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ABSTRACT

This paper aims to investigate the shear failure mechanisms in beams exclusively reinforced with
longitudinal glass fiber reinforced polymer (GFRP) bars, and to propose a design based approach to predict
the shear capacity of this type of beams. An experimental program composed of seven T cross section shape
concrete beams was executed to analyze the influence of the flexural reinforcement configuration on the
shear capacity and deformability of the beams. Three values of the flexural reinforcement ratio ( p,), 1%,
1.4% and 1.80% were adopted. Digital image correlation (DIC) technique was used to better capture and
analyze the cracking process up to the formation of the shear failure crack. Test results indicated that the

shear capacity was not dependent of p, up to a limit of around 1.4%, but a tendency of the shear capacity
to increase with p, was registered above this limit due to a more pronounced favorable contribution of

aggregate interlock and dowel effect.

Keynotes: T-shape RC beams, GFRP flexural reinforcement, shear failure, shear capacity, aggregate

interlock, dowel effect, DIC



1. INTRODUCTION
Generally, the shear resistance of reinforced concrete (RC) beams or slabs is determined as a sum of the
shear resistance attributed to the concrete Vrac and the shear resistance provided by the shear reinforcement
Vras. According to Eurocode 2, [1] in regions of a member where Veqs < Vrgc NO calculated shear
reinforcement is necessary, where Vgq is the design shear force in the considered section, resulting from
external loadings and prestressing force. In regions where Veq > Vrac, sufficient shear reinforcement should
be provided in order to satisfy the condition Veqs < Vrg = Vras, Which means that the concrete contribution
for the shear resistance of the member is not considered.
Many structures constructed in 1960s have RC slabs without shear reinforcement. Since significant part of
these slabs are still being used without any damage, a reasonable question that can be erased is about the
reliability of actual existing codes on the prediction of the shear capacity of RC members without transverse
reinforcement.
On the other hand, intense research was carried out on RC members without shear reinforcement, by
investigating the influence of several parameters on the shear capacity of this type of members (e.g. size
effect, concrete strength, shear span to depth ratio, flexural reinforcement ratio etc.) [2, 3, 4, 5]. Despite the
strong research effort on the shear transfer mechanisms in RC beams without stirrups [2, 3], this issue still
raises many doubts and controversial opinions, due to the difficulties of isolating each mechanism and
capture it’s influence on the shear capacity of a RC member, as well as the large scatter of results, even in
members of same concrete strength and longitudinal reinforcement ratio.
The shear capacity of RC beams without stirrups is governed by the following main shear transfer
mechanisms: aggregate interlock effect (Va) [2], dowel action of the longitudinal (flexural) reinforcement
(Va) [6] , the uncracked concrete in the compressive zone (V) [7], and the direct strut action for point loads
close to the support [3].
More frequent use of fiber reinforced polymers (FRP) bars for the flexural reinforcement of concrete
elements due to their corrosion immunity, high strength—to-weight ratio, good fatigue behavior and non-
magnetic nature [8, 9] and smaller elasticity modulus than of steel bars, which together the smaller bond
performance [10], place extra challenges in terms of accomplishing the performance requisites for
serviceability limit state conditions, mainly in the crack width and deflection. The modulus of elasticity of
FRP reinforcement varies between 32 GPa to 148 GPa, depending on the type of fibers: GFRP —32+52 GPa,
carbon fiber reinforced polymer 105+148 GPa (CFRP), aramid fiber reinforced polymer (AFRP) — 47+81
GPa).
In the context of the shear capacity of RC elements, the use of FRP bars of these requisites can have
detrimental implications in terms of dowel effect and aggregate interlock, since their smaller axial and shear

stiffness allows the occurrence of larger opening and sliding of the critical diagonal cracks.



In fact, the experimental tests carried out with concrete beams flexurally reinforced with FRP bars and
without transverse reinforcement [11] indicated that when using this type of reinforcement instead of steel
bars, the shear strength of the beams is smaller. Comparing the beams with the same longitudinal
reinforcement ratio, it was indicated that the difference in the shear strength ranged between 30% and 50%
for GFRP; between 10% and 40% for AFRP; and between 5% and 19% for CFRP bars [12, 13]. This
decrease on the shear capacity was caused by the lower modulus of elasticity of FRP bars, as well as their
smaller bond attributes, which have promoted the occurrence of larger crack widths, with detrimental
consequences on the favorable mechanisms of the aggregate interlock and dowel effect [14, 15, 16]. It was
also observed that the differences in the shear strength between FRP and steel reinforced members have
decreased with the increase of the flexural reinforcement ratio.

The most existing research investigated the effect of the longitudinal FRP reinforcement ratio ( p, ) and its

stiffness on the shear strength. While Yost ef al. [4] indicated that the GFRP longitudinal reinforcement ratio
did not affect the shear capacity, Alkhrdaji et al. [17], El-Sayed et al. [18, 20], Matta et al. [19], Tureyen
and Frosch [12], and Razaqpur et al. [5] demonstrated that the shear strength of the GFRP and CFRP

reinforced beams was proportional to the p,. Based on the tests collected in the data base (DB) of concrete

beams reinforced exclusively with FRP bars [11], the influence on the failure mechanisms and beam’s shear
capacity of the following parameters was investigated: concrete compressive strength, shear span to depth

ratio, p,, and axial stiffness of the longitudinal reinforcement. The increase in the axial stiftness of the

flexural reinforcement (p;£;) makes the increase in the shear strength. Moreover, the increase in the

compressive concrete strength causes the increase in the normalized shear stress (V. /(y/ f.b,d,,)) [11].

To understand the shear behavior of FRP reinforced beams without transverse reinforcement, deeper
analysis of the crack development during the process of shear failure is important. Moreover, to obtain better
interpretation of the test results and to explain the complex shear failure mechanisms digital measurements
based on photogrammetry tools should be involved to enable detailed investigation of the shear failure
process.

The existing codes based on the truss mechanism assume that shear is taken by the web only, and do not
consider any contribution of the flange to the shear strength. Hence, most of published experimental research
on concrete beams flexurally reinforced with FRP bars and without shear reinforcement adopts only
rectangular cross sections, despite real beams are monolithically joined to the slabs, which provides to the
beam a T cross section shape. Furthermore, it is recognized the favorable influence of the contribution of
the flange (located in the compressive zone of the section) for the shear capacity of RC beams [21, 22, 23,
X]. Based on these considerations, in the present experimental program RC beams of T cross section were

adopted.



2. EXPERIMENTAL PROGRAM
The main aim of the experimental research on concrete beams exclusively reinforced with GFRP bars (do
not having any shear reinforcement) is to investigate the influence of the relevant characteristics of the
flexural reinforcement (ratio, number of bars per layer, number of layers and bar diameter) on the shear
behavior of this type of beams. In an attempt of providing detailed and deep analysis of the cracking process,
and therefore, better understand the shear-transfer mechanisms in beams failing in shear, a digital image
correlation (DIC) technique was used.
In order to promote the occurrence of diagonal-tension or shear-tension failure modes [24], in the
experimental test program the ratio between shear span (a) and the internal arm of the flexural reinforcement
(deq) was between 2.9 and 3.0 [27, 28] The concept of equivalent internal arm of the flexural reinforcement
(deq) 1s used in this work in order to attend the beams where two layers of GFRP bars were applied.
The group of RC beams analyzed in this paper is part of an extensive experimental research program where
other variables like the material type of the flexural reinforcement (steel or GFRP), concrete cover thickness
of the flexural reinforcement (15mm and 35mm), and the concrete strength class, are being investigated.
The experimental program treated in this paper is composed of seven T-section RC beams (b.;=400 mm,
b,=150 mm, #=60 mm, A,~ 400 mm), single span and simply supported with a clear span of 1800 mm,
tested in three-point monotonic loading at the Laboratory of Concrete Structures in Lodz University of
Technology (Figure 1). The beams did not include any shear reinforcement, and were flexurally reinforced

with GFRP bars. To investigate the influence of the flexural reinforcement ratio ( p, ), number of bars per

layer, number of layers and bar diameter on the beam’s shear capacity, the flexural arrangements introduced

in Table 1 were adopted. Therefore, values of p, =1.0 %, =1.4 % and <1.8 % were considered, with the

corresponding bar’s diameters of 12mm, 16mm and 18mm. In all the beams a concrete cover thickness of
15 mm for the flexural reinforcement was assumed for maximizing the internal arm of this reinforcement
taking the advantage of being not susceptible to corrosion. Mazaheripour ef al. [10] demonstrated that
below this cover thickness limit, debond can be negatively affected by the formation of splitting cracks in
the alignment of the longitudinal bars.

