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Abstract: Most shear tests are performed as standard three- or four-point bending tests, i.e., on one-way simply
supported specimens subjected to concentrated loads. The major disadvantage is that these conditions usually
do not correspond to the support and load condition of real structures. Structural members such as beams or
slabs, are often multi-span components and subjected to distributed loads. As a consequence, the complex
shear behavior, including crack kinematics, shear transfer mechanisms, and shear capacity, is studied almost
only simply supported members with concentrated load. Positive impacts on the shear behavior resulting from
continuous systems and distributed loads are thus neglected in the derivation of calculation models and in the
development of design specifications. To incorporate the effect of continuous members and distributed loading
conditions, more experimental investigations are necessary. Therefore, a total of 16 bending shear tests on
CFRP reinforced concrete members without shear reinforcement were carried out. The tests specimens were
tested as simply supported beams or as simply supported beams with loaded cantilever to simulate the
continuous system with concentrated and distributed loads. Furthermore, the shear slenderness was varied by
using different span lengths and degrees of restraint in the systems with intermediate support. All test
specimens were made of high-strength concrete and were reinforced with a multilayer grid-like CFRP
reinforcement in longitudinal direction. There was no shear reinforcement installed in the investigated shear
span. This paper focuses the influence of the support conditions and load arrangements on crack development
as well as on shear strength.

Keywords: CFRP; continuous beams; distributed loading; experimental study; flexural shear; load
arrangement; shear strength; simply supported beam

1. Introduction and Background

Shear behavior in structural components is complex and has been the subject of extensive
research for decades — both for steel reinforcement [1-9] or non-metallic reinforcement, such as carbon
fiber reinforced polymer (CFRP) reinforcement [10-12]. Despite numerous experimental
investigations, there is still a lively discussion about the interplay of shear transfer actions, such as
shear stresses of the uncracked compression zone, residual tensile stresses in the fracture process
zone, aggregate interlock, dowel action, shear reinforcement (if existing) and direct strutting. While
in principle there is consensus on the existence of these shear transfer actions, there is controversy
about their contribution to the total shear capacity, the influence of various parameters on the shear
transfer actions, and their interaction.

This lack of agreement results from the complexity of shear transfer actions and the variety of
influencing parameter, e.g., from cross-sectional geometries, material properties, support and
loading conditions. In addition, only in recent years novel measurement methods, such as digital
image correlation (DIC), and measurement sensors, such as fiber optical sensors (FOS), have been
used to a greater extent. The accuracy of the measurement of deformation and strain states could be
highly enhanced and is not restricted to small areas, and as a result the detailed analysis of crack
kinematics and investigations of the shear transfer actions are possible, e.g. [8,11,13]. However, the
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exact procedure of measurement (e.g. definition of local coordinate systems, location of measured
displacements, number of measurements) used to analyze crack kinematics with DIC also influences
the results, which means that some of the results are maybe not directly comparable.

However, there is still a great need for further research, construction projects have already been
implemented with project-related or national technical approvals [15-17]. The future successful use
of this composite material in practice depends mainly on the availability of design models [12].
Currently, there is no existing standard for the design of concrete structures with non-metallic
reinforcement in Germany, although a draft guideline has already been developed [14]. The
prerequisite for an economic design ensuring the efficient use of raw materials is a high prediction
accuracy, coupled with an easy applicability of the design formulas for the structural engineer. In
other countries, there are already existing standards for the design of structural CFRP reinforced
members, e.g. [18-21]. In all design equations for shear capacity, the support and load conditions are
insufficiently considered. However, it is already known from experiments on (steel) reinforced
concrete members that, for example, members with distributed loading achieve higher shear
capacities compared to members with single loads. The shear capacity of continuous systems is also
greater than that of single-span members featuring the same span length (e.g. [8,22]). The previous
investigations on shear behavior of concrete members reinforced with non-metallic reinforcement
were primarily carried out on single-span beams with single loads. A recent comprehensive overview
of the test data is given in [11].

To contribute to the complete understanding of the shear transfer, further shear tests were
carried out in the project C02* of the Collaborative Research Centre/Transregio 280 (CRC/TRR280).
The aim of this CRC is to create new foundations for the construction of the future. Therefore,
extensive investigations were carried out on structural elements primarily used in the construction
industry. The test results described in this paper show the positive effect on the shear capacity of
CFRP reinforced concrete members without shear reinforcement that are continuously supported
and loaded by distributed loading compared to simply supported members with concentrated loads.
A smaller study of four shear tests on members with shear reinforcement was performed to enhance
the experimental investigations in project C02*¥, which is published in [23].

