîâîëîêíîì, è áåòîíîì îòëè÷àåòñÿ îò òàêîâîé äëÿ òðàäèöèîííûõ ñòàëüíûõ ñòåðæíåé,

òàê êàê ïàðàìåòðû, îêàçûâàþùèå âëèÿíèå íà ïðî÷íîñòíóþ õàðàêòåðèñòèêó, èìåþò ðàçíûå

çíà÷åíèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è àíàëèòè÷åñêèõ èññëåäîâàíèé ïî

îöåíêå ïðî÷íîñòè ñâÿçè ïîëèìåðíûõ ñòåðæíåé, àðìèðîâàííûõ ñòåêëîâîëîêíîì, ïðè ìîíî-

òîííîé èëè öèêëè÷åñêîé ïåðåìåííîé íàãðóçêå. Äëÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé èñïîëü-

çîâàëè 30 îáðàçöîâ. Óñòàíîâëåíî, ÷òî çíà÷åíèÿ ïðî÷íîñòè ïðè ñäâèãå ïî ïîâåðõíîñòè ðàçäåëà

äëÿ ïîëèìåðíûõ ñòåðæíåé, àðìèðîâàííûõ ñòåêëîâîëîêíîì, îòëè÷àþòñÿ îò òàêîâûõ äëÿ

ñòàëüíûõ ñòåðæíåé. Ïðîöåññ ðàçóïðî÷íåíèÿ ïîëèìåðíûõ ñòåðæíåé, àðìèðîâàííûõ ñòåêëî-

âîëîêíîì, ïðè öèêëè÷åñêîé ïåðåìåííîé íàãðóçêå áîëåå æåñòêèé, ÷åì ïðè ìîíîòîííîé íàãðóç-

êå.

Êëþ÷åâûå ñëîâà: ïîëèìåð, àðìèðîâàííûé ñòåêëîâîëîêíîì, ïðî÷íîñòü ñâÿçè, ñõåìû

íàãðóçêè, ðàçóïðî÷íåíèå.

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 190.5�152.4�102 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.
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T a b l e 1

Test Specimens

Load patterns Rebars

Steel GFRP-SC GFRP-HW

1 2 1 2 1 2

Monotonic load MA1 MA2 MB1 MB2 MC1 MC2

Cyclic load 1 L1A1 L1A2 L1B1 L1B2 L1C1 L1C2

Cyclic load 2 L2A1 L2A2 L2B1 L2B2 L2C1 L2C2

Cyclic load 3 L3A1 L3A2 L3B1 L3B2 L3C1 L3C2

Cyclic load 4 L4A1 L4A2 L4B1 L4B2 L4C1 L4C2

Fig. 1. Test specimens and setup.



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.

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 m 2,

where S m 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 m 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 S m 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.

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.

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 area 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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Ð å ç þ ì å

Ïîë³ìåðè, àðìîâàí³ ñêëîâîëîêíîì, ìàþòü ï³äâèùåíó êîðîç³éíó ñò³éê³ñòü, òîìó âèêî-

ðèñòîâóþòüñÿ íà áóä³âíèöòâ³ ÿê àëüòåðíàòèâà ñòàëüí³é àðìàòóð³. Àðìàòóðíèé ñòðè-

æåíü, àðìîâàíèé ñêëîâîëîêíîì, ìàº âèñîêó ãðàíèöþ ì³öíîñò³ ïðè ðîçòÿç³, ñåðåäí³é

ìîäóëü ïðóæíîñò³ ³ ïðóæíó ïîâåä³íêó ìàéæå äî ðóéíóâàííÿ. Äëÿ ðîçðàõóíêó äàíîãî

ñòðèæíÿ íåîáõ³äíî âèêîðèñòîâóâàòè íåòðàäèö³éíèé ï³äõ³ä, îñê³ëüêè ïðèïóñêàºòüñÿ,

ùî çâ’ÿçîê íà ãðàíèö³ ïîä³ëó ì³æ àðìàòóðíèì ñòðèæíåì, àðìîâàíèì ñêëîâîëîêíîì, ³

áåòîíîì â³äð³çíÿºòüñÿ â³ä òàêîãî äëÿ òðàäèö³éíèõ ñòàëüíèõ ñòðèæí³â, îñê³ëüêè ïàðà-

ìåòðè, ùî ìàþòü âïëèâ íà ì³öí³ñíó õàðàêòåðèñòèêó, ìàþòü ð³çí³ çíà÷åííÿ. Ïðåä-

ñòàâëåíî ðåçóëüòàòè åêñïåðèìåíòàëüíèõ ³ àíàë³òè÷íèõ äîñë³äæåíü ùîäî îö³íêè ì³ö-

íîñò³ çâ’ÿçêó ïîë³ìåðíèõ ñòðèæí³â, àðìîâàíèõ ñêëîâîëîêíîì, çà ìîíîòîííîãî àáî

öèêë³÷íîãî çì³ííîãî íàâàíòàæåííÿ. Äëÿ åêñïåðèìåíòàëüíèõ âèïðîáóâàíü âèêîðèñ-

òîâóâàëè 30 çðàçê³â. Óñòàíîâëåíî, ùî çíà÷åííÿ ì³öíîñò³ ïðè çñóâ³ ïî ïîâåðõí³ ïîä³ëó

äëÿ ïîë³ìåðíèõ ñòðèæí³â, àðìîâàíèõ ñêëîâîëîêíîì, â³äð³çíÿþòüñÿ â³ä òàêèõ äëÿ

ñòàëüíèõ. Ïðîöåñ çíåì³öíåííÿ ïîë³ìåðíèõ ñòðèæí³â, àðìîâàíèõ ñêëîâîëîêíîì, ï³ä

÷àñ öèêë³÷íîãî çì³ííîãî íàâàíòàæåííÿ á³ëüø æîðñòêèé, àí³æ çà ìîíîòîííîãî íàâàí-

òàæåííÿ.
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