For the designation of the beams of the present experimental program the following acronym was adopted,
G-X¢-Y-Z, where G means the flexural bars are of GFRP type, X is the number of bars of ¢ diameter (in
mm), Y represents the target average compressive strength for the concrete (in this series it is considered
constant and equal about to 30 MPa), and Z is the cover thickness, that in the present program, as already
indicated, is constant and equal to 15 mm. For instance, G-512-30-15 is a beam flexurally reinforced with a
layer of 5 bars of 12 mm diameter, of average concrete compressive strength of 30 MPa and with a concrete
cover thickness of 15 mm. In the beams with two layers of flexural reinforcement, the beam’s identification

is G-X101/Xad2-Y-Z, where X; and ¢ represents the number and diameter of the i™ layer (1 or 2).



Since the bottom GFRP bars were straight, and taking into account the relative small length of the beam
between its extremities and the closest support, the proper anchored conditions were ensured by embedding
the bars into a steel box filled with an epoxy resin (Figure 1). The top longitudinal reinforcement of all the
beams consisted of two straight GFRP bars of 10 mm diameter, maintained in their aimed position by using
transversal short steel bars of 6 mm diameter at 210 mm spacing, located in the flange.

There were no stirrups in the largest shear span, while the shortest one was shear reinforced (closed steel
stirrups of 8 mm diameter at 130/ 150 mm spacing, and steel bent bars of 14 mm diameter) in order to force
the occurrence of shear failure in the largest span, where conventional monitoring (displacement
transducers) and advanced techniques (DIC) were applied to recording the deformations and cracking

process.

3. TEST SETUP AND MONITORING SYSTEM

The beams were simply supported on two steel supports with the movable (rotation and beam’s axial
displacement free movements) one in the monitored shear span, and the other with only free rotation
movement (Figure 2). The load was applied under displacement control at 10pm/s by using T cross section
steel profile to distribute the applied load along the width of the flange (contacted area 10 mm x 400 mm).
Concrete axial strains were evaluated by using displacement transducers (LVDTs) disposed in the middle
depth of one of the lateral faces of the beam’s flange (number 1 to 4), and LVDTs positioned 30 mm above
the bottom beam’s surface (number 5 to 8). For estimating the shear deformation in the tested shear span,
three sets of LVDTs were disposed in a triangle configuration (delta rosettes) with a LVDT per each edge of
the triangle (number 9 to 21). Vertical displacements were registered by eight LVDTs of 20 mm stroke and
0.1 mm accuracy (number 22 to 29) mounted on an independent steel frame (Figure 2).

The digital image correlation system was used to provide complementary information to the displacement
measurements from LVDTs, and to help on the interpretation of the cracking process of the tested beams.
The information from DIC is obtained by comparing digital photographs of a component or test piece at
different stages of deformation. By tracking blocks of pixels, the system can measure surface displacement
and build up the full 2D and 3D deformation vector fields and maps of concrete strain. The photogrammetric
technique used in this research was prepared for 3D measurements using two cameras with a focal length
of 50 mm and a resolution of 4 megapixels. The registered area of concrete was 500 mm wide and 340 mm
high (depth of the web of the beam’s cross section) located in the mid-span of the shear region (indicated
by a square at dashed line in Figure 3). Pictures were taken at 1 Hz frequency, while images were analyzed

using the VIC3D software [29].

Properties of the materials



Concrete

The beams were made of concrete strength class C25/30, including sand (0-2 mm), crushed stone aggregate
(2-8 mm), cement CEM 142.5, plasticizer. The concrete mix was delivered from a local concrete plant. The
concrete composition shown in Table 2 presents the S3 consistency class (according to EN 206-1 [30], slump
cone in the range of 100 to 150 mm), with a water/cement (w/c) ratio of 0.8, which is relatively high due to
the relatively low content of cement in order to achieve a characteristic concrete compressive strength of
about 30 MPa on cubic specimens (about 25 MPa on cylinder specimens).

The strength properties of concrete were determined according to EN 206-1 standard [30]. The average
cylinder concrete compressive strength (obtained on 16 specimens) was 31.7 MPa (COV=8%), the average
modulus of elasticity was 26.7 GPa (COV=6%), while the average splitting tensile strength (from Brazilian
type test) was 2.9 MPa (COV=8%), indicating the concrete pertains to C25/30 strength class.

GFRP bars

The relevant tensile properties of the adopted GFRP reinforcement were determined from experimental tests
carried out with 15 specimens according to ISO Standard 10406-1 [31]. The average modulus of elasticity
and the tensile strength registered in the tests were 50.5 GPa (COV=1.6%) and 1091 MPa (COV=10.7%),
respectively, Table 3.

4., TEST RESULTS AND DISCUSSION

Crack patterns and load carrying capacity

The analysis of the critical shear crack development in the tested beams was performed by using the images
obtained from the photogrammetric technique at high frequencies. The description methodology of the
cracking pattern and kinematics adopted in [32, 33] were adopted for the interpretation of the shear stress
mechanisms developed until failure of the tested beams.

Primary cracks of flexural nature (type A), appeared close to the loaded section (in the highest bending
moment region). By increasing the applied load, secondary cracks (type B) formed between the previous
ones, in the zone close to the flexural reinforcement, in consequence of the bond stress transfer between this
reinforcement and surrounding concrete. The type C cracks propagated towards the flexural cracks, and,
when connected, formed the critical shear cracks. The degeneration of one of these critical shear cracks in
a shear failure crack was governed by two different mechanisms in the extremities of this crack: in the top
extremity the crack progressed to the applied load point due to the relatively high influence of both shear
and bending moments in this zone; in the bottom extremity, the shear failure crack progressed along the
interface between flexural reinforcement and surrounding concrete (cracks of type D) [33, 34]. The opening-

sliding mixed mode of the cracks type D is mainly governed by the sliding of the faces of the shear failure



crack.. Cracks type E developed at both sides of the flexural primary or secondary crack (type A and B,
respectively), and are consequence of the aggregate interlock resisting mechanism. When the primary
flexural crack, attained the compression chord, its inclination became almost flat (type F), progressing
preferentially at the web-flange interface of the T cross section. Finally, this F type crack degenerated in a
G type crack that propagated to the loading zone with a higher inclination, crossing the flange. The G type
crack formed in the flange of the beam due to the tensile stresses installed in this zone in consequence of
the relative sliding between the two blocks separated by the shear failure crack. Due to the shear sliding
between the two blocks the shear failure crack divides the beam, and the shear resistance offered by the
reinforcement in the flange, a negative bending moment is introduced in the part of the flange between the
zone of the G type crack and the zone corresponding to the interception of the shear failure crack and the
flange. This negative bending moment installed in this segment of the flange, which is working like a

cantilever, induces the occurrence of the cracks type H.

For determining the inclination of the shear failure crack it is adopted the criterion schematically represented
in Figure 3: line connecting the two points of the intersection of this crack with the middle depth of the
beam’s cross section and the flexural reinforcement. Assuming valid this criterion, it is verified that the
inclination of the shear failure crack has the tendency of increasing with the flexural reinforcement ratio

(from an average value of 30° for p,=1%, 43° for p,=1.4% and 51° for p,=1.8%), (Table 4). By increasing
o, the flexural capacity and stiffness of the beam in the cracking stage increases (Figure 4) due to the

decrease of the maximum crack opening that promotes the favorable effect of the concrete aggregate
interlock, as well as due to the dowel effect of the flexural reinforcement. This led to an increase of the

beam’s load carrying capacity (shear strength, Vinax) with p, (Table 4). Disposing the flexural reinforcement
in two layers, these favorable effects are more pronounced, mainly when adopted the maximum p, (G-

318/118-30-15). Despite the inclination of the shear failure crack of this beam been similar to the inclination

of the beam of similar p, but composed of only one layer of reinforcement (G-418-30-15), the maximum

load of G-318/118- 30-15 beam was about 28% higher than the one of G-418-30-15 (Figure 4).

Since the adopted flexural reinforcement configurations have different total bond perimeter of contact with
the surrounding concrete, the influence of this parameter on the load carrying capacity was analyzed. The
obtained results reveal a small tendency for the increase of the maximum shear force Vmax (where Vmax =
7/18 Fmax, and Fmax is the maximum load) with the contact perimeter of the flexural reinforcement of the
beams with only one layer of reinforcement, while a significant increase in Vmax was observed in the beams
with two layers (see Table 1). The number of results is not, however, enough to derive reliable conclusion

in this respect, so further research should be performed.



Deflection performance

Figure 4 shows the relationship between the average of the vertical displacements registered by LVDTs
number 24 and 25 (Figure 2) and the applied average shear stress (7). These LVDTs are located on both sides
of the steel profile used to distribute the applied load (see the detail included in Figure 2 for this purpose).
The concept of average shear stress (t=V/(bud.,), where V is the shear force in the monitored span and b,, is
the width of the beam’s web) was adopted in order to take into account the different flexural reinforcement
depth on the shear capacity of the beam, by using the concept of equivalent internal arm, de,= (A;xd;+
A>xd3)/4, where d; and 4; (i=1,2) are the depth and the cross sectional area, respectively, of the i” layer of
reinforcement, and A is the cross sectional area of the total reinforcement.

All the beams presented a similar linear behavior before cracking, but after cracking the stiffness increased

with p,, leading to a decrease of the deflection at maximum load with the increase of p, (more brittle
behavior). While for the beams with the smallest p,, no clear tendency was verified in terms of the maximum

deformability of the beam when using one or two layers of flexural reinforcement (it should be noted that
the difference on the internal arm in these two situations was, however, only 3%), in the beams with the

highest p,, the deflection at peak load was maximum in the beam with two layers of flexural reinforcement

(G-318/118-30-15). Analyzing Figure 3 it is verified that this beam presented more flexural cracks than G-
418-30-15 beam (of similar p,, but with only one reinforcement layer) and larger fracture surface for the

shear failure crack. From the obtained results no clear tendency is observed on the influence of the total

perimeter of the flexural reinforcement on the deflection performance of the tested beams.

Shear strength and strain

Table 4 includes the maximum shear capacity of the tested beams, Tyuuw="Vina/(budey)), Where Vi, is the
maximum shear force applied in the monitored span.

The average strains &, €, & obtained from the displacements recorded by the LVDTs (by dividing the
measured displacement the base-reference length of 200mm, Figure 2) disposed in a triangular configuration
(delta rosette), were used for the calculation of the principal strains &; and ¢; according to the following

equation [35]:

fo=slrara) il al il af+ of ®

Only the rosette crossed by the shear failure crack was taken into consideration on the evaluation of the

principal strains ¢; and &; in the concrete volume representative of this rosette.



For evaluating the shear force corresponding to the initiation of the shear crack (V,,), the following criterion
was followed: by scanning the principal strains in the rosettes, it was evaluated the load when the principal
tensile strain, determined from Eq. (2), attained the concrete cracking strain, &c- = fom/Ec, Where foum is the
average tensile strength (obtained according to Model Code 2010 [36], femn = 0.3%( fon)*?), and E. is the
concrete Young’s modulus. The cracking shear stress 7., = Ve/bude,, Was calculated based on the shear

cracking force V..
The relationship between the average shear stress, 7, and the principal strains, &, , is represented in Figure

5. This relationship was not obtained for G-418-30-15 and G-318-30-15 beams because the shear failure
crack did not cross any of the three rosettes. The strain values indicated do not reflect realistically the
concept of strain, since the major deformability recorded by the LVDTs is caused by the crack
opening/sliding of the cracks crossing the measuring length of the LVDTs. In reality, with the opening and
sliding progress of a shear crack, the surrounding concrete enters in an unloading process, mainly in the
post-peak stage of the beam’s test, and the strain level in this intact concrete has a tendency to decrease.
Therefore, the strain values indicated in Figure 5, mainly in the post-peak stage, represent, fundamentally,
the movements (opening and sliding) of the faces of the shear cracks crossing the corresponding rosette.
The results show that the average cracking shear stress, z.., increased with the flexural reinforcement ratio
(Figures 5 and 6). The benefits, in terms of beam’s shear capacity, of using two layers of flexural
reinforcement instead of one layer for beams of equal flexural reinforcement ratio are visible when
comparing the results of G-512-30-15 and G-312/212-30-15 beams. The shear capacity of the last one is
much higher, mainly during the cracking propagation stage.

