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Abstract: Due to its insensitivity to corrosion, textile CFRP (carbon fibre reinforced polymer) reinforcement
enables the construction of thin-walled concrete structures such as shells, vaults and girder webs with minimal
concrete cover. In contrast to tensile and flexural behaviour, strutting and compressive membrane action of
cracked thin-walled carbon reinforced concrete (CRC) elements and the interaction of compressive stresses
with transverse tensile loading have not yet been investigated. While for steel reinforced concrete components,
extensive biaxial testing has shown a significant reduction of concrete compressive strength as a function of
the lateral tensile stress (compression softening), the effect of biaxial loading on CRC structures has not been
quantified yet. However, a different behaviour is expected due to different bond properties of steel and CFRP
in concrete, smaller crack spacings and the tendency of the CFRP reinforced concrete for in-plane splitting. This
paper presents an extensive experimental campaign for investigation of the influence of transverse tension and
cracking on the compressive strength of CRC with refined measurement techniques. Based on a literature
review on compressive softening behaviour and conventional test setups for steel reinforced concrete, a novel
test setup was developed. The phenomenology of compression softening in CRC as well as the main factors
influencing compressive membrane behaviour are highlighted. Based on the experimental findings a
constitutive law for compression softening behaviour of CRC is proposed.

Keywords: CFRP; carbon reinforced concrete; shear; compression softening; biaxial compression tension
loading; cracked concrete

1. Introduction

Carbon reinforced concrete (CRC) structures with textile carbon fibre reinforced polymer (CFRP)
reinforcement are characterised by high compressive and tensile strengths and have great potential
for use in thin-walled structures such as shells or webs of beams that are predominantly subjected to
in-plane compressive forces (e.g., [1-10]). As a result, lightweight, high-performance and durable
structures can be designed with a minimum of material use for sustainable structures [11]. For such
structures, an adequate prediction of the capacity of concrete struts is of crucial importance. In
particular, specimens with thin webs, high shear reinforcement ratios or with flat stress field angles
are prone to strut failure. Understanding the structural behaviour of CRC under combined
compressive and transverse tensile loading is essential as a reduction of strength compared to the
uniaxial compressive strength is likely to occur. For steel reinforced concrete structures, extensive
research using panel tests on reinforced concrete specimens has shown a significant reduction of the
concrete compressive strength as a function of the lateral tensile stress of up to half of the uniaxial
compressive strength. In contrast to steel reinforced concrete, the stress transfer mechanisms in CRC
under multi-axial loading are largely unexplored yet. Due to the different bond properties of the
textile CFRP reinforcement compared to steel reinforcement, the reduced crack spacing and the
tendency of the concrete for in-plane splitting, a different behaviour under biaxial loading is expected
compared to steel reinforced concrete. Therefore, the experimental investigation of the capacity of the
compression strut is essential. As the influences of transverse tension and cracking have not been
investigated in detail, systematic test series using a new test setup and refined measurement
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techniques were carried out. Based on the experimental findings a constitutive law for description of
the compressive strength of CRC compared to plain HSC taking into account the influence of
transverse tension is presented in this paper.

2. Compressive strength of CRC

The compressive capacity of plain high strength concrete (HSC), commonly used for CRC, under
biaxial loading is highly dependent on the transverse load applied. While the reduction of strength
for biaxial compression-tension of HSC is even more pronounced than for normal strength concrete
(e.g., [12]), biaxial compression loading results in an increased load-bearing capacity [13]. The
presence of textile CFRP reinforcement embedded in HSC matrix, which is sensitive to lateral
pressure [14], reduces the compressive strength of CRC. For non-impregnated textile reinforcement,
the yarns are therefore usually considered as voids that weaken the concrete cross-section [15,16].
Both the weft and warp direction of typical biaxial grids form artificial discontinuities [17]. However,
this type of disturbance becomes more pronounced as the number of layers increases and the
thickness of the concrete between the yarns decreases [18], eventually leading to a separation and
splitting of the CRC panel along the CFRP grids into several thin concrete lamellae. This separation
can lead to premature failure of the concrete lamella due to second order deformations as their
effective thickness is reduced. For CRC with impregnated yarns, extensive research has been carried
out by BOCHMANN to investigate the behaviour under uniaxial compression [18,19]. He investigated
the phenomenon of the reduction of compressive strength for textile reinforced cubic CRC specimens
(40 mm edge length) with different reinforcement inclinations in relation to the direction of
compressive forces and different manufacturing methods, as well as impregnation materials of the
reinforcement (styrene-butadiene (SBR) and epoxy resin (EP), respectively). BOCHMANN proposed a
reduction of compressive strength as a function of the reinforcement ratio and the inclination of the
stress field to the plane of the reinforcement. In his tests, he found that EP-impregnated grids have a
significantly smaller reduction of compressive strength than SBR-impregnated grids due to the
higher transverse stiffness of the resin [20]. In addition, a significant influence of the fabrication
method has been observed. The reduction is more pronounced for specimens that have been
produced by lamination [21] in comparison to cast specimens due to the interlaminar joint in the
reinforcement plane resulting in premature failure. Similar results were found by BIELAK in [22] for
CRC cubes with EP impregnated grids. According to MOCCIA ET AL. [23], the casting position also
affects the compressive strength of reinforced concrete due to voids under the reinforcement bars
resulting from bleeding and plastic settlement of the fresh concrete. For example, for webs in thin
CRC girders, these voids may occur below the longitudinal yarns for example in flanges in tension
and compression zones. In addition, the formation of voids is dependent on the concrete slump and
compaction quality of the concrete.

For CRC specimens, biaxial compression tests with soft-impregnated CFRP grids and HSC with
a maximum aggregate size of 1 mm were recently performed by BETZ [24]. These tests showed a
reduction of compressive strength for a lateral pressure that was greater than 50% of the uniaxial
prismatic compressive strength. No significant reduction of compressive strength was observed at
lower lateral pressures. The utilized grids act as a cross-sectional weakening, causing the specimens
to fail prematurely by splitting in the reinforcement plane. For higher reinforcement ratios and
laminated specimens, this effect was more pronounced. It was also found that higher reinforcement
ratios resulted in lower compressive stiffness of the CRC specimens.

