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BEHAVIOR OF SLABS REINFORCED USING SQUARE GFRP REBARS

ABSTRACT

Corrosion of steel barsisacommon problem encountered in sted reinforced concretestructures. Therepair of
stedl corrosion costs alot of money and time. The use of fiber-reinforced polymers (FRP) reinforcing barsinstead of
sted rebars is a reasonable solution of the corrosion problem. In this paper, a study was made to enhance the
behavior of slab specimens reinforced using GFRP rebars. The parametersincluded in this study were, thegeometry
of bar cross-section, the characteristic strength of concrete, reinforcement percentage, and the percentage of
polypropylene fibers in the concrete mixtures. Test specimens were nine, one-way, slabs. The study revealed that
reinforcing one-way slabs in this research using GFRP rebars, square in croess-section, is effective in enhancing
slabs’ failure mode, cracking and ultimate loads, and deflections than using GFRP rebars circular in cross-section.
Test results were analyzed and compared together and the corresponding cond usions and recommendations regarding
the behavior and design of such slabs were drawn.

KEYWORDS: Squarerebars, GFRP rebars, Polypropylenefibers, slabs.

INTRODUCTION

Over thelast years, research has been conducted in order to find solutions for the corrosion problem of stedl
reinforced concrete. As aresult, methods such as galvanization, the use of stainless stedl bars, cathodic protection
and epoxy coatings has been tried. None of these remedies has proved to be completely efficient. The excellent
properties of fiber-reinforced polymers (FRP) suggested that these materials might be the solution for corrosion
resistant materials reinforcing concrete. These propertiesinclude high resistanceto corrosion, high strength-to-weight
ratio and fatigueresistance[1]. Most FRP structural applicationsin engineering fal intotwo areas. Thefirst involves
replacing sted reinforcing bars with carbon fiber reinforced polymer (CFRP), glassfiber reinforced polymer (GFRP)
or aramid fiber reinforced polymer (AFRP). The second application isto strengthen structurally deficient dabswith
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FRP sheets or plates. The application of these materialsin large scale has been delayed dueto the high cost of FRP
reinforcement in comparison to steel, dueto thelack of design codes and dueto the brittle behavior of FRP, resulting
in poor structural ductility. To secure composite action, sufficient bond must be mobilized between reinforcement
and concrete for fulfillment of full transfer of forces from oneto the other. However, the shape of the cross section
determines the bonded area and, hence, affects the bond behavior. A. Chillides, Pilakoutas and Waldron (1996) [2]
reported that square bars develop higher bond strength than round bars under full confinement conditions.

RESEARCH SIGNIFICANCE

In this work, behavior of concrete slabs reinforced with GFRP rebars with different cross-section geometry
was studied. The study considered the parameters those may enhance the behavior of tested slabs. The research
included a comparison between GFRP reinforced slabs with similar slabs manufactured using stedl reinforced
concrete. The study is expected to contribute to the following outcomes

Understanding the behavior of concrete slabs reinforced with GFRP rebars, with different geometry of cross-
sections.

Encouraging the use of GFRP, reinforcing rebars in reinforced concrete structures.

Reducing repair cost of new reinforced concrete structures and redirect this money in other activities.

EXPERIMENTAL INVESTIGATION

One-way reinforced concrete dabs reinforced with sted and GFRP rebars were investigated. The variables
considered indluded the geometry of the cross-section of thereinforcing GFRP rebars, circular and square, thecharatterigtic
strength of concrete, 25, 35, and 45 N/mm” (3570, 5000, 6429 psi), polypropylenefiber content in concrete mixes, zero,
1.5, and 2.5 kg/m?® (zero, 0.1, and 0.17 Ib/cft). Nine slab specimens wereinduded in this research.

Manufacturing GFRP bars

The GFRP reinforcing squarebars used in this research were manufactured using mechanica pultrusion process. The
pultrusion process is one of the most cost-effective methods for the production of composite materials. A continuous
process produces constant cross section parts. Fig. 1 shows aschematic diagram of the process of pultrusion of GFRPbars.
After manufacturing the bars, they wereleft for enough timeto s&t, and then the corners of the squarebarsweremachined to
smooth curved shapein order to diminatethe concentrated stresses at thebars corners. Barswerethenwrapped hdically by
fiber yarnsin 1 cm pitch to roughen their surfaces.

b)
Fiber Creel Freform Flates

; Saw
Res”lBath ¢ Heated Die Pullers
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Fig. 1. Pultrusion process of GFRP-square rebars:
a— The pultrusion machine; b — schematic diagram of the pultrusion process
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Tensile strength of the manufactured GFRP rebars