The obtained results indicate that the cracking shear stress, .., varied between 0.12f.;, for beam G-512-30-
15t0 0.20fcm for beam G-318/118-30-15, which correspond to 0.59Tyax to 0.87 Tax (Figure 6). The maximum
shear stress znax increased with the flexural reinforcement ratio (Figure 6). While for p; = 1.0 %, the 7y
ranged between 0.56 to 0.63 MPa (irrespectively of the number of the reinforcement layers), for p;= 1.4 %,
the 7.« attained values between 0.61 to 0.68 MPa. For the beams with the highest reinforcement ratio, p;
=~1.8 %, a significant difference in the z,.. was registered for the beams with the flexural reinforcement
located in one and two layers, respectively, 0.68 MPa and 0.87 MPa. The slightly higher reinforcement ratio
in the beam G-318/118-30-15 (p; = 1.85 %), together with the higher concrete strength may justify this
difference.

Doubling the flexural reinforcement ratio (from 0.99% to 1.8%) caused an increase in the beam’s shear
capacity of 11% when the flexural reinforcement was formed of one layer, while an increase of 25% was
registered in the beams reinforced with two layers. When the flexural reinforcement is relatively high, the

concentration of all the reinforcement in only one layer promotes a premature propagation of the shear



failure crack along the top surface of the flexural reinforcement due to the abrupt transition of stiffness in
this zone (Figure 3). Furthermore, distributing the flexural reinforcement has another beneficial effect,
mainly when using relatively large reinforcement ratio, such it is the case of G-418-30-15 and G-318/118-
30-15 beams (1.8 and 1.85%, respectively), since the profile of the critical shear cracks is more favorable
to activate more effectively the aggregate interlock (triangular type configuration). In fact, having a
relatively high flexural reinforcement in only one layer, the critical shear cracks tend to open more widely
in the middle zone of the beam’s web than in their extremities, which has a detrimental effect in the
aggregate interlock shear mechanism. Finally, distributing the flexural reinforcement in more than one layer
mobilizes a large volume of concrete under the influence of the tension stiffening effect, which improves

the dowel effect shear mechanism.

CONCLUSIONS
The current work has assessed the influence of the flexural GFRP reinforcement on the shear strength of
concrete beams without transverse reinforcement. From the experimental tests the following conclusions

can be drawn:

o the inclination of the shear failure crack has the tendency of increasing with the flexural reinforcement
ratio (average value of 30° for p =1%, 43° for p,=1.4% and 51° for p, =1.8%);

e by increasing the flexural reinforcement ratio, the beam’s loading carrying capacity and the stiffness
have increased due to the decrease of the maximum crack opening, which has mobilized more effectively
the favorable effects of the concrete aggregate interlock and dowel shear stress mechanisms;

e by arranging the flexural reinforcement in two layers, these favorable effects have become more
pronounced, mainly when adopted the maximum reinforcement ratio (p, = 1.85%), having been
registered an increase of 28% in the shear strength when compared to the beam with the same
reinforcement ratio, but placed in one layer;

e doubling the p, from 0.99% to 1.8%) caused an increase in the beam’s shear capacity of 11% when the
flexural reinforcement was disposed in one layer, while the increase was 25% when arranged in two
layers; the beams presented a similar linear behavior before cracking, but after cracking the stiffness

increased with p,, leading to a decrease in the deflection at the maximum load;

e when the flexural reinforcement is relatively high, the concentration of all the reinforcement in only one
layer promotes a premature propagation of the shear failure crack along the top surface of the flexural

reinforcement due to the abrupt transition of stiffness in this zone;
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o using relatively large flexural reinforcement ( p, = 1.8%) in only one layer, the critical shear cracks tend

to open more widely in the middle zone of the beam’s web than in their extremities, which promotes a
detrimental effect in the aggregate interlock shear mechanism;
o the digital image correlation system, based on photogrammetric techniques at high frequencies, is a very

useful tool in the interpretation of the cracking process up to the failure of the beams;
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Tables:
Table 1. Details of test specimens
No. Beams Dype of Number of A 2L pi piE; deg
reinforcement layers [mm?’] | [mm] | [%] [GPa] [mm]
1 G-512-30-15 565 188 | 0.99 0.51 379
2 G-316-30-15 603 151 1.07 0.55 377
3 G-318-30-15 1 763 170 | 1.35 0.70 376
4 G-416-30-15 GFRP 804 201 1.42 0.73 377
5 G-418-30-15 1018 226 | 1.80 0.93 376
6 G-312/212-30-15 565 188 1.02 0.53 368
7 G-318/118-30-15 ? 1018 226 | 1.85 0.95 367
pi=A/bydeq: A- cross sectional area of the reinforcement, d., — equivalent depth of the reinforcement
deq=(A1xd;+ A2xd3)/A: d;, d>— depth of first and second reinforcement layer, A;, A2 — the cross sectional area
of first and second reinforcement layer, XL- total perimeter of the reinforcement
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Table 2. Concrete composition

Components Quantity Ratio
[kg/m’] (%]
sand 0/2 970 42.33
crushed stone 2/8 860 37.53
water 205 8.94
CEM 142.5 Rudniki CEMEX 255 11.13
plasticizer BV-Cemex Admixtures 1.8 0.07
Total >=2291.8 100.00
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Table 3. The mechanical properties of experimentally tested GFRP bars.

Dype of  Nominal bar diameter T K
bars [mm] [MPa] [GPaj
12 1195 (6; 4.7%) 50.2 (5; 0.4%)
GFRP 16 1089 (3; 1.4%) 50.5 (3; 0.4%)
18 987 (6; 9.8%) 50.9 (5; 2.4%)

The values in round brackets indicate the number of tested specimens and the coefficient of

variation.
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Table 4. The main test results

Boams Sem Sersp pi deg Vinax Tmax 6 OFmax

[MPa] [MPa] — [%] [mm] [kN] [MPa] [°] [mm]
G-512-30-15 30.2 2.75 0.99 379 343 0.60 35 5.2
G-316-30-15 28.8 2.95 1.07 3717 31.7 0.56 25 34
G-318-30-15 28.8 2.95 1.35 376 38.6 0.68 45 2.9
G-416-30-15 30.5 2.70 1.42 377 34.8 0.61 41 2.7
G-418-30-15 28.8 2.95 1.80 376 38.2 0.68 51 3.0
G-312/212-30-15 31.7 3.05 1.02 368 34.8 0.63 27 3.7
G-318/118-30-15 31.7 3.05 1.85 367 47.7 0.87 47 3.5

17



Figures:
Figure 1. Reinforcement of tested beams (dimensions in mm)

Figure 2. Test set up: static scheme and LVDT gauges and rosette’s direction (dimensions in mm)

a)
b)
c)
d)
e)
f)
9)
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G-316-30-15
G-312/212-30-15
G-318-30-15
G-416-30-15
G-418-30-15
G-318/118-30-15

Figure 3. Cracking pattern development registered by DIC system (on the surface limited by blue dashed

line) with location of the registered cracks (type A-G) for three chosen load levels and the final crack pattern

after beams failure along the full shear region.

Figure 4 Shear stress vs. average mid-span deflection

Figure 5. Shear stress vs. principal concrete strain &, &

Figure 6. Comparison of the ultimate and cracking shear stress

Figure 7. Response of ultimate shear stress vs. reinforcement ratio

Figure 8. Response of the shear crack inclination vs. reinforcement ratio

Figures:
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1 reinforcement layer

2 reinforcement layers

Figure 1. Reinforcement of tested beams (dimensions in mm)
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Figure 2. Test set up: static scheme and LVDT gauges and rosette’s direction (dimensions in mm)
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Figure 3. Cracking pattern development registered by DIC system (on the surface limited by blue dashed
line) with location of the registered cracks (type A-H) for three chosen load levels and the final crack

pattern after beams failure along the full shear region.
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Figure 5. Shear stress vs. average mid-span deflection
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