2. Experimental Study

2.1. Experimental Concept and Test Program

For the experimental study sixteen CFRP reinforced concrete members without shear
reinforcement were tested. In addition to the data on shear capacity as a function of support condition
and loading type, the tests are intended to be used for future extensive investigations on the shear
transfer and failure mechanisms. For this reason, state-of-the-art photogrammetric and optical
measurement methods were also used in order to obtain detailed knowledge of the crack kinematics
and the deformation and strain states of the component and the reinforcement.

The shear tests differ in terms of support and load conditions. The type of static system (S1 to
54) is defined as follows:

e  System 1 (S1): simply supported member with a concentrated load (CL);

e  System 2 (52): simply supported member with a cantilever (intermediate support on one side)
and CL;

e  System 3 (53): simply supported member with uniformly distributed load (DL);

e  System 4 (54): simply supported member with a cantilever (intermediate support on one side)

and with DL.

Systems 2 and 4 are substitute systems to simulate a continuously supported member. The
cantilever was subjected to a concentrated load, generating a hogging moment at the intermediate
support axis. The degree of rotational restraint, and thus the location of the point of contraflexure of
the bending moment in the span can then be controlled by the ratio between cantilever load F; and
the load between the supports Fs or ), Fs, i.e. q. The schematic test setup of the systems S1 to 54 as
well as the corresponding bending moment and shear diagram are shown in Figure 1.
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Figure 1. Schematic test setup, length specifications and bending moment and shear force diagram
for the systems: (a) S1; (b) S2; (c) S3; (d) S4.

Apart from varying the degree of rotational restraint, the span length Lg=
3,75m/5,0m/6,65 m was varied, as well leading to a variation of shear slenderness A.
Generally, the shear slenderness 1 is described as:

M
“vd
where M is the acting moment, V the acting shear force and d the effective depth of the member.
In this paper, the self-weight of the specimens and the dead weight of the test setup are considered.
All specimens were tested in two subsequent partial tests. Both ends of each specimen were used
for one test. During the first partial test, the area of interest of the second partial test remained
unloaded. This eliminates any negative effect of the first partial test on the second partial test due to
previous damage. This procedure led to specimens with a length up to 11.5 m. However, it saved a
lot of material and was therefore preferable for economic and ecological reasons. If each specimen
had been tested only once, the material consumption would have been 31.5 % higher in relation to

2 )

the actual consumption.

All specimens had a constant rectangular cross section with a width b of 0.14 m and a height h
of 0.28 m (see Figure 2 (b)). Both, the flexural reinforcement in the area of the sagging and hogging
moment consisted of eight layers of a grid-like CFRP reinforcement (see Figure 2 (a)). Each layer
contained three yarns in warp direction. The layers were installed with a small distance between each
other in accordance with the maximum aggregate size d; of 4 mm. The staggered laps of the
longitudinal reinforcement were placed outside the investigated area and were 0.2 m. The bottom
multilayer flexural reinforcement was always extended over the support axes and the cantilever
flexural reinforcement was well anchored in the sagging moment area. One layer was chosen as
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secondary reinforcement in the compression zone. The effective depth was about 0.24 m. The concrete
cover was 15 mm on all sides. The specimens did not contain any shear reinforcement in the area of
interest. Only the middle area of the specimens, which was loaded in the first and second partial test,
and partly also the cantilevers, were shear reinforced with two or four sections of plane CFRP

reinforcement.
<A +B
— =
(a) A B A\
“«A +B «C «D
— =
(b) A B C A, D

0
I

+ point of contraflexure of

o & ] * * the bending moment
NN
Il . .

(C) =@ ‘ | % 2o0r 4 section

of plane grid

Il
g
-

B
S
~

& ,b=14 . b [em]

A A

A

Figure 2. Schematic side view of reinforcement layout for a (a) simply supported specimen and (b)
simply supported specimen with intermediate support; (c) cross-sections.

Table 1 gives an overview of the test program, including main system parameters. The naming
convention of the tests consists of the series (S1 to 54), the span length L and a consecutive number
for each series-span combination.

Table 1. Overview of the specimens and the main test parameters.

. Lg a a, A
Series Test [m] [m] [m] L]
s1 51-3.75-1 3.75 0.7 - 3.8
l 51-5.0-1 5.0 1.25 - 5.0
e/ S51-6.65-1 6.65 1.65 - 6.6
52-5.0-1 5.0 1.25 0.5 3.6
o 52-5.0-2 5.0 1.25 0.5 4.6
l l 52-6.65-1 6.65 1.65 04 4.7
T b 82-6.652 6.65 1.65 1.1 5.0
52-6.65-3 6.65 1.65 0.5 5.2
$3-3.75-1 3.75 - - 4.0
S3 S3-5.0-1 5.0 - - 5.0
) $3-5.0-2 5.0 - - 5.1
S3-6.65-1 6.65 - - 6.9
54-5.0-1 5.0 - 04 4.2
S4 54-5.0-2 5.0 - 1.0 3.5
L) 54-6.65-1 6.65 - 04 5.7
54-6.65-2 6.65 - 1.3 44

Ls — span length; a — distance between concentrated load and the support (c.f. Figure 1(a)); a,— distance
between point of contraflexure of the bending moment to the intermediate support (c.f. Figure 1 (b), (d)); 4 -
shear slenderness according to eq. (1) at ultimate load considering self-weight of the specimens and the dead
weight of the test setup.
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2.2. Materials

For all test specimens the same composite materials were used. The concrete was a self-
compacting, high strength concrete with a compressive strength class of C100/115 and consistency
class F6 in accordance with [25,26]. The concrete mix design is shown in Table 2. The maximum
aggregate size dg was 4 mm and was thus suitable for the use in combination with the used grid
reinforcement with the mesh sizes given in Figure 3 (a), in order to avoid a sieving effect during
concreting and to ensure the compaction of the concrete. Material tests were carried out using
cylinders (& 150 mm, h =300 mm) and cubes (150 x 150 x 150 mm?) according to DIN EN 196-1 [26]
on the day of the large-scale tests (cf. Table 4).

Table 2. Mix design of cementitious matrix (C3-B2-HF-2-165-4, adapted from [24]).

Substance Density Content

kg/m?3 kg/m?
Cementitious binder BMC CEM II/C-C-M Deuna 2962 707
Fine quartz sand F38 S 2650 294

Quartz sand 0.1-0.5 2630 243.2

Quartz sand 0.5-1.0 2630 201.4

Quartz sand 0.1-2.0 2630 148.9

Quartz sand 2.0-4.0 2630 593.5
Superplasticizer MC-VP-16-0205-02 1070 15
Water 1000 165

Figure 3 (a) shows the used CRFP reinforcement. It is an epoxy impregnated planar grid with
two rovings per yarn in weft and warp direction. The grids had a standard size of 6 m x 3.2 m and
were cut by an electric circular saw or band saw. Tensile tests on single yarns were carried out to
determine the uniaxial material property such as tensile strength famu and the Young’s moduls Enm of
the reinforcement (subscript nm — non-metallic). Due to the anisotropy of CFRP, it is sensitive to
transverse pressure. To avoid damage, the yarn’s ends were cast in steel sleeves with epoxy resin
instead of directly clamped. The geometrical parameters and material properties are listed in Table 3.

F
7 cydraulic
clamp o
oo} =}
[ag} N
strain -
: sensor 8
y steel case o
6; filled with &
=y epoxy resin
B
[
= E [mm]

(b) (©)

Figure 3. (a) CFRP grid; (b) Test setups for uniaxial tensile tests on single yarns; (c) Prepared yarn for
a tensile test.

Table 3. Material properties of the planar CFRP reinforcement.

1 Direction
Value Warp (0°) Weft (90°)
Distance between yarn axes s [mm] 38 38
Cross section of yarn' Anm [mm?] 3.62 3.62
Cross section per length! Anm [mm?/m] 95 95

Young’s modulus Enm [GPa] 244 248
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Ultimate tensile strength? fomu [MPa] 3720 3950
Ultimate strain3 Enmu [%o] 13,6 14

! pure fiber cross section without resin. > determined using the measured strains and tensile stresses at 10 and

60 % according to [13]. 3 determined according to Hooke’s law from the ultimate tensile strength famu and the
calculated Young’s modulus Enm.

2.3. Test Setup

The experimental setups are shown in Figure 4 with the examples of a simply supported
member with a concentrated load (S1) and a simply supported member with intermeditate support
and distributed loading (S4). All tests were performed force-controlled. That was essential for the
specimens with a load between the supports and at the cantilever (i.e. S2, S4) and for the distributed
loading (i.e. S3, S4) due to the used type of load introduction. The distributed loading was realized
via equidistant concentrated loads (c.f. Figure 4 (a)), whereby a force of a hydraulic jack was always
distributed via a crossbeam to two load introduction plates (c.f. Figure 4 (c)). The hydraulic jacks for
the loading in the span were connected in one hydraulic cicruit, while the cantilever load was in a
separate hydraulic circuit. As a result, for distributed loading, a uniform distribution of pressure
despite variable deflections along the span was realized. The distance between the loads Fs was
chosen so that their load dispersion lines overlapped on the neutral axis assuming a conservative
load spread angle of 60° (see Figure 4 (a)). Moreover, the load application plate closest to the
intermediate support was placed at a distance of approximately the effective depth d, to consider the
direct load transfer to this support. Due to the setup of the load introduction of the distributed loading
(c.f. Figure 4 (c)) horizontal displacements were possible and the vertical alignment of the single-
acting hydraulic jacks were maintained. As shown in Figure 4 (e) the cantilever was externally
strengthend to avoid early shear failure or heavy crack propagation in any case.

9

Figure 4. (a) Idealization of distributed loading (54); (b) Simply supported test specimen with CL (S1);
(c) Load introduction for DL; (d) Load introduction for CL; (e) Test specimen with cantilever and DL
(S4).

During the test, the deflection of the specimen was measured using inductive displacement
transducers. In addition, in the area of expected shear failure, horizontal and diagonal displacement
transducers as well as strain gauges were applied to one side to measure deformations and strains
locally. This allowed the deflection and crack development to be observed during the test. On the
opposite side, the strain states as well as crack formation were photogrammetrically captured using
digital cameras with 6000 x 4000 pixels. Moreover, fiber optic sensors (FOS) were applied to the
longitudinal reinforcement in selected tests to measure the longitudinal strain over the loading
process.
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3. Results

3.1. Shear Strength

The test results are summarized in Table 4. The concrete properties as well as the acting forces
are included. The ultimate shear force at the support A V,,,;, closest to failure includes the self-
weight of the test specimen and the dead load of the test setup, i.e., the load introduction. At this
point, there is no reduction of the shear force due to direct strutting in case of distributed load.
Depending on the degree of rotational restraint, and the areas of hogging and sagging moment, the
critical shear crack formed from a flexural crack and propagated either from the top of the specimen
towards the intermediate support or from the bottom of the specimen to the load introduction or
midspan. The position of the initial point of the critical flexural crack (B —bottom, T —top) is also
included in Table 4.

Table 4. Experimental results of shear tests.

Concrete properties? Test results?
System Test femeyt femcuve Ecm  Initial pointof  YFs  Fo Vyu®
[MPa] [MPa] [GPa] crit. flex. crack® [kN] [-] [kN]

51 S1-3.75-1 83 109 46 B 9 - 37

L S1-50-1 91 118 44 B 37 - 25

T 516651 98 117 46 B 41 - 28

$2-50-1 89 111 46 B 60 14 46

. $2-502 91 110 46 T 43 48 40

L 52-6.65-1 93 126 45 T 38 11 27

TR 526652 104 122 47 T 34 41 39

S2-665-3 83 110 46 B 2 11 30

S1-3.75-1 82 109 46 B 76 - 39

S3 $2-5.0-1 97 110 47 B 57 - 30

e $2:502 84 107 46 B 85 - 44

S3-6.65-1 103 119 47 B 67 - 37

$2-50-1 95 105 46 B 98 16 50

sS4 $2-50-2 98 115 46 T 86 44 53

b $2-665-1 94 125 45 U 85 21 39
T

52-6.65-2 96 113 46 56 43 37

) Tested on the day of testing; ? Acting and internal forces immediately before failure; ¥ Initial point of flexural

crack that later forms into the critical shear crack: B — bottom; T — Top; ¥ Ultimate shear force at the support A
closest to failure (c.f. Figure 1) including self-weight and dead weight, but without consideration of direct
strutting.

In Figure 5 Figure 1the load-deflection curves of all tests are shown. The indicated shear forces
Va result from the applied loading F; and Fs, respectively Y Fs, the self-weights of the specimens
and the dead weights of the test setup. The indicated deflections were measured with LVDT placed
underneath the specimens. For system S1 and S2, the deflection was measured in load axis, for S3 in
midspan and for in the area of maximum bending moment. In general, it can be observed that smaller
sagging moment segments result in to stiffer deformation behavior. The load drop in partial tests S3-
5.0-1 and S3-6.65-1 (w~90 mm) and 54-6.66-1 (w~44 mm) can be explained by the fact that the tests
were stopped for a short time. During the break, distance pieces were placed under the cylinders to
be able to apply the expected deflection with the defined maximum stroke of the cylinders.
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Figure 5. Load-deflection curves: (a) S1; (b) S2; (c) S3; (d) S4.

Figure 6 shows the influence of shear slenderness on the shear force at the support A in relation
to the concrete compressive strength. As expected, low shear slenderness results in higher shear
capacity, regardless of the load and support conditions. A comparison of the test results of series 52
and 24 with the series 51 and S3 shows that, on average, members with intermediate supports on one
side (S2 and S4) and similar shear slenderness have higher shear capacities than simply supported
members (S1 and S3). In addition, distributed loads have a positive effect on the shear capacity,

provided that the support conditions are the same.

12

" |
10 A .
©_ 84 * u : A . *
‘:é 6 P :
> S1
41 AS2
2 *S3
u S4
4 4 5 6 7

Shear slenderness A [-]

Figure 6. Influence of shear slenderness A on the normalized shear capacity.

3.2. Failure Mode and Crack Pattern

The desired flexural shear failure was observed in all 16 tests. The critical shear crack formed
from an existing flexural shear crack, which ultimately extended rapidly into the compression zone,
leading to a sudden shear failure by crushing of the concrete compression zone. However, failure

was announced before ultimate failure by very large deflections and a disproportional increase in
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crack width. Crack propagation was documented at the side with conventional measuring technique
at each loading step by keeping the deflection of the specimen constant and marking the cracks on
the specimen’s surface. Figures 7-9 show the crack pattern after shear failure for all 16 tests. The point
of contraflexure of the bending moment is marked with a purple cross. In all tests, the crack pattern
was characterized by small crack distances and therefore relatively small crack widths.

The distance of the intersection of the critical shear crack with the neutral axis to the support
axis is nearly the same for simply supported members with concentrated and distributed load (c.f.
Figure 9). The flat angle of the shear crack in the tensile zone is clearly pronounced for members with
distributed loads. Recent tests on the influence of the crack angle on dowel action for CFRP reinforced
concrete members showed that this influences the contribution of the dowel action [27].

The tests S3-5.0-1 and S3-5.0-2 show that the crack pattern can differ significantly although the
test parameters are kept constant (L = 5,0 m, DL). This also explains the different capacities of the
tests (c.f. Table 4).

.

$1-6.65-1 i ,
. ST ) .
A\ AN I

(a) (b)

Figure 7. Comparison of crack patterns of simply supported members: (a) with a concentrated load
(S1); (b) with distributed loading (S3).

Figure 8 shows the crack patterns of the simply supported members with cantilever and
concentrated loads. Basically, the cracking is as expected and the critical shear crack forms depending
on the hogging or sagging moment. Comparing the crack patterns of S2-6.65-1 and 52-6.65-3, the
point of contraflexure of the bending moment differs only slightly, but the location and form of the
shear cracks are very different. This is also expected to have a significant impact on several shear
transfer actions.
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Figure 8. Crack patterns of simply supported members with a cantilever (intermediate support) a
concentrated load (S2).

Figure 9 shows the crack pattern of the simply supported members with cantilever and
distributed loading. The critical shear crack of test S4-5.0-2 is particularly prominent in terms of its
shape. Moreover, in no other test the critical shear crack has grown so far along the top longitudinal
reinforcement into the compression zone.

i S4-5.0-1 l
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U A A A AN AN
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N NP A 7

L sises : : : :

\ L AN L NN T
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Figure 9. Crack patterns of simply supported members with cantilever (intermediate support) and
distributed loading (54).

4. Conclusion and Outlook

In this paper, sixteen CFRP reinforced concrete members were investigated in large-scale tests
under shear load. The focus was on the influence of the support conditions, i.e. simply supported
members with and without intermediate support, and load condition, i.e. concentrated and
distributed loading, on the shear behavior. All test specimens failed due to flexural shear and had
fine crack patterns as well as fine crack width. The critical shear cracks were identified by a
disproportionate increase of the crack width at very high load levels. The brittle failure was
announced by very large deformations. Moreover, the shape of the critical shear crack varied
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depending on support conditions and load arrangements as well as the span length. It can be
assumed that this has a great influence on the shear transfer and failure mechanisms.

In summary, the assumptions derived from (steel) reinforced concrete members regarding the
positive influence of continuous systems and distributed loads on the shear behavior could be
confirmed. This is of great importance as it underlines the need to consider system parameters in
design regulations. Based on the extended experimental database, appropriate models can be
developed to better predict the shear strength. This is accompanied by more economical
dimensioning and more efficient use of materials.

In current investigations of the presented shear tests, digital image correlation is used to analyze
crack kinematics as well as the strain states of the uncracked compression zone during the loading
process. Based on the analyses, the shear transfer actions, such as aggregate interlock, strength of the
uncracked compression zone and dowel action will be investigated.
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