As in steel reinforced concrete, the capacity of compression struts in CRC cannot be described
solely by the uniaxial or biaxial compressive strength, since additional transverse tensile stresses are
induced, for example, by the longitudinal and transverse yarns of CFRP shear reinforcement in webs
of slender beams (Figure 1 (a)). In particular, thin-walled CRC components reinforced with CFRP
grids are prone to strut failure due to their thin webs, high shear reinforcement ratios and flat stress
field angles. In highly reinforced webs of CRC components, compression strut inclinations of 45°
occur, while the yarns are oriented horizontally and vertically. Both the longitudinal and the vertical
yarns induce tensile stresses in the compression strut due to bending and shear. These transverse
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tensile stresses (and thus strains) reduce the compressive strength and stiffness in cracked CRC. This
behaviour is well known for steel reinforced concrete and is referred to as compression softening
(Figure 1 (b)). These stress states can be represented in a simplified form in 2D with a CRC specimen
subjected to compressive stresses and transverse tension (0°/90° orientation). In addition, the 45°
inclination of the reinforcement relative to the compression strut must also be considered in
experimental investigations. It is important that both the warp and the weft yarns are subjected to
tensile forces (Figure 1 (a).
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Figure 1. Orientations of uniaxial compression stresses to reinforcement in a CRC web [17] (a),
compression softening of steel reinforced concrete following [25] (b) and exemplary constitutive laws
for compression softening in steel reinforced concrete. (c)

In general, two different test setups have been used by researchers in the past to investigate
compression softening in steel reinforced concrete: panel tests (e.g. [26-29]) and biaxial compression
— transverse tension tests on reinforced panels (e.g., [30-34]). In these tests, for example panels were
loaded in compression in one direction while transvers tension was applied, and also different load
controls were used (e.g., proportional / sequential loading). Further information can be found in [35].
The constitutive laws proposed by the researchers to account for compression softening in steel
reinforced concrete based on their experimental investigation vary strongly (Figure 1 (c)). While
SCHLAICH & SCHAFER [34] proposed a constant reduction of strength to 80% of the cylindrical
compressive strength fe.c1 for average transverse tensile strains ¢1 of the reinforced concrete panels up
to 6%o (no experimental results are available for higher strains), VECCIO & COLLINGS [29] and BELARBI
& Hsu [26] suggest exponential reductions as a function of the average tensile strain ¢1. In [31] a
trilinear law is proposed instead. Here, a reduction to 0.75 - feey1 is chosen for average tensile strains
erup to 2 %o and 0.5 - feey (for fu = 40 MPa) for yielding of steel with average strains ¢1 higher than 6
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%o, with linear interpolation in between. In the new generation of Eurocode 2 [36] the influence of the
average longitudinal tensile strain in mid-depth of the stress-field ex as well as the inclination of
compression strut O is included in the reduction of the compressive capacity of steel reinforced
concrete.

Such extensive experimental investigations considering the influence of transverse tension on
the compressive strength have not yet been carried out for components with non-metallic
reinforcement. In tests on textile reinforced concrete (TRC) panels with non-impregnated alkali
resistant glass fibres in [16,37] it was found that a simple transfer of the panel-testing method is
challenging for thin-walled TRC because of stability problems and issues with the load introduction.
However, tests have also been carried out in a panel tester for steel reinforced concrete components
strengthened with FRP sheets [38]. In these studies, the results of [26] were confirmed, but with
reduced softening behaviour due to the applied FRP sheets. VOSS proposed a large reduction of
compression strut capacity of 29,7 % for non-impregnated textile reinforcement [16], which was
recalculated based on the results of his flexural shear tests with strut failure. For specimens with
impregnated textile reinforcement, the influence of transverse tension on the compressive strength
has not been systematically investigated yet. The higher ultimate strains and stresses in the CFRP
reinforcement may result in higher tensile stresses in the surrounding concrete compared to steel
reinforcement. In addition, longitudinal cracks resulting from bond stresses of the reinforcement
could split the compression struts and induce spalling of the concrete [17]. BIELAK ET AL. found in
large-scale bending tests on CRC I-beams with textile CFRP shear reinforcement that the capacity of
the compression strut is further reduced compared to steel reinforced concrete [39]. In his specimens,
four layers of epoxy impregnated CFRP grids were assembled into the 5 cm thick web. The
significantly reduced concrete cover and high shear reinforcement ratio caused premature bond
failure and in-plane cracking. Recently, first tests on the biaxial compression-tension behaviour of
CRC based on BOCHMANN's investigation of the uniaxial compressive behaviour of CRC [18]were
conducted by BETZ ET AL. [40]. They used fine-grained concrete with a maximum aggregate size of 1
mm and soft impregnated grids, which resulted in a relevant reduction in compressive strength up
to 40 % for casted panels in dependence on the maximum tensile strain in the yarns of up to
approximately 7 %o. In addition, they found the well-known influence of the fabrication method with
further reduction in strength of laminated specimens. However, a systematic experimental campaign
to quantify the effect of compression softening of CRC is not yet available.

3. Experimental Investigation
3.1. Materials

3.1.1. Concrete

For a systematic investigation of the compression softening behaviour in CRC, uniaxial
compression and biaxial compression-tension test were performed. Therefore, a high-strength, self-
compacting concrete (C3-HF2-165-4) with a maximum aggregate size Dmax of 4 mm was used for all
specimens, which is an adaption of the concrete from [41] and has also been used, for example in [42],
[43]. The concrete mixture is given in Table 1. After concreting, the test specimens were left in the
formwork for one day and then wrapped in moist jute fabric for seven days to prevent cracking due
to shrinkage. They were then stored at 20°C and 65 % RH until the day of testing. The compressive
strength of cubes (150 x 150 x 150 mm?3) and cylinders (d/h = 150/300 mm) according to [44] and the
Young’s modulus according to [45] were determined on the day of testing. In addition, the
compressive strength and flexural tensile strength were determined on prisms (40 x 40 x 160 mm?)
according to [46]. The properties of the concrete on the day of testing are given in section 4.
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Table 1. Composition of used concrete.

Ingredient Density Content Ratio
[kg/m?] [kg/m?] [%]
Cementitious binder compound BMC CEM II/C-M Deuna 2962 707 29,9
Water 1000 165 7,0
Fine quartz sand F38 S 2650 294 12,4
Quartz sand 0.1-0.5 mm 2650 243.2 10,3
Quartz sand 0.5-1.0 mm 2650 201.4 8,5
Quartz sand 1.0-2.0 mm 2650 148.9 6,3
Quartz fine gravel 2.0-4.0 mm 2650 593.5 25,1
Superplasticizer MC-VP-16-0205-02 1070 15 0,5

3.1.2. Textile CFRP reinforcement

All specimens were made using a symmetric biaxial planar epoxy impregnated CFRP grid with
a yarn spacing of 38 mm in both directions. Tensile tests according to [47] were performed on the
yarns in warp and weft directions to characterise the tensile strength and the Young’s modulus [48].
Table 2 shows the mean values obtained from n = 3 tests each. For the tests carried out on the CRC
panels, the weft yarns were oriented perpendicular to compression load. Although the Young's
moduli were in a similar range, the tests with preformed grids with yarns inclined at 45° to the
direction of the compression strut showed a significantly lower tensile strength than the tests with

planar grids [49].
Table 2. Material properties of textile CFRP reinforcement [48,49]
Cross Distance between roving Tensile Young's
1 *
. Type of Material section axes strength Modulus
reinforcement [mm?/m] [mm] [MPa] [GPa]
0°  90° 0° 90° 0° 90° 0° 90°
Planar grid CFRP 95 95 38 38 3710 3490 231 244
Preformed grid CFRP 95 95 38 38 2600 1930 219 191

* pure fiber cross-section without resin.

In addition, uniaxial tensile tests were performed on CRC specimens with two and three layers
of the planar CFRP grid according to [50] and [47] to investigate the delamination and crack
development in highly reinforced CRC specimens using digital image correlation (DIC) and linear
variable differential transformers (LVDTs). The test setup and specimen geometry are shown in
Figure 2 (a). Figure 2 (b) shows the stress-strain diagrams of the specimens measured with LVDTs.
The three well-known crack stages I, Ila and IIb according [50] were observed for all specimens. Due
to limitations in the maximum capacity of the test setup, the three-grid specimens could not be loaded
up to yarn failure (premature slip in the clamping). However, these specimens showed no
delamination failure up to a mean tensile strain of 2700 MPa. It can therefore be concluded that the
original objective of analysing the delamination and crack stages was achieved in all tests. The
specimen reinforced with two grids had a premature delamination failure reaching an average of 90
% of the yarn tensile strength according to Table 2. The crack evolution was evaluated in detail using
the DIC evaluation. Cracking starts at a mean tensile strain of 0.7 %o, while the crack pattern is
completed at strains of 5.3 %o (2 grids) and 4.7 %o (3 grids), respectively (Figure 2 (d)).
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Figure 2. Uniaxial tensile test on CRC specimens reinforced with two and three grids: test setup and
geometry (a), stress-strain diagrams of specimens with two grids (b) and three grids (c) and measured
strains at different crack stages using DIC evaluation (d).

3.2. Test setup and procedure

To investigate the compression softening behaviour of slender CRC panels (height / / thickness
t>2), anovel combined compression — transverse tension test setup was developed following the test
setups of e.g., [32,34,51], (Figure 3 (a)). The use of conventional panel tests as in [29] or [26], cannot
be simply adopted for carbon reinforced concrete due to premature stability failure, as shown in
investigations in [16,37].

@
(b) : 1

transverse strain constraint

Figure 3. Test setup for investigation of compression softening (a) and influence of different load
application systems (b).

For the application of tensile forces, a stiff frame was installed whereby the normal force is
introduced from both sides into the centre of the specimen via steel bolts, similar to the test setup in
[17,52], so that the centre of the specimens remains located centrally under the compression force
application. Thus, the reinforcement does not need to be clamped and lateral pressure can be avoided.
The test specimens were segmented into a central part, containing the test area, and two outer parts
for inducing axial tension. The three parts are only connected by reinforcement and the concrete
separated by PE sheets to prevent the transfer of compressive stresses between these areas (Figure 4).
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Vertical and axial loads are controlled by two different hydraulic cylinders, allowing various
combinations of tension (T) and compression (C) loads to be applied. For the application of
compression, brush bearing platens were used in accordance to [13,53], in order to minimize the
transverse constraint that unavoidably occurs through friction when using rigid steel plates as load
application [54] (Figure 3 (b)). A conical/spherical steel bearing was placed on the frame of the upper
brush bearing platens to reduce the influence of eccentricities [18]. In addition, the top and bottom
sides of the test specimens were face-milled prior to testing to achieve an ideal flat surface for uniform
application of compressive load. An accuracy of < 2.5 %o measured with a sliding calliper was
realized, thus meeting the requirements of [55].

Test specimens

For the biaxial tests, small panels with two and three layers of textile CFRP reinforcement and a
distance between the reinforcement centroid and the specimen edge of di1 = 10 mm and d1 = 15 mm,
respectively, were selected. Smaller concrete covers are not suitable for investigation, as bond
requirements for tensile loads must be met. The dimensions of the specimens that were exposed to
biaxial loading (compression and transverse tension) were 300 x 40 x 145 mm?. The length was chosen
to allow for evolution of multiple cracks due to the transverse tensile force in the loaded region of the
specimen while keeping the dimensions as small as possible. Both anchorage parts had a thicker cross
section (140 x 145 mm?) and additional reinforcement layers to prevent premature failure in these
areas. Reference tests with two to four grids were carried out with the dimensions of the test area in
the biaxial tests (Figure 4 (a)). While four grid layers were tested in the uniaxial compression tests, a
maximum of three layers were examined in the biaxial tests, as higher reinforcement ratios would
already lead to premature splitting failure in uniaxial tension due to excessive bond stresses. As
described in section 2, the stress states occurring in compression struts can be represented simplified
in 2D with CRC specimens subjected to compression stresses and transverse tension (0°/90°
orientation), but 45° inclined reinforcement also needs to be tested where both the warp and the weft
yarns are subjected to tensile stresses simultaneously. Therefore, two different cross sections were
required for biaxial compression-tension testing (0: = 0° in Figure 4 (b) & 0: = 45° in (c)). For the tests
with skewed yarns, preformed textile grids were used since they offer sufficient anchorage of the
yarns [56].
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Figure 4. Specimen dimensions and reinforcement layout of uniaxial compression tests (a) and biaxial

compression-tension tests (b) and (c).

Test series

In total, 50 specimens were tested, 22 specimens with uniaxial compression and 28 specimens
with biaxial loading. Within the uniaxial compression tests the influence of the specimen dimensions
and the brush bearing platens, as well as the influence of CFRP reinforcement ratio and concrete
cover on the uniaxial compressive behaviour was investigated. In the tests with biaxial loading the
sequence of load application (sequential / proportional), the concrete cover, the reinforcement ratio,
the inclination of reinforcement and the maximum average tensile strains of the CRC specimens were
varied. While the compressive forces were applied strain-controlled with a constant ratio of 2 um/s
following [18], the tensile forces were applied force-controlled with varying ratios to achieve different
maximum tensile strains at compression failure of the specimens. An overview of the test series

carried out and the parameters varied is given in Table 3.

Table 3. Main parameters of test series.

grid
Test series # of tests  type of loading h p orientation  investigated influence

[mm] [%] [mm]
CS-1 3 uniaxial compression plain concrete panel geometry
CS-2 3 uma.x1a1 compression plain concrete load introduction

via steel platens

CS-3 3 uniaxial compression 10 0.5 0°/90° presence of grids
CS-4 5 uniaxial compression 15 0.5 0°/90° concrete cover
CS-5 3 uniaxial compression 10 0.75 0°/90° reinforcement ratio
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CS-6 3 uniaxial compression 10 1.00 0°/90° reinforcement ratio
CS-7 6 biaxial proportional 10 0.5 0°/90° Omnm1 / 02=239 ...449
CS-8 6 biaxial proportional 15 0.5 0°/90° omml /02 =3.9...38.7
CS-9 6 biaxial proportional 10 0.75 0°/90° Omml [ 02=4...36.7
CS-10 3 biaxial sequential 10 0.5 0°/90° Onmlseq = 901 ... 2345 MPa
CS-11 4 biaxial proportional 10 0.5 0°/20 omm1 /02 =14.7...384
preformed
. . 45°/45°
CS-12 3 biaxial proportional 10 0.5 ommi /o2 =145...279
preformed

d1: distance between reinforcement centroid and specimen edge, see Figure 4; p: geometrical reinforcement
ratio; o1seq: yarn stress at beginning of compression loading; onm1 / 0c2: ratio of axial yarn stress (01,nm) to
transverse concrete compressive stress (02c).

3.3. Instrumentation

In all tests, the deformations were measured in the test area using DIC from one side and
conventional vertical and horizontal LVDTs attached to the opposite side of the specimen. Horizontal
deformations are measured using two LVDTs, while vertical deformation was measured using three
distributed LVDTs. In addition, fibre optic sensors (FOS) were attached to all horizontal yarns in the
test area of the biaxial tests with cyanoacrylate adhesive according to [57,58] to measure the yarn
strain continuously according to [59]. The locations of the LVDTs, DIC and FOS are shown in Figure

5.
Side ui Section LI o onLI
X [ < X I <
N T S— :
DIC | O piC i | O
A A

Figure 5. Instrumentation for uniaxial compression tests (a) and for biaxial tests (b): LVDTs on back
side, DIC on front side of specimens and FOS on longitudinal yarns under investigation (in biaxial
tests).

4. Results and discussion

4.1. Uniaxial compressive tests

In contrast to the tests in [18], slender panels (h/t = 3.6) were investigated, which might exhibit a
different behaviour compared to the small cubes investigated by BOCHMANN. Therefore, in a first
step, the uniaxial compressive strength of plain concrete o2max was determined and compared to the
compressive strength fee1 determined with cylinders (d/h = 150/300 mm) according to [44], whose
strength is usually used for design in Europe [60]. In addition, the influence of the load application
system was investigated with a test series using conventional steel platens for compressive loading.
Afterwards, the influence of the concrete cover and the CFRP grids on the compressive strength of
the panels was studied. The average results of uniaxial compression tests (3-5 tests each) are
summarised in Table 4. The compressive strength here is calculated using the exact dimensions
measured with sliding gauge and neglecting the cross-section of yarns.
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Table 4. Test results of uniaxial compression tests.

. di P f c,eyl Ucz,maxl Oc2,max / f c,eyl
Test series [mm] (%] [MPa] [MPa] ]
CS-1 - - 92.7 93.3 1.01
CS-2 - - 92.7 85.7 0.92
CS-3 10 0.5 92.7 79.8 0.86
CS-4 15 0.5 96.2 85.4 0.89
CS-5 10 0.75 96.4 92.0 0.95
CS-6 10 1.00 96.2 83.0 0.86

lcalculated using the exact dimensions of gross cross section measured with sliding gauge.

Figure 6 (a) shows the uniaxial compressive strengths determined in the test series CS-1 -3. All
specimens were produced on the same day and tested after a sufficient time of hardening of at least
40 days. The panel strength determined with steel platens (CS-1) is identical to the cylindrical
compressive strength. The use of the brush bearing platens provides a lower compressive strength
(CS-2). As illustrated in Figure 6 (b), the fracture patterns of plain concrete specimens (CS-1 and 2)
are also significantly different for the specimens loaded by steel platens (top) and brush bearing
platens (centre) due to the flexibility of the small steel brushes and the resulting reduced lateral
restraint which allows individual uniform concrete lamellae to form due to unconfined uniaxial
loading.

For the specimens with two layers of CFRP grids with di = 10 mm loaded with brush bearing
platens, a further reduction of strength can be observed due to the embedded CFRP yarns that cause
a deviation of compressive stress flow. Due to their smaller Young’s modulus the CFRP grids act as
a cross-sectional weakening, causing the specimens to fail prematurely by splitting in the
reinforcement plane. The failure of these specimens is therefore characterised by delamination of the
concrete cover as shown in Figure 6 (b) (bottom). The formation of individual lamellae is largely
prevented by the grids.
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Figure 6. Influence of specimen geometry and CFRP grid on the uniaxial compressive strength (a)
fracture patterns of investigated specimens (b).

Furthermore, an additional series of tests (CS-4, CS-5, CS-6) with different configurations of
CFRP grids compared to the reinforced reference test CS-3 has been carried out to further analyse the
influence of textile reinforcement on uniaxial compressive behaviour.

In these tests, two effects have been observed, which are partly counteracting each other (Figure
7): On the one hand, adding more CFRP grids potentially increases the number of potential locations
where vertical splitting cracks may be induced due to stress deviations (effect @). On the other hand,
adding additional CFRP grids (increasing the reinforcement ratio) leads to an increased (passive)
confinement in longitudinal direction of the panel (effect @) which can have a beneficial effect on
concrete strength.

Effect @ can be well isolated by testing specimens with identical concrete dimensions and
reinforcement ratios but different number of layers that cause the deviation of concrete stresses. In
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test series CS-3 the position of the CFRP grids (concrete cover d1=10 mm) caused stress deviations in
two layers, while in CS-4 the two grids where concentrated in the middle of the panel (concrete cover
d1 =15 mm). In consequence, in CS-4 the deviation of compressive stresses occurred only around a
single weak layer in the middle of the panel, while larger stress redistributions around two
reinforcement layers occurred in CS-3. Thus, a higher resistance was found in CS-4.

On the other hand, adding additional CFRP grids (increasing the reinforcement ratio) leads to
an increased confinement in longitudinal direction of the panel (effect @). The interaction of both
effects ©® and @ can be observed when comparing the results of series CS-3 with series CS-5 and CS-6.
In CS-5 and CS-6 the beneficial effect @ of higher confinement in longitudinal direction compensates
the reduced net concrete area and larger stress deviations due to additional CFRP grid layers.

Eventually, none of the tested configurations in CS-4, CS-5, CS-6 showed any further
reduction in compressive strength compared to the reinforced reference tests (series CS-3).

effect (D effect Q)
Section I-1
2x diviation Ix diviation 3x diviation

RAAREEAREEIERRRN

longitudinal
confinement by
CFRP yarns

Figure 7. Occurring effects of CRC panels under uniaxial compression: Splitting tensile stresses
resulting from deviation of compression stresses due to yarns (effect ®) and confinement due to CFRP
grids (effect @).

4.2. Biaxial compression-tension tests

4.2.1. Phenomenology

Influence of transverse tension on compressive strength

Figure 8 (a) shows the ratio of the compressive strength of panels cmax and the compressive
strength of cylinders fcqy for the transverse tensile strain €1 acting at compressive failure for all biaxial
tests performed. The identical symbols are associated to the uniaxial and biaxial tests with the same
configuration (d1 / p / grid orientation). In general, a significant reduction of compressive strength
was found for increased average transverse tensile strains, analogously to steel reinforced concrete.
As expected, more cracks were found at higher tensile strains. The maximum tensile strain £1,max in
all diagrams corresponds to the average panel strains evaluated by DIC. For steel reinforced concrete,
the biaxial compressive strength is significantly influenced by the crack width and the crack spacing
[34,51,61,62]. Due to the close-meshed CFRP grid, smaller crack spacings and smaller crack widths
occur in the CRC specimens.
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Figure 8. Influence of transverse tension on the compressive strength for all tested specimen (a) and
for specimens from series 7 (b) and stress-strain curves for different max. tensile strains of specimens

from series 7 (c).

In general, three cracking stages can be identified within the tests performed, depending on the
average transverse tensile strain (measured with DIC), as shown for example in Figure 8 (b) for test
series 7 with two grids and di = 10 mm. The results show that there is no change in compressive
strength until the initiation of transverse cracking. Progressive cracking then occurs, resulting in the
development of smaller concrete lamellae and thus reduced compressive strength. A lower limit of
strength reduction can be identified after the formation of a complete crack pattern. Similar results
were found by [31] and [61] for steel reinforced panels.

Figure 8 (c) shows the influence of transverse tension on the stress-strain diagrams of reinforced
specimens from series 7. For comparison, the results of one test from series 3 without transverse
loading are also shown. The strains were calculated using the vertical LVDTs. The effect of
compression softening can be found in the CRC specimens analogously to steel reinforced concrete.
Besides the reduced compressive strength, the stiffness is also reduced with increasing transverse
tension, illustrating a softer deformation response of cracked CRC.

It can thus be generally stated that the effect of compression softening also exists in CFRP-
reinforced concrete and that it leads to a reduction of the compressive strength when exposed to
simultaneous transverse tension and crack formation as well as to an overall softer compressive load-
bearing behaviour of CRC structures.

Difference in tensile strain between concrete and varn

Figure 9 (a) shows the related compressive strengths o max / feeyt Obtained for series 7 for the
applied maximum average panel tensile strain €1 as well as yarn tensile strain &nmi. Obviously,
plotting the reduced values of compressive strength either over the yarn strain (black) or over average
tensile strain measured at the concrete surface of the CRC panel (grey) leads to quite different
constitutive relations for the compressive softening effect. Therefore, it is essential to specify how the
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different strain values were obtained during testing and which measurement techniques have been
employed.

The use of fibre optic sensors (FOS) allowed the elongation of the yarns to be measured
continuously during the tests. Analogous to [58], the yarn strain, the crack width and the load
introductions length can be evaluated from internal FOS measurements on reinforcement throughout
the loading process. In addition, the DIC method allows for an in-depth evaluation of different strains
measured at the surfaces of the concrete samples.

1.0 10 . e
prior to failure — FOS
. =87 = DIC
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Figure 9. Relative concrete strength as a function of maximum mean panel strain and maximum yarn
strain, respectively (a) and measured strains in relation to the evaluation method for specimen with
two grids and di1 =10 mm (b).

Figure 9 (b) shows the measured strains of one specimen with two grids and 41 = 10 mm (red
circle in (a)) before compressive failure with different evaluation methods. Besides the yarn strain
measured with FOS (black), the average panel strain (red), the smeared strain across a crack (green)
and the concrete strain in the individual (uncracked) concrete lamellae (orange) are illustrated. The
yarn strain (black) varies along the specimen’s length and reaches maximum values of 7 %o in cracks.
In addition, a smeared representation of yarn strains in the vicinity of cracks can be gained from the
DIC measurements (Figure 9 (b), green). Through choosing individual measurement lengths across
the cracks (according to the load introduction lengths evaluated by FOS) the yarn strain maxima
measured by FOS (Figure 9 (b), black) can be well approximated by the local smeared strains across
cracks (Figure 9 (b), green). The transverse tensile strains measured with DIC on the surfaces of
individual (uncracked) concrete lamellae are small but visible and proof the activation and
contribution of concrete to tensile force transfer (tension stiffening effect of concrete). In addition,
Figure 9 (b) illustrates the DIC measurement of the average tensile strain across the entire CRC
specimen (red).

DIC is also used to measure the vertical concrete compressive strains. Figure 10 shows the
distribution of vertical concrete strains ¢c for each individual concrete lamella of one specimen from
series 7 (two grids, di = 10 mm, e1,max = 7.4 %o) for different compressive load stages. As can be seen,
the strains are scattered within a lamella. This strain distribution is also known from steel reinforced
concrete. MIYAHARA ET AL. attributed this non-uniform stress distribution between cracks in
compression to the eccentricity of the resultant forces in each lamella surrounded by cracks, resulting
in a lower compressive strength compared to pure uniaxial compression [61,63]. They also ascribed
this eccentricity to the complex and meandering cracks resulting from the presence of coarse
aggregates. For CRC with smaller aggregates sizes, much straighter cracks are formed and therefore
smaller distributions of compressive strains occur.
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Figure 10. Compressive strain distribution during loading process for specimen with ¢ =10 mm, two
grids and e1,max=7.4 %o.

4.2.2. Sequential / proportional loading

In real-scale applications, different biaxial loading scenarios can occur. In CRC beams, there is
usually proportional biaxial loading, because bending and shear are caused by the same external
loads and thus do increase simultaneously. However, sequential loading may also occur in structural
members, for example, due to restrain caused by temperature differences, resulting in a horizontal
cracking. The crack widths may continue to increase or even close completely within the lifetime of
the component before transverse compressive loading occurs. Therefore, two different loading
scenarios were investigated in this experimental campaign. For sequential loading, the tensile load
was first increased to a tensile force Fnm of 57 kN (£ onm(to) = 1970 MPa) to induce a completed crack
pattern in the specimens (Figure 11). The axial load was then increased or decreased to a predefined
value and held constant while compressive loading was increased. For the proportional loading, both
compressive and tensile loads were increased simultaneously with different onmi1 / 0c2-ratios.
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Figure 11. Influence of type of loading (sequential / proportional loading) on the compressive stress-
strain behaviour.

Figure 11 shows the exemplary results of two sequentially loaded tests with different transverse
tensile strains (e1max = 6.4 %o and €imax = 12.1 %o) that were held constant during testing and a
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proportionally loaded test in which the average tensile strain was steadily increased up to a
maximum value of €1,max = 9.2 %o at failure. Compression softening behaviour was observed for both,
proportionally and sequentially loaded specimens (cf. Figure 8 (b)) and similar compressive strengths
were reached for similar average tensile strains in transverse direction, confirming BETZ’s [40] results
for soft impregnated grids. However, despite comparable reductions in compressive strengths for
both types of load application, clear differences in the stiffness and the load deformation behaviour
can be observed.

Figure 11 (right) illustrates that the stress-strain behaviour of the sequential loaded specimens is
generally significantly stiffer than that of the proportional loaded specimens. This can be attributed
to the influence of the transverse contraction of the panel which is controlled by the Poisson’s ratio
of CRC. Exposed to proportional loading, the steadily increasing transverse tensile force in the CRC
specimen leads to a thinning of the panel in the vertical direction caused by transverse contraction of
the CRC material. This vertical strain from transverse contraction is superimposed by additional
strains owing to the simultaneous acting compressive force. In consequence, we observe large total
strains in vertical direction of proportionally loaded specimens caused by the superposition of
compressive loading and transverse contraction.

By contrast, in tests with sequential load application, a large part of the vertical strain from
transverse contraction is already generated before the actual compressive force is applied and is
partially dissipated by cracking before the compression test starts. As a result, the vertical panel
strains measured in the sequential compression test are generally smaller and the load-bearing
behavior appears less soft than in the proportional test.

In order to cover the worst-case loading scenario, which is relevant for several full-scale
applications, proportional loading was chosen for the remaining tests. In addition, the majority of
tests in the literature have been performed with proportional loading, where it was also found that
the type of load application had no significant effect on the compressive strength of the components.

4.2.3. Influence of concrete cover and position of CFRP grids in cross section

The influence of the lateral concrete cover and position of CFRP grids in cross section on
compression softening was investigated in series CS-7 and CS-8. Table 5 summarizes the test results
with proportional biaxial loading, p = 0.5 %, and different onm1 / oc2-ratios.

Table 5. Test results of series 7 and 8 with proportional biaxial loading and p =0.5 %.

Specimen c feeyt Fnax Ozmax!  Ocmax / fooyl Onm1 / 02 £1,max?

[-] [mm] [MPa] [kN] [MPa] [-] [-] [%]
CS-7-1 10 93.5 891 74.2 0.79 9.9 1.6
CS-7-2 10 93.5 827 68.9 0.74 19.6 3.7
CS-7-3 10 93.5 696 58.0 0.62 29.3 4.8
CS-7-4 10 96.4 1010 84.2 0.87 3.9 1.6
CS-7-5 10 99.1 789 65.7 0.66 44.9 9.2
CS-7-6 10 99.1 853 71.1 0.72 34.6 74
CS-8-1 15 96.4 1016 84.7 0,88 3.9 1.0
CS-8-2 15 96.4 1009 84.1 0.87 8.7 2.6
CS-8-3 15 96.4 687 56.7 0.59 38.7 6.1
CS-84 15 92.9 971 78.0 0.84 174 3.8
CS-8-5 15 92.9 884 70.5 0.76 26.4 5.5
CS-8-6 15 92.9 884 69.3 0.75 36.1 7.7

Icalculated using the exact dimensions of gross cross section measured with sliding gauge; 2 average panel
strains evaluated using DIC.

Figure 12 (a) shows the maximum compressive strength g max standardised by fecyt of the test
series 7 and 8 with different maximum average tensile strains measured on the concrete surface. For
comparison, the results of the reference tests without transverse tension for di = 10 mm and d1 = 15
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mm (series 3 and 4) are also shown. For the specimens with transverse tension, a reduction in the
compressive strength is observed in both test series. While uniaxial compression strength is similar
for both configurations, a smaller reduction in biaxial compressive strength for the same longitudinal
tensile strain is found for the specimens with larger concrete cover. The behaviour can be attributed
to the concentration of the reinforcement grids in the middle of the panel in series 8 (di = 15 mm)
leading to a deviation of compressive stress direction in only one single layer, while in series 7 (d1 =
10 mm) the reinforcement was installed in two separate layers causing higher stress redistributions
(see section 4.1). Compared to the uniaxial compression tests, the scatter was significantly reduced in
the biaxial tests. Only one test with a larger concrete cover (black circle; €1 = 6%o) represents an
outliner. This can be explained by the initial crack not being parallel to the direction of compression,
resulting in premature failure. In all other specimens the cracks were parallel to the acting
compressive stresses. The influence of the concrete cover or the position of the grids in the cross
section, respectively, can also be seen from the stress-strain relationship of the specimens. Figure 12
(b) shows the results for specimens with almost identical transverse strains at failure but with
different concrete cover. It can be seen that in addition to the larger compressive strength of the
specimen with larger concrete cover (d1 = 15 mm), the stiffness is significantly greater than that of the
specimen with smaller concrete cover (d1 = 10 mm).
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Figure 12. Compressive strength of panels for different maximum transverse tensile strains (a) and
stress-strain curves of specimens with almost identical transverse strains at failure but with different
concrete cover (b).

4.2.4. Influence of reinforcement ratio

To investigate the influence of the reinforcement ratio p, three grids were arranged in test series
9, resulting in a reinforcement ratio of 0.75 % with a constant concrete cover of 9 mm. As explained
in section 4.1, no significant effect on the uniaxial compressive strength was found regardless of the
increased reinforcement ratio. Figure 13 (a) shows the related compressive strengths of series 9 for
different maximum tensile strains and, for comparison, the results of series 7 with two grids and the
same concrete cover. Obviously, there is no reduction in compressive strength when increasing the
number of grids. This phenomenon can be explained by the fact that the weakening due to the
additional layer is compensated by increased longitudinal confinement of the specimen (cf. section
4.1).
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Figure 13. Influence of reinforcement ratio on compressive strength (a) and crack patterns prior to
failure for specimens with similar average max. tensile strains (b).

Figure 13 (b) shows the crack patterns of two specimens with similar maximum average tensile
strains in the panel. Despite only small differences in compressive strength, the crack patterns are
very different. While both specimens show finely distributed cracks and therefore defined concrete
struts, the specimen with three grids (bottom) has six cracks in contrast to the less reinforced
specimen with four cracks (top) due to the 50 % higher reinforcement ratio. In consequence, the single
crack widths are slightly reduced, while the accumulated total crack width and the average tensile
strain are almost identical for both tests. Therefore, it can be concluded that the crack pattern and
width of the concrete lamellae have no significant effect on the concrete compressive strength, as
already stated by [61], [32], [64] for steel reinforced concrete. The reduction in strength is therefore
determined by the total average transverse panel strain, independent of the number of cracks. In
addition, the smaller slenderness of the individual lamellae is not critical for buckling and therefore
does not affect the compressive strength.

4.2.5. Influence of skewed reinforcement

As mentioned in section 2, highly reinforced webs of CRC components often have compression
strut inclinations of about 45°, while the reinforcement is aligned horizontally and vertically. Both
the longitudinal and the vertical yarns induce tensile stresses in the compression strut due to bending
(longitudinal yarns) and shear (vertical yarns). To investigate the influence of this skewed tensile
stresses in relation to the direction of the compression strut, modified specimens were tested (test
series 11 & 12). Preformed C-grids with an I-shaped cross section were used to ensure adequate
anchorage of the yarns, with only the web subjected to the compressive force (Figure 4 (c)). In
addition, the influence of the preformed grids was tested by also using preformed grids with 0°/90°
yarn orientation, i.e., the yarns were oriented in the initial direction of the compressive and tensile
load, as in the other test series. Figure 14 shows the results of these tests for different maximum tensile
strains €1,max (average tensile strain of the panels in the direction of tensile loading). For comparison,
the test results of series 7 with planar grids and the same concrete cover are shown.
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Figure 14. Influence of preformed grids and skewed reinforcement on the compression softening
behaviour (b) and crack patterns of exemplary test specimens prior to failure (b).

Obviously, there is no significant influence on the strength reduction for the tests with
preformed grids compared to the tests with planar grids. With regard to the influence of skewed
yarns, no further reduction in compressive strength can be observed despite the tensile strain applied.
This phenomenon can be explained by the emerging crack pattern (Figure 14 (b)). Due to the 45° yarn
orientation, both weft and warp yarns are exposed to the same tensile stresses. Therefore, the
resulting cracks are orientated parallel to the direction of compressive stresses, similar to the
specimens with planar grids and thus no additional reduction in compressive strength occurs. It is
also known from steel reinforced concrete that primary cracks occur perpendicularly to the principal
tensile direction regardless of the orientation of the reinforcement [64]. In reinforced concrete, as the
load increases, secondary cracking is often observed in the direction of the reinforcement, taking into
account the reinforcement ratio in the x- and y-directions. In this instance, the primary cracks are
considered as pre-damage of the component. These secondary cracks were not observed at the tensile
forces applied in our tests. Both yarns had the same tensile stresses in our specimens, whereas in
webs of CRC beams, different stresses may occur in the longitudinal and vertical yarns. Further tests
with additional inclination angles of the grids are required to account for these differences in stress.

5. Constitutive law

Based on the results of the extensive experimental research and the measurement techniques
used, a simple constitutive law is derived. It is important to note that so far only one material
combination of CFRP grid and high strength concrete has been investigated and therefore the
constitutive law is only valid for this combination. As explained in section 4.2.1, three sections can be
identified in the relationship between maximum transverse tensile strain and compressive strength:
a constant compressive strength from zero transverse strain up to the initiation of tensile cracking ©,
a linear decrease in compressive strength with increasing transverse tensile strain until complete
cracked state with large crack widths @, and again a constant state for large tensile strains ®.
Therefore, a three-linear approach as a function of the imposed average transverse tensile strain
(ac(e1)) representing the crack states is used to describe the compression softening behaviour of CRC
(Eq. (5-1)). Some parameters like the position of the grid within the cross section (number of weak
layers with stress deviation) or the concrete cover, respectively, that have an effect on the maximum
and minimum values of strength reduction are not covered. Here, the positive influence of concrete
covers larger than 10 mm is neglected to be on the safe side and to ensure a simple calculation
approach.

Oc2,max = ac(gl) 'fc,cyl (5-1)
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In this constitutive law, the upper limit of compressive strength in phase @ (uncracked state and
state of crack initiation) corresponds to the uniaxial compressive strength of reinforced CRC panels.
Through this, splitting tensile stresses resulting from deviation of compression stresses and
confinement due to CFRP grids are taken into account. For safe calculation, the mean value of the CS-
3 series with the lowest mean compressive strength under uniaxial compressive load is selected. As
shown in section 4.2.1, a differentiation must be made between the yarn tensile strain and the average
tensile strain of the CRC panel. Analogously to common studies for steel reinforced concrete, for
example [29], [65], [51], for the proposed constitutive law, a.is derived as a function of the transverse
panel strain €1 (Eq. (5-2)). The resulting constitutive law, as well as all test results except for tests with
larger concrete cover (di = 15 mm) are plotted in Figure 15. As explained in sections 4.2.4 and 4.2.5,
reinforcement inclined at 45° and the reinforcement ratio (up to 0.75 %) have no significant effect on
the compression softening behaviour. Therefore, these tests are included in Figure 15.
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Figure 15. Description of compression softening of CRC with the material combination used as a
function of panel strain.

As the load increases, more cracks develop with the crack width of the existing cracks remaining
approximately constant until the entire crack pattern has developed (phase ©@). When the crack
pattern is completed and the average tensile strain grows beyond a certain threshold value
(depending on the maximum aggregate size), stress transfer across the cracks ceases. For CRC with
small aggregate sizes, this stage is reached already at small crack widths and transverse strains
[66,67], so that compressive stresses are transferred within the individual lamellae. This state ® is
reached after an average tensile panel strain of about 6 %o. This lower limit of reduction is essentially
determined by the geometry of the remaining struts. The more slender, the more irregularly edged,
the less they follow the direction of compression and the less constant their width, the greater the
reduction in capacity of these compressive struts [51]. The high-strength concrete used, with small
aggregate sizes, provides almost identical, regular lamellae, resulting in a smaller reduction in
compressive strength compared to steel-reinforced concrete, which usually has larger aggregate
sizes.

In general, the compression softening behaviour of the specimens tested can be described
adequately with little scatter. The derived constitutive law provides a lower limit for the compressive
softening behaviour of CRC panels.

6. Conclusion and outlook
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CRC components provide an excellent solution for the realisation of sustainable structures with
minimized use of materials. For thin-walled specimens, it is necessary to characterise the behaviour
under combined compressive and transverse tensile loading, since a reduction of compressive
strength occurs. Based on a literature review on the characterisation of the compression softening
behaviour of steel reinforced concrete, a new test setup was developed to investigate CRC panels
under uniaxial compression or biaxial compression-tension loading with refined measurement
techniques. The main findings of the tests can be summarised as follows:

- In contrast to the biaxial loading test setups reported in literature, brush bearing platens were
used to apply the compressive load, resulting in a reduced uniaxial compressive strength
compared to panels loaded with conventional steel plates, and a significantly different fracture
pattern due to the reduced lateral restraint.

- The presence of the CFRP reinforcements, which are sensitive to lateral pressure and have
reduced transverse Young’s modulus compared to concrete, resulted in a reduction of uniaxial
compressive strength.

- The reduction in compressive strength of the fine-grained CRC panels is mainly influenced by
the crack state. For uncracked reinforced concrete, no additional reduction was observed except
that due to the loading conditions (rigid plates / brush bearing platens) and the presence of the
yarns. Instead, for progressive cracking, a larger reduction in strength was observed at higher
average transverse tensile strains in the concrete until complete cracking occurred and no further
reduction in compressive strength resulted. Similar behaviour as a function of the cracking state
was also observed by FEHLING ET AL. [51] for steel reinforced concrete.

- The described compression softening behaviour was also observed in the stress-strain diagrams
of the specimens under biaxial loading. Higher average transverse tensile stresses result in softer
compressive stiffness and lower compressive strength.

- In general, the effect of compression softening was found to be less severe in CRC compared to
steel reinforced concrete.

- The compression softening behaviour strongly depends on the position of the CFRP grids within
the concrete cross section. Configurations that lead to minimal deviation of concrete stresses
around the weaker CFRP grids lead to stiffer compressive behaviour and higher compressive
strengths. At the same time, a higher reinforcement ratio may lead to better confinement of the
specimen which is also beneficial for compressive strength.

- In the tests with yarns oriented at 45° to the direction of the compressive force, both yarns
showed the same strains in the warp and weft directions of the mesh. The tests did not show
any additional reduction due to the orientation of the cracks parallel to the direction of the
compressive forces, as in the tests with yarns oriented in the direction of the forces. These crack
inclinations have also been found in slender beams tested by other researchers (e.g., [39]).
However, the influence of other crack inclinations and different strains in the warp and weft
yarns require further investigation.

- The compression softening behaviour can be described by a three-branched constitutive law as
a function of the transverse tensile panel strain ecrc1 applied with a lower limit of 0.64-fccyl.

The compressive softening of uniaxially cracked CRC has been extensively characterised in the
present test campaign and allows the effects to be well reproduced in prismatic girder webs with
parallel inclined shear cracks. However, complex shaped CRC membrane structures are usually not
subjected to a single load case that causes a uniaxial crack pattern during their lifetime but experience
a multitude of different loading scenarios with different load locations and intensities, resulting in
biaxial or even multi-axial crack patterns. Compression softening in biaxially cracked CRC
membranes and the capability of concrete struts to bridge existing cracks have not been investigated
in CRC and need to be investigated in future.
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