Specimen Dimensions, Ultimate Tensile Average Ultimate
Number mm (in.) Strength, N/mm? (psi) | Strength, N/mm? (psi)
14x14
1 (0.550.55) 607.143 (86735)
14x14 mm
2 (0.550.55) 602.041(86005) 602.228 (86033)
14x14 mm
3 (0.550.55) 597.5 (85357)
4 /16 (0.63) 592.5 (84643)
5 A 16 (0.63) 575 (82143) 582.5 (83214)
6 /16 (0.63) 580 (82857)
Bond strength of the manufactured GFRP rebars
Bars P.P Fcu Failure | Bond | Average
& kg/m® | N/mm? Load | Strength| Bond
S| E (Ib/cft) (psi) kN M/mm? | Strength
o D ; 2
o (%. Type | Dim. |Wrapping (1b) (ps) N/mm
mm (in.) |  pitch (ps)
P1 Sted | /16 - Zero 28.30 68.2 4511 4.478
| (0.63) (4042.87) | (15038) | (645) | (640)
P2 Sted | /16 - Zero 28.30 67 4.445
(0.63) (4042.87) | (14774) | (635)
P3 |GFRP| A£16 | Smooth Zero 28.30 29 1.924 194
(0.63) (4042.87) | (6395) | (275) (277)
I P4 |GFRP| AE16 Smooth Zero 28.30 29.5 1.957
(0.63) (4042.87) | (6505)
P5 |GFRP| A&£16 lcm 15 27.50 57.6 3.82 381
(0.63) | (0.4in) | (0.1) | (392858) | (12701) | (546) | (544)
P6 |GFRP| A16 lcm 15 26.30 57.2 3.8
(0.63) | (0.4in) | (0.1) | (3757.16) | (12613) | (543)
P7 |GFRP| AE16 lcm 25 27.50 62 4.113 4.146
(0.63) | (0.4in) | (0.17) | (3928.58) | (13671) | (588) (592)
P8 |GFRP| 416 lcm 25 2630 63 418
(0.63) | (0.4in) (3757.16) | (13892) | (597)
P9 |GFRP| 14x14 | Smooth Zero 28.30 33 1.964 1.958
(0.55x (4042.87) | (7277) | (281) | (280)
n 0.55)
P10 |GFRP| 14x14 | Smooth Zero 28.30 32.8 1.952
(0.55x (4042.87) | (7232) | (279)
0.55)
P11 |GFRP| 14x14 lcm 15 29.00 65 3.87 3.884
(0.55x | (0.4in) | (0.1) | (4142.87) | (14333) | (553) | (555)
0.55)
P12 |GFRP| 14x14 lcm 15 28.30 65.5 3.898
(0.55x | (0.4in) | (0.1) | (4042.87) | (14444) | (557)
0.55)
P13 |GFRP| 14x14 lcm 25 27.50 71 4.226 4.285
(0.55x | (0.4in) | (0.17) | (3928.58) | (15656) | (604) | (612)
0.55)
P14 | GFRP| 14x14 lcm 25 27.50 73 4.345
(0.55x | (0.4in) | (0.17) | (3928.58) | (16097) | (620)
0.55)
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Materials

Thefiber volume fraction used in manufacturing the GFRP bars was taken 56 %. This ratio is the optimum
and it also matching the range recommended by ACI-440 [3]. Thefibers used in manufacturing the GFRP bars are E-
glass fiberswith linear weight of roving 2400 g/km, and the used resin is polyester E.S 1319 mixed with cobat inthe
ratio 1000:1, by weight. This ratio gives a setting time of about 2 hours at 160 eC (320 eF) which is enough for
manufacturing process. The manufactured GFRP rebars used in this research were tested under tensile load to
estimatetheir behavior under axia tension. The bond strength between the rebars and concretewas dsotested. Table
1, and table 2 represents the results of tensile and pullout tests respectively.

Specimens

The experimental program includes testing nine reinforced concrete one-way slabs. All slabs had the same
dimensions of 2100 mm (82.7 in.) long, 500 mm (19.7 in.) wide , and 150 mm (5.9 in.) depth as shown in Fig. 2.
They were divided into five groups as presented in Table 3. Thefirst group included one slab specimen reinforced
with high tensile stedl bars of yidd and ultimate strengths of 360 and 520 N/mm? (51429, and 74286 psi)
respectively, which was considered as control specimen. The other four groups were arranged in away toindudethe
considered parametres in this research.

Table3
Details of the experimental program
No of Bar . PP. content Fcu
Group SII\I?)b barsin sﬁ);e Dimension I\éggg kg/m® N/mm? P;r;rj?:taer
specimen mm (in.) (Ib/cft) (psi)
. A 16 25
I S1 3 Circular (0.63) Steel Zero (3572) Control
S2 3 Circular /16 GFRP 1.5(0.1) 25
(0.63) (3572) Shape
I 14x14 o5 of bar
S3 3 Square (0.55x GFRP 1.5(0.1) (3572)
0.55)
14x14 35
A 3 Square (0.55x GFRP 1.5(0.1) (5000)
1 0.55) Feu
14x14 45
S5 3 Square (0.55x GFRP 1.5(0.1) (6429)
0.55)
14x14 o5
S6 4 Square (0.55x GFRP 1.5(0.1) (3572)
v 0.55) Rfts. ratio
14x14 o5
S7 5 Square (0.55x GFRP 1.5(0.1) (3572)
0.55)
14x14 o5
S8 3 Square (0.55x GFRP Zero (3572)
\Y 0.55) PP
14x14 o5 content
¢ 3 Square (0.55x GFRP 25(0.17) (3572)
0.55)

Manufacturing specimens

Plywood forms were used in casting test slabs. Nine wooden forms were used, each specimen was cast in a
separate form to ensure good quality specimens. A plastic sheet was glued to the formsto prevent the mixing water
to be adsorped by thewooden form. A mechanical mixer was used to mix concrete with maximum capacity of 0.125
m?® (4.42 cft). The use of mechanical vibrator ensured full compaction of concrete. Specimens were cured by water
spraying twice aday for complete 28 days. After 28 days age, slabsweretested. Fig. 3 showstheused formwork, fig.
4 shows specimens after casting.
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Fig. 2. Geometry and dimensions of tested slabs

Fig. 3. Used Formwork
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Fig. 5. Test setup

Test setup and instrumentations

Test specimens were placed in the loading frame in the Materias testing laboratory in the Faculty of
Engineering Mataria, Helwan University, Egypt. The specimens were simply supported on two |-beamsto formtwo
line supports. The clear span between these supports was 1950 mm (76.8 in.) (fig. 2). For al test specimens, strains
inlongitudinal reinforcing bars were measured using electrical strain gauges, 5 mm length, electrical resistance of
119.8 + 0.20 ohms, and gauge factor (2.11+1 %). A compression hydraulic jack of 500 kN (110230 Ib) capacity was
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used at the mid-span of theslab. A load cell of 300 kN (66138 1b) capacity was placed underneath the loading jack.
Three|-beams were used to form two symmetric lineloads on tested specimens. Theloads were applied at distances
of 650 and 1300 mm (25.6 and 51.2 in.) from the right support. Fig. 5 shows a general view of the test setup and
loading system. Fig. 6 shows a schematic diagram of atest specimen under loading.

25 Y

20
re ] g ‘/OK
I-e l 215
L -. n'l 8
A i g
m— AN _+_ Eallrm ———|—»—r,|"r|- — g 10
h: ma L Rl |-: - _g /
T 1 5
O T T T T
0 5 10 15 20 25
Experimental results (ft-k)
Fig. 6. Schematic diagram of test specimen Fig. 7. Comparison of predicted under loading and

experimental results (1 ft-k = 1.34 m-kn)

ANALYTICAL INVESTIGATION
The strength design philosophy for flexural strength of concrete sections reinforced with FRP bars presented

in ACI-440 [3] was used for the estimation of the nominal flexural capacity of test specimensin thisresearch. The
design material properties stated in the ACI-440 [ 3] werefollowed in the analysis and the specimens were considered

to bein the conditions not exposed to earth and westher, (i.e. C.=0.8). Theequationsused inthe ACI-440 [3] are:
In casefailure of the member isinitiated by crushing of concrete:

a
M, :Afff(d' E) (1)
In case failure of the member isinitiated by rupture of FRP bars:
b.,c
M, = At (d- =) @
Where:
M , = nominal flexural capacity
A = cross-sectional area of FRP rebars
f, = tensile stresses in the FRP rebars

f,, = tensilestrength of FRP rebars

a= b,c=depth of the compression block of the section
d = the distance from the center of thereinforcing steel barsin tension to the extreme compressionfiber of the
section
Comparison of predictions and experimental results
The ACI-440 [3] includes two conditions controlling the flexural design approach of concrete section
reinforced with FRP bars. These conditions are:
- asection controlled by concrete crushing is defined as sectioninwhich r ; 3 1.4r , and

- asection controlled by FRP ruptureis defined asoneinwhich r ; <r
When applying these conditions in the analysis using equations (1), and (2), the predicted nominal flexural
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capacities of test specimenswerein areasonable agreement with the experimental resultsfig. 7. Thisrevealsthat the
design approach of concrete sections reinforced by FRP bars, ACI-440 [3] is suitable for predicting the nominal
flexural strength of concrete slabs reinforced by FRP bars, square in cross-section similar to those tested in this
research.

EXPERIMENTAL RESULTSAND DISCUSSION

In this research, the parameters included are geometry of the reinforcing bars, the reinforcement ratio, the
characteristic strength, and the content of polypropylenefibersin concrete. Nine solid slab specimens, fig. 2, table 3,
were tested to study the effect of the mentioned parameters on failure mode, cracking and ultimate loads, load-
deflection relationship, and the load-strain in reinforcements. This will be discussed in details in the following
sections. Test results are summarized in table 4.

Table4
Results of tested slabs
Slab Sl S2 S3 A S5 S6 S7 8 9
3/E16 | 3/£16 3 Square | 3Square | 3 Square | 4 Square | 5 Square | 3 Square | 3 Square
Reinforcement GFRP GFRP GFRP GFRP GFRP GFRP GFRP
Steel GFRP
Bars Bars Bars Bars Bars Bars Bars
Feu, N/mm’ 25 25 25 35 45 25 25 25 25
(psi) (3572) | (3572) (3572) (5000) | (6429) (3572) | (3572) (3572) | (3572)
PP content, Zero 15 15 15 15 15 15 Zero 25
kg/m® (Ib/cft) zero 0.1 0.1 0.1 0.1 0.1 0.1 zero 0.17
AS (%) 0.79 0.79 0.79 0.79 0.79 1.045 131 0.79 0.79
Cracking Load, 52 22 27.8 385 415 375 48 19.2 32.2
kN (Ib) (11464) | (4850) (6129) (8488) | (9149) (8267) | (10582) | (4233) | (7099)
Ultimate Load 78.9 63.8 70.3 744 80 7 90 64.4 75.2
kN (Ib) (17394) | (14065) | (15498) | (16402) | (17637) | (16975) | (19841) | (14198) | (16579)
Percentage of
cracking to 66 34 40 52 52 48 54 29.8 43
ultimate load (%)

d)
Fig. 8. Failure mode of tested slabs:

a) Crack pattern for slab reinforced with steel rebars; b) Crack pattern for slab reinforced with 3-circular GFRP rebars;

¢) Crack pattern for dab reinforced with 3-square GFRP rebars, d) Crack pattern of dab reinforced with 5-square GFRP rebars

Failure mode

c)
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Failure of all tested dlabsisflexural failure characterized by initiation of cracks at thetension sidewithin the
maximum moment zoneasindicated in fig. 8. Slab reinforced with stedl rebars showed thetraditional ductilefailure
mode. Fig. 8 g, figs. 8 b, c. show that using GFRP rebars with square cross-section enhances the failure mode of
tested slabs asthe crack spacing for slab reinforced with squarerebarsis slightly lesser than crack spacing observed
for slab reinforced with circular GFRP rebars. Thus, the failure mode of slabs reinforced with square rebars showed
better ductility than slabs reinforced with circular rebars. Thisis almost dueto the effect of the bigger surface area
and due to the slight increase in the bond strength of the square rebars when compared to those of circular rebars
(table 2). Observations during tests showed that increasing the reinforcement ratio reducesthe crack spacing with the
increase of |oad and thus enhances the failure mode of tested slabs (fig. 8 d). The same behavior was observed when
increasing the concrete characteristic strength. Test observations also revealed that the addition of polypropylene
fibers enhances slightly the failure mode of the tested slabs. As with the addition of fibers, the mechanism of the
crack formation is slightly changed [4]. Some tensile load can be transferred across the crack by the bridging of
fibers, thereby; the stressin the concrete comes from not only the bond stress but the bridging of fibersaswell. With
the contribution from the fibers, less bond stress is needed to reach the same cracking stress. Consequently, the
spacing of crack is smaller in slabs with fibers than in slabs without Fibers [4]. Thereduction in crack spacing was
remarkably observed for specimens manufactured with polypropylenefibers content of 2.5 kg/m® whilethereduction
in crack spacing was not remarkable for fibers content of 1.5 kg/m”.

Cracking and ultimate loads

With referencetotable 4, it is clear that slab reinforced with steel bars gavethehigher cracking and ultimate
loads for samereinforcement ratio and characteristic strength. It should be mentioned that sted reinforced labswere
cast without polypropylenefibers. It is clear from table 4 that GFRP rebars with square cross-section gave higher
cracking and ultimate loads than those given by test specimen reinforced by circular GFRP rebars by about 25 and 10
% respectively. This may be related to the effect of the higher surface area and the higher bond strength of square
rebars compared to those of circular rebars. It should be noted that the effect of the smooth finished corners of the
sguare bars helps in improving their bond srength with concrete. It is also clear from Table 4 that the higher the
characteristic strength the higher are the cracking and ultimate loads. The effect of the percentage of GFRP sgaure
reinforcement on the behavior of slabsin this research was considered by testing slab specimens with reinforcement
ratio 0.79, 1.045, and 1.31 %. It was estimated that for each increase of 0.255 % in thereinforcement ratioincreases
the cracking and the ultimate loads of tested slabs by about 35 and 14 % repectively. The effect of polypropylene
fibers content on the cracking and ultimate loads of tested slabs was considered in this paper. It is shownintable4
that adding polypropylene fibers in concrete mixes plays a significant role in enhancing the cracking loads and
slightly increases the ultimate load of tested slabs. The used polypropylene fibers content is zero (for plain
specimens), 1.5 and 2.5 kg/m® (zero, 0.1, and 0.17 Ib/cft); these contents are equivalent to zero, 0.17 %, and 0.28 %
of concrete volume. Theincreasein polypropylenefibers was noticed to be very effectiveinincreasing the cracking
load, thanks to the effect of the polypropylenefibersin changing the mechanism of crack formation asthebridging of
fibersin cracks contributes in mobilizing less bond stressto reach the same cracking stress [4]. Theaverageincrease
in the cracking and ultimate loads was estimated to be about 31 % and 13 % respectively.

L oad —mid-span deflection

Deflections of test specimens were recorded at three points; at mid-span and the two middle points in the
distance between the center and the support from each side. Theload — mid-span deflection relationship was drawn
for each slab at figs. 9, 10, 11, and 12. As presented in fig. 9, it is shown that slabs reinforced with square GFRP
rebars showed higher flexural stiffness than slab reinforced with circular GFRP rebars. Thisisamost related to the
effect of the higher surface area and the higher bond strength of sgquare rebars than those for circular rebars. In
addition, the smooth curved-finished corners of the square rebarsimproved the bond strength between the bars and
concrete and consequently helped in postponing the crack initiation to higher load stages that resulted inimproving
specimen’ sflexural stiffness. Theenhancement of theload-deflection relationship of dabsduetoincreasing concrete
characteristic strength is not remarkable, fig. 10, fig. 11 showsthat the higher thereinforcement area, thelower are
the mid-span deflections of tested slabs. This is logic, as the increase in reinforcement area reduces the average
stresses in reinforcing bars and consequently reduces the resulting strains, and thisleads to higher flexural stiffness
of tested slabs, and therefore, the mid-span deflection is reduced. As mentioned before, adding polypropylenefibers
in concrete mixes plays a significant rolein enhancing the cracking and the ultimate loads of tested slabs, thanksto
the bridging effect of the polypropylenefibersin cracks of concretethat contributesin mobilizing lessbond stressto
reach the same cracking stress. This leads to reducing the tensile strains in the GFRP rebars and thus the mid-span
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deflection are reduced, fig. 12, and consequently, the failure mode is enhanced.
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L oad-strain relationship in reinfor cements

The effect of geometry of reinforcing bars, reinforcement ratio, characteristic strength, and the content of
polypropylenefibersin concrete, on theload-strains relationships of tested slabs are shown infigs. 13t0 16. Fig. 13
illustrates the effect of bar cross-section geomtry on the load-strain relationships of the used rebars. The sted
reinforcements showed atypical ductilebehavior of sted reinforced slabs, astheload-strain rdationship startslinear
up to yieding and then the load-strain rate decreased dueto strain hardening. The other types of reinforcing rebars
are GFRPwith circular and square cross-section, S2, and S3 to S9. Generally speaking, theload-strain relationships
of the GFRP rebars showed higher strains compared to those of steel rebars and thus the secant modulus of thested
rebars was estimated to be about five times greater than those for GFRP rebars. On the other hand, fig. 13 showed
that square GFRP rebars showed lower strains compared to thosefor circular GFRP rebars. The secant modul us of
sguare GFRP rebars was estimated to be about 1.5 times greater than that for circular GFRP rebars. And thus the
differencein behavior between slabs reinforced with GFRP square and circular rebars can beexplained. Asexplained
before in this research, the mid-span deflections of slabs with square rebars were lower than those for slabs
rienforced with circular rebars, Thanks to the higher secant modulus and the higher bond strength of the sqaure
rebars when compared to those of circular rebars. Also the higher secant modulus of the sgaure rebars resulted in
lower tensile strains than those produced in the circular rebars and thus the rate of propagation of cracksand alsothe
rate of debonding between the rebars and concrete are lower than those for slabs rienforced with circular rebars.
Consguently, using square rebarsin rienforcing concrete slabs in this research resulted in higher ultimate loads and
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better failure mode than using circular rebars.
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Fig. 15. Effect of percentage of reinforcement Fig. 16. Effect of polypropylene content
on load-strain relationship of rebars on load-strain relationship of rebars

Theload-strain relationshipsin fig. 14 indicates that the effect of the characteristic strength of concrete, inthe
range considered in this research, on the load-strain relationship is not remarkably clear, but a conclusion is till
valid, the higher the charcteristic strength the lower are the strains in the reinforcing bars.

In thisresearch, three reinforcement percentages were used for slabs reinforced with GFRPrebars, 0.79, 1.045
and 1.31 %. Thesereinforcement percentages weredoneby using 3, 4, and 5 squarerebarsin tested slabs. Theload-
strain relationshipsin fig. 15 represents the effect of varying reinforcement percentage of GFRP rebars on the load-
strain behavior of tested specimens. It isshowninfig. 15 that the higher the reinforcement percentagethelower are
thestrainsin GFRP rebars. Thisislogic asincreasing the GFRP reinforcement percentage by increasing the number
of rebarsincreases their overall cross-sectional area and thus decreasing the averagetensile stressin therebars and
concequently the tensile strain decreases.

Fig. 16 shows the effect of varying the content of polypropylene fibers in concrete used in casting test
specimens. It is showninfig. 16 that adding polypropylenefibersto concretewith content up to 1.5 kg/m?® (0.1 Ib/cft), has
amost nigligible effect on the load-strain behavior of the GFRP rebars. This low dosage of fibers makes the
concentration of thefibersin concreteto bevery low, and as described beforein this research, the effect of thefibers
on the behavior of test specimen is concentrated on the bridging effect of fibers in cracks. This low fiber
concentration makes most of cracks to be free of fibers an thus the strains in the fiber rebars remains almost
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unchanged. It is also shown in fig. 16 that, adding 2.5 kg/m® (0.17 |b/cft) polypropylene fibers have aremarkable
effect on the load-strain of the GFRP rebars, as the strains in the rebars were remarkably reduced. Thisis almost
attributed to the effect of the polypropylene fibers in enhancing the bond strength between concrete and the GFRP
rebars as well as the contribution of fibers bridging and thus providing extra confinenment for the reinforcing bars
and therefore, the tensile strainsin the rebars are reduced.

FUTURE RESEARCH
It is recommended to study the controling of cracks width of concrete slabs reinforced with square GFRP
rebars to increase their durability, also testing slab specimens under aggressive environment is needed.

CONCLUSIONS

In thisresearch the behavior of one-way slabs reinforced with square GFRP rebarswas studied. The pultrusion
process using materials availablein theloacal market manufactured the used GFRP rebars. Some parameters were
considered in the study for the purpose of enhancing the behavior of slabsin thisresearch. Test results revealed that
using GFRP rebars, sqaurein cross-section, in manufacturing reinforced concrete one-way slabs inthisresearchis
effectivein improving their behavior, as using square GFRP rebarsinstead of circular rebars enhancestheir failure
mode, reduces the deflections, and increases their cracking and ultimate loads. The study also revealed that, adding
polypropylene fibers to concrete used in casting slabs in this research, is an effective technique in improving the
failure mode, mid-span deflection, ductility, and increasing theload carrying capacity of slabsreinforced with square
GFRPrebars, tested in thisresearch. Simple calculationsin this research showed that the flexural strength design of
concrete sections reinforced with FRP bars presented in the ACI-440 is suitablefor predicting thenominal flexural
strength of concrete slabs reinforced by FRP bars, square in cross-section similar to those tested in this research.
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Lenbio ucnbpITaHUS SBISUIOCH ONpEACIeHNUE HAPsDKEHHO-1e()OpMUPOBAHHOIO COCTOSTHUS (pparMeHTa
CTaJIeXKeNe300€TOHHOTO TMEPeKPBITHS TMPH CTaTHYECKUX Harpyskax. [IpuBeaeHbl TpadMKd pa3BUTHS
nporuOoB, nedopmaliiii cABUra Ha TPaHHIE CTATb-OETOH M JepopManuii HUKHEro mosica CTANbHBIX 0aJIoK
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STATIC LOAD TEST OF COMPOSITE STEEL
AND CONCRETE CEILING FRAGMENT

ABSTRACT

The purpose of this test is estimation of the stress-strain mode of composite steel and concrete ceiling
fragment under static load. The diagrams of deflection increase, shear strain of steel-concrete connection,
and tensile strain of the bottom flange of steel beams are given.

KEYWORDS: composite steel and concrete structures, static load, test.

[lpy pPEKOHCTPYKIIMU SKWJIBIX U OOIIECTBEHHBIX 3JaHUN BO3HUKAET IOTPEOHOCTh 3aMEHBI
CYIISCTBYIOIIMX TEPEKPBITHI MO JCPEBSIHHBIM OajikaM, HE Hapymas MPH 3TOM CTATUYECKON CBSI3HOCTH
3naHuil. 3aMeHy JepeBSHHBIX MEpPEeKPhITHH B OTEUECTBEHHOW MPAKTHKE YacTO MPOU3BOAAT C IMOMOIIBIO
METaJUITMYECKUX 0aJoK M kene300eToHHoro Hactuia. OfHaKo, MPU MPOSKTUPOBAHUU TAKUX KOHCTPYKIUIT
YaCTO MCXOAST M3 MPEANOCHUIKY, YTO CTajbHas Oalika M jKele300eTOHHAs IJIMTa PaboTaloT OTACIBHO U HE
CBSI3aHBI JAPYT ¢ ApyroMm. Ho B 3apyOexHOl NMpakTUKE U B PsJIC CIydyaeB, MMEBIIMX MeCTO B Poccuu u B ToM
gyrcie B Pecnyonuke Tatapcran, B Ka4ecTBe MEPEKPBITHS IPUMEHSUTN CTalleKene300€TOHHbIE KOHCTPYKIUH,
3aMpPOCKTUPOBAHHBIC C YYETOM COBMECTHOMN pabOThI CTABHOMN OAIKH C keie300€TOHHOM TLTUTOH.

OmHako B IEIOM CTalIeKeIe300€TOHHbIE KOHCTPYKIMM B OTCYSCTBEHHOH IMPAKTUKE HE HAILIN
JIOJDKHOTO  pacrpocTpaHeHHsl. JTO, BEPOATHO, CBA3aHO C OTCYTCTBHEM HOPMATHUBHOH 0a3bl M Maloii
M3YYEHHOCTBIO CTaJISKEIe300E€TOHHBIX MEePEeKPhITUi. L{enbio 3T0i paboThl IBUIOCH TTPOBEICHUE UCTIBITAHUS
(parmMeHTa cranexene300eTOHHOTO MEePEeKPBITH U MOTydeHHe SKCIEPUMEHTAIBHBIX JaHHBIX HaNpPsHKEHHO-
1e(hOPMUPOBAHHOIO COCTOSIHUSI JUISL TIOCJICIAYIOIIEr0 MX HCIONB30BaHUS B Pa3pabOTKe HOBBIX METOAMK
pacuéra.

1. DxcriepuMeHTAJIbHAS YCTAHOBKA.

B kadectBe (hparmMeHTa JJIsl HCIIBITAHMI U3rOTOBJICHO CTANIOKEIe300€TOHHOE MEPEKPBITHE pa3MepamMu
6000x6000 mm. CranbHast 4acTh HEPEKPBITUSL COCTOUT M3 LIECTH MPOKATHBIX JABYTaBpoBHIX Oanok Ne 20 mo
I'OCT 8239-89 mnunuoit 6000 MM, pacnionoxkennbix ¢ marom 1200 mwm; 6eronnas yacth: jpuHa — 6000 mm,
mmpuaa — 6000 mM, Beicota — 80 MM. ApMmupoBaHuEe OETOHHOW YacTH MPOW3BOIWIOCH apMaTypHBIMH
cerkamMu u3 npososioku 115 Bp-l ¢ marom 100 MM mo kmaccuueckoil cxeme IJisi Hepa3pe3HOr OajK.
CoBMecCTHOCTb paboOThI CTabHON U OETOHHOM YacTel cTanexene300eTOHHOW KOHCTPYKIUU JIOCTHranach 3a
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CUeT JIBYX PSZIOB BEPTUKAIBHBIX aHKepHBIX cTepixkHeil (2 11110 60 mm A-I11), npuBapeHHBIX 1O BCeil [UTHHE K
BEpXHEMY I0SCY CTabHBIX Oanok ¢ marom 150 MM B cepenune nposera, 1 100 MM — 1o KOHIIaM.

[Mpumensincs 6eron kinacca B22,5 (M 300). [list onpeseneHns ero pacy€rHbIX XapaKTePUCTUK ObLIH
W3TOTOBJICHBI KOHTpOJIbHBIE 00pa3nsl — KyOsl 100x100x100 mwm. Ipu 3amuBKe MOHOMUTHOTO OETOHA €ro
YILUIOTHEHUE TPOU3BOIUIIOCH TITyOMHHBIM BUOPATOPOM.

Puc. 1. Bug onbrraoit CXKB muThl mos Harpy3Kou

2. U3mMepuTenbHAas annapaTrypa i MeTOAMKa 3aMepPOB.

Jns m3mepenust nedopManuii ctanu u OeToOHa Ha WX TIOBEPXHOCTH HAKIIEHBAJIMCh TEH30PE3UCTOPHI C
0azoii 50 MM (mst 6erona) u 20 mm (st cramu). [IpomonbHbIe MPOrHOBI KOHCTPYKIIMU 3aMEPSUIUCH 10
HEHTPaM CTaNbHBIX 0aJlOK C MOMOIIBIO TUHEEK, YKPEIUIEHHBIX J)KECTKO HAa METaJUIMYecKUX TpeHorax. CaBur
MO0 KOHTaKTy CTayib-O0€TOH 3aMepsuics HHIUKaTopaMu dacoBoro Tuma ¢ ueHoi nenenus 0,01 mm,
VKpEIUIIBIIMMUCS K KOHIIAM  CTaJbHBIX 0ajok. MOMEHT o0pa3oBaHHMA TpEIIMH M  XapakTep
TPEUIMHOOOPa30BaHUs ONpPEeNsUId BU3yalbHO, a BETMUWHA PACKPBITHS TPEIIMH OMpPeAessuiach ¢ MOMOIIBIO
mukpockona MBII-2 ¢ 24-xkpatHbiM yBenuueHHeM. OmbITHAs paspyliamomas Harpyska (pukcupoBasiach
MyTEM MpeABapUTEIBHOTO ONPEICIEHHS Beca BCEX IPy30B.

3. Pe3yabTaThbl HCIIBITAHUS.

HcnbiTanne  TpOBOAMIIOCH — TMOCTENEHHBIM  HArpy)kKeHHEM  OJHOKPAaTHOW  KpaTKOBPEMEHHOM
CTaTHYECKOW HArpy3KOil CTalIeKele300eTOHHOM IUIMTHI MEepeKphIThs cTyrneHsMu 1o 1/20 ot oxumaemoit
paspymatomeii Harpysku. [locie kakgoro sTama HarpyXeHHsT CHUMAINCh TOKa3aHUS BCEX IaTYHKOB,
WHAWKATOPOB M MTPOTHUOBHI.

[lpy wucobITaHMM H3ydalucs XapakTep TPEUIMHOOOpa30BaHWs BEpXHEH U HWKHEH TpaHeit
JKeNe300€TOHHOM TIOJIKK CTaJIeXeae300€TOHHOW TIIUTHI, a TaKKe 3aKOHOMEPHOCTH pa3BUTHS AedopManuii
OeToHa M CTalli HeCyIuX 0aoK 1 MOHOJNMTHOM IUTUTHI ONBITHOW CTaJexeae300€TOHHON TUIHTHI.

HcnpiTyeMyro nTy Harpyxaim pacnpenenéHuoi Harpyskoi no 91 T. [Ipu narpyske B 91 T nporu6
KOHCTPYKI[MM COCTaBJsLT B pasHbIX 30HaxX OT 7,5 g0 12 cm, uto cocrasiser 1/50 miMHBI KOHCTPYKITHH
(cranpHbIX Oanok). Takum 0Opa3oM, MPOruObl JOCTUTIIM HENOMYCTUMBIX 3Ha4YeHHid. [Ipu Harpy3kax ot O 10
91 HanpspKeHHs TPOJOIKAIN HAPALIUBATHCS, MPOUCXOMIIO MTOCTENEHHOE PACKPBITHE TPOJOIBHBIX TPEIIUH
B 0OeTOHE HEMOCPENCTBEHHO HaJ CTaJbHBIMH OallkaMu, 00pa30BBIBANTACH CETKA TPEIIMH B HW)KHEH YacTH
OCTOHHOH TJIMTHI, MPOrHOBl KOHCTPYKIMH AOCTUTamK 12 cM, 4TO O3HA4ajo HACTYIUICHHE OOEHX TPyl
MPEAETBbHBIX COCTOSIHUN.

[Ipy wuCOBITAaHUM OMBITHOM CTaJeXeNe300€TOHHOW TUIMTBI TaKKe H3y4YalliCh 3aKOHOMEPHOCTH
pa3BuTHA TporuOoB Hecymmx Oanok ¢parmeHTa. Bo Bcex mectH Hecymmx Oankax HTPOHCXOIWIO
yBeNM4eHHe MpOoruOoB MpH BO3PACTAHWU YPOBHS HArpPY)KEHUs!, IPUYEM MHTEHCHBHOCTh MX Pa3BUTHs ObLia
Pa3IMYHON Ha pa3HbIX dTamax.

103

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

Cmpoumenstisic koficmpykuut, 30atiud  coopyxetiua

7000 + 10000
6000 ] 9000 "
L 8000
5000 7000
£ 4000 )/? F 6000 /
= £ 5000 7
s 3000 / = 4000
2000 3000 /
1000 2000
1000 {
0 ) o
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90 100
Oecdopmauuun Hu3a 6anok B-1 n 6-2, mm Oedopmauumn Hu3a 6anok 6-3 u B-4, Mm
51+ 66
a) 0)

Puc. 2. lepopmarin kpaiiHuX (HHOp HUKHETO MOsIca CTANbHOW YaCTH, H3MEPEHHbIC B 30HE YHCTOr0 H3rnda
Ha ydactke 60 cM, 1ust kpaitHux (a) u cpeqHux (6) 6agoK IUTUTHI

Puc. 3. O0wuuii B ONBITHON CTaIeXeae300€TOHHOM IIIUTEI I10CIIE€ UCIIBITAHUS

Ha HavanpHBIX 3Tanax 3arpykeHus HaOJII0aeTcsl MPAKTUYECKH MpsiMasi MPOIOPIIMOHATBEHOCTD MKy
M3rubaromyM MOMEHTOM M Tporubamu, a 3aTeM C HM3MEHEHHEM OJIIopbl AedopMaluil 1O BBICOTE
CTaJIOKEIe300€TOHHOIO CEYCHHsI, BCIICACTBHE MOSBIICHHS HEYNPYrux nedopmanuii cTand, MPOHCXOTUT
MHTCHCUBHBIH POCT MPOrMOOB IMpH HE3HAYMTEIHHOM YBEIMYCHHHM HATPY)KSHUs, T.e. H3JIOM rpaduka
nporu6oB. Hannune n3inoMoB Ha rpadukax mporudOB CBHICTENBCTBYET O CHIDKCHHH YKECTKOCTH HECYIINX
0aJok crajexene300eTOHHOr0 (hparMeHTa Mpy YBEIMUSHUH YPOBHSI HarpyKeHUsI.

CHIKEHUE KECTKOCTH HECYIIUX CTaJeKene300€TOHHBIX OalloK MPOMCXOIMUT IO PAacTSAHYTOH 30HE,
BCIICJICTBHE CHYDKCHHSI MOAYJISL YIIPYTOCTH CTallk IOCJIE TOrO, KaK CTalb CTAJICKENe300€TOHHOIO CEUeHUs
BXOIUT B 30HY HEYNpyrux aepopmaiuii. ITo OOBSICHSACTCS CACPKHUBAIOIIMM BIIHMSHHEM Hepa3pe3HOi
KeJIe300€TOHHOW TUIMTHI  ()parMeHTa CTaleKene300€TOHHOTO IepeKphITHs, padoTaromeid B JBYX
HAIpaBJICHHSIX, U MOCTCICHHBIM €€ BKIFOYCHHUEM B pabOTy C yBEINYCHHEM YPOBHS HarpyKECHHS.

HawuGonpinee 3HadeHue mnporuOOB, a Takke HauOoNblMe 3Ha4YeHHs nedopmanuili cxatus u
pacTsDKEHUS] B OJIMHAKOBBIX CEUCHHUSX MO JJIMHE TPOJIeTa JOCTUTAIHMCh B CPEIHUX (TpeTheil U 4eTBEPTON)
CTaJbHBIX OajKax OIBITHOW CTaleKene300eToHHOH TumThl. HampsbkeHus (nedopmaium) HUOKHHX (GUOp
CTAJIPHOW YacTH CTaJeXeIe300€TOHHOI0 CEYeHWs pa3BHBAIOTCS Oosiee MHTEHCHUBHO, 4YeM HAaNpsHKEHUS
(medopmariu) Mo BepxHel rpaHd OCTOHHOW IMOJKH, YTO CBUJICTEIBCTBYET O MEpepaclpeeseHu YCUIni
MEX]y CTaJIbI0 HECYIIMX OaJloOK U OETOHOM IUIMTBI M MOCTEIIEHHOM CMEIIEHUU HEHTPAIbHOH OCH B CTOPOHY
CTAJIHOW YacTH ()parMeHTa CTaJIeKene300€TOHHOTO NePEKPITHSL.
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Puc. 4. I'paduku pa3BUTHS MAaKCUMANBHBIX JedopMaluit abcomoTHOro caerura Ash Ha rpaHuile KOHTaKTa
«cTanb-6eToH» s kpaiHuX (a) u cpenHux (6) 6anok GpparMeHTa NepEeKPBITHS Ha PA3IUYHBIX TAMaX HArPYKEeHHs
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Puc. 5. 'paduku pa3puThs mporuOoB B koopauHatax «M-f» mis kpaiinux (a) u cpennux (6)
0aNok (parMeHTa MepeKPhITHSI Ha PA3IUYHBIX dTANax HAPYKCHHUSI
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