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ABSTRACT

Although fibre-reinforced concrete has been the subject of extensive research for decades, its mechanical
behaviour in shear is still not well understood. Furthermore, hardly any large-scale shear tests on elements with
moderate fibre contents have been conducted to date. The present paper addresses this knowledge gap by
presenting and discussing the results of an experimental campaign on large-scale fibre-reinforced concrete shear
panels. Six panels with dimensions of 2.00 m x 2.00 m x 0.27 m were tested in the Large Universal Shell Element
Tester at ETH Zurich by applying homogeneous shear. In four of these experiments, the in-plane shear was
combined with homogeneous uniaxial compression by simulating the longitudinal restraint provided by the
chords in a girder. Five tests focused on concrete of normal strength with moderate fibre contents and one test
studied the behaviour of ultra high-performance fibre-reinforced concrete. The combined application of digital
image correlation instrumentation and distributed fibre optical sensing allowed gaining a deeper insight into the
structural behaviour of the panels. Overall, the test results showed the high efficiency of the fibres as shear
reinforcement in large-scale web elements. However, failure of the panels without any steel reinforcing bars was
rather brittle, with only few cracks forming over the element. The provision of a moderate amount of distributed
longitudinal bar reinforcement has been found to be highly beneficial to the crack behaviour and thus signifi-
cantly increase the ductility.

1. Introduction

For more than 50 years, the structural behaviour and the workability
of fibre-reinforced concrete have been investigated in science and in-
dustry, with various concepts regarding concrete composition, fibre
materials and geometry being developed [1,2]. While it is commonly
accepted that adding fibres to concrete enhances the mechanical resis-
tance and is beneficial for the crack behaviour of concrete structures in
many cases, the application of fibre-reinforced concrete in industry is
still essentially limited to slabs on grade and secondary elements such as
facade elements, road pavements or (often temporary) tunnel linings
[2]. The reason for this is the poor workability of fresh concrete at high
fibre contents and the often insufficient load-deformation behaviour of
fibre-reinforced concrete applications for moderately to heavily stressed
elements when using more practical fibre contents [3].

Under tension, fibre-reinforced concrete with economical and prac-
tical fibre contents typically exhibits a softening behaviour after
cracking, with the fibres being progressively pulled out of the concrete
matrix. Such material behaviour typically leads to deformation
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localisation in individual cracks, resulting in brittle failures except in
small-scale deformation-controlled experiments, where the post-
cracking softening branch can be observed [1]. This lack of ductility is
the main reason why concrete reinforced exclusively with fibres is
hardly ever used in structural engineering today: unless very high un-
practical fibre contents are used, fibres cannot replace conventional
reinforcement ensuring structural safety under tensile load as they are
unable to prevent failure at crack formation [2].

Fibres, however, have great potential as shear reinforcement, where
a relatively low resistance of the transverse reinforcement is sufficient to
prevent brittle shear failures if sufficient conventional longitudinal
reinforcement is provided [4]. This is reflected in conventional rein-
forced concrete design, where the minimum transverse reinforcement in
girders is typically less than a quarter of that required for ductile
behaviour under tension [5,6]. Accordingly, a tensile strength corre-
sponding to the reduced minimum reinforcement under shear load can
thus already be ensured with moderate fibre contents [4]. Replacing
conventional shear reinforcement by fibres can provide considerable
economical and ecological benefits, as manual work for assembling and
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Fig. 1. Overview of the Large Universal Shell Element Tester (LUSET) with an installed panel: (a) elevation; (b) section A-A;

adapted from [21].

placing the reinforcement is no longer necessary and resource-saving,
thinner and variable web thicknesses become possible with consider-
ably less effort [7].

Experiments on fibre-reinforced concrete beams without conven-
tional shear reinforcement have already shown that brittle shear failures
can be avoided by adding a certain amount of fibres, ensuring ductile
flexural failures instead [8-13]. Li et al. [8] carried out one of the first
series of tests on fibre-reinforced concrete beams without conventional
shear reinforcement. They were able to show that the addition of fibres
can considerably increase the shear resistance depending on the fibre
content and material. These findings were confirmed a few years later by
Adebar et al. [9], Kwak [10], Minelli [13] and Voo et al. [11] in their
tests on similar beams. Parra-Montesinos [12] compiled a database of
147 steel fibre-reinforced concrete beam tests in 2006. His analysis led
to the conclusion that deformed steel fibres could potentially replace
conventional minimum shear reinforcement. He suggested performance
criteria for the post-peak softening behaviour of the fibre-reinforced
concrete mix and proposed a minimum fibre content of py ,;, = 0.75%
for beams without conventional shear reinforcement to guarantee a
sufficient shear resistance “until further data become available”. These
performance criteria, and even more so the associated minimum fibre
content, are purely empirical and presumably very conservative: The
shear resistance of a beam with conventional minimum reinforcement
according to the Swiss code for the design of concrete structures (SIA
262) [14], for example, is two to three times lower than the one obtained
observing these requirements. The presumable conservatism of the re-
quirements postulated by Parra-Montesinos [12] is justified, as they are
not based on a mechanically consistent model [7]. However, the high
minimum fibre content required is a severe limitation for the use of fi-
bres as shear reinforcement in industry.

As with conventional reinforced concrete, beam shear tests alone
cannot provide a sufficient experimental basis for the development and
validation of mechanical models for fibre-reinforced concrete in shear,
as the specimens differ significantly from most real structures in terms of
size, loading and structural system [15]. Most importantly, due to the
small depth of most beam shear test specimens — typically 5-10 times

smaller than that of bridge girders — the shear force transferred by the
web is uncertain since other load transfer mechanisms are important in
small-scale specimens [16]. In addition, instead of the rectangular cross-
sections frequently used in beam shear tests, profiled girders (e.g., T-
beams and box girders) with stiff flanges controlling the longitudinal
deformations of the web are common in practice [15]. Moreover, rather
than concentrated loads as applied in common three- or four-point shear
tests, uniformly distributed (dead) loads are dominant. Hence, large-
scale experiments on the shear behaviour of fibre-reinforced mem-
brane elements (such as webs of profiled beams) are essential to develop
and validate mechanical models for fibre-reinforced concrete in shear.
However, such tests are scarce, particularly regarding practical and
economical fibre contents. To the authors’ knowledge, the only shear
panel tests with moderate fibre contents were conducted in the Shear
Panel Tester at the University of Toronto [17-20] (in total, five tests
with p; < 1% are reported so far). They were tested in pure shear, being
provided with very strong conventional bar reinforcement in the lon-
gitudinal direction distributed over the height of the element (p,, =
3.31%) in addition to the fibres. This raises the question of how repre-
sentative these tests are for elements of girder webs: The effect of the
fibres as shear reinforcement is significantly influenced by the crack
formation, which in turn is controlled by the longitudinal reinforcement.
However, in real structures, such as bridge girders, the longitudinal
reinforcement is primarily concentrated in the chords.

Hence, further experiments on fibre-reinforced panels are essential
to build up a reliable and representative experimental database that can
be used to develop and validate mechanical models. To this end, this
paper presents an experimental campaign comprising six steel fibre-
reinforced concrete shear panels aimed at representing bridge girder
web elements in terms of size, reinforcement and loading conditions.
The specimens measured 2.00 m x 2.00 m in plane, with a thickness of
0.27 m. The latter was deliberately chosen somewhat smaller than
common in conventionally reinforced box girder bridge webs, as nar-
rower dimensions are facilitated by the omission of conventional
transverse reinforcement. The test series focused on moderate fibre
contents as common in industry, aiming at replacing the conventional
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Table 1
Overview of the experimental programme of the FS series: key parameters and material properties.
Specimen Geometrical bar Volumetric fibre Cylinder compressive Residual flexural tensile Loading
reinforcement ratios content p[%] strength f.: strengths ) (Monotonically increased control
Pl p,[%] (Fibre dosage V [kg/ mean (CV) [MPa] fr1: mean (CV) [MPa] parameter)
m’]) fr3: mean (CV) [MPa]
FS1 0.94 | 0 0.51 50.3 (0.08) 5.7 (0.24) pure shear
(40) 5.9(0.27) (shear strain)
FS2 0940 0.76 45.8 (0.05) 6.6 () pure shear
(60) 5.6 (- (shear stress)
FS3 0.28 | 0 0.51 49.5 (0.08) 4.4 (0.21) shear with restrained longitudinal
(40) 4.9 (0.37) deformation
(shear strain)
FS4 0]o 0.51 46.4 (0.03) 3.1 (0.16) shear with restrained longitudinal
(40) 3.5(0.12) deformation
(shear strain)
FS5 0|0 0.76 48.3 (0.05) 5.3 (0.30) shear with restrained longitudinal
(60) 4.9 (0.25) deformation
(shear stress)
FS6 0|0 3.35 169.9 (0.10) 11.0 (0.15) shear with restrained longitudinal
(UHPFRC) (263) 9.5 (0.05) deformation

(shear strain)

@ Determined by three-point bending tests on notched prisms according to EN 14651 [24] at crack mouth opening displacements CMOD; = 0.5 mm and CMOD; =
2.5 mm, respectively: Only the results from specimens with a cut surface at the tension side were considered.
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Fig. 2. Panel geometry and reinforcement layout of the FS series (dimensions in mm): (a) FS1 and FS2; (b) FS3; (c) FS4, FS5 and FS6; photographs of the specimens

before casting: (d) FS2; (e) FS3; (f) FS5.

minimum shear reinforcement in girder webs made of normal-strength
concrete. The tests were conducted in the Large Universal Shell
Element Tester (LUSET [21]) at ETH Zurich. The experimental proced-
ure is outlined in Section 2, which covers the design of the specimens,
the test setup, the loading, the details of the instrumentation and the
companion material tests. The experimental results are presented, ana-
lysed and discussed in Section 3. To this end, the experimental data are

thoroughly examined with respect to several aspects: On the one hand,
the influence on the structural behaviour of the main experimental pa-
rameters (i.e. the loading conditions, the longitudinal bar reinforcement
ratios and the fibre contents) is studied, and on the other hand, the post-
peak stability of the tests is addressed. Based on these observations,
preliminary recommendations for the replacement of conventional
shear reinforcement by steel fibres are given.
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Fig. 3. Details of production of the specimens: (a) crack initiator plates and
edge reinforcement at the top edge of the specimen; (b) edge reinforcement at a
corner; (c) casting of specimen; (d) north edge reinforcement.

2. Experimental campaign
2.1. Overview

In this study, six shear tests on fibre-reinforced concrete panels with
dimensions of 2.00 m x 2.00 m x 0.27 m were conducted. The tests
differed in the volumetric steel fibre content (/)f), the geometrical
reinforcement ratio of the longitudinal bars (p,, € {0,0.28,0.94}%)
and the loading conditions. No test contained conventional transverse
reinforcement (ps, = 0). Five tests were carried out on elements of
normal-strength concrete with moderate amounts of fibres
(V € {40,60}kg/m32p; € {0.51,0.76}%). These tests aimed at inves-
tigating the potential of fibre reinforcement as a replacement for the
conventional minimum shear reinforcement in webs of girders. The
minimum fibre dosage in the tests was designed to provide the same
shear resistance as a 0.2% conventional shear reinforcement. This
amount of reinforcement was proposed by Beck [15] as the minimum
transverse reinforcement in webs of large girders without fibres. The
shear resistance of the fibres was quantified using the fibre effective
stress described by Pfyl, assuming a 3D fibre distribution with a lower
limit angle of effective fibres of 60° [1]. This design resulted in a
minimum fibre dosage of 40 kg/m®. Additionally, one test on an ultra
high-performance fibre-reinforced concrete (UHPFRC) panel was car-
ried out to assess the structural behaviour in comparison to the con-
ventional steel fibre-reinforced specimens. In parallel, material tests
were carried out to determine the relevant material characteristics (see
Sections 2.2 and 2.3).

The six experiments denominated FS1-FS6 (“Fibre-reinforced con-
crete in Shear”) were produced in the structural laboratory at ETH
Zurich and tested in the Large Universal Shell Element Tester (LUSET,
[21,22]; Fig. 1). The test setup is explained in more detail in Section 2.4.

The experimental programme and the key parameters are summar-
ised in Table 1. In order to investigate the fundamental structural
behaviour of the elements and provide an experimental basis for the
development and validation of mechanical models of fibre-reinforced
concrete, it was chosen to apply homogeneous in-plane loading. Four
of the tests were loaded in homogenous in-plane shear with restrained
longitudinal deformation (generating longitudinal compression), either
without (three tests including the UHPFRC specimen) or with light (one
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test) longitudinal bar reinforcement. This configuration was chosen to
represent an element of a typical prestressed concrete girder web, where
(i) the longitudinal bar reinforcement is primarily concentrated in the
chords and (ii) the stiff (prestressed) chords control the longitudinal
deformations of the web. The mean longitudinal deformations of the
panels were controlled to zero during the test by applying homogeneous
longitudinal compression to the panels. It should be noted that this
longitudinal restraint (i) was controlled using the actuator strokes and
hence included the deformations of the LUSET (see Section 2.5) and (ii)
differs from a real prestressed girder web element, which is initially
compressed and expands slightly under load. The other two specimens
were loaded in pure homogeneous in-plane shear but provided with a
significant longitudinal bar reinforcement distributed over the element
height. This configuration was chosen to facilitate the comparison with
earlier tests at other universities, where longitudinal reinforcement was
provided rather than controlling the longitudinal deformations of the
elements. These tests targeted the assessment of the influence of the
distributed longitudinal bar reinforcement and the loading on the
structural behaviour of the panels. The details of the loading configu-
ration are given in Section 2.6.

All six specimens were instrumented with state-of-the-art measure-
ment technology [23], which made it possible to comprehensively
measure quasi-continuous strains along the reinforcing bars (distributed
fibre optical strain measurements) and deformations on the surface (3D
digital image correlation) in all tests (see details in Section 2.5).

2.2. Specimens

Fig. 2 illustrates the geometry (identical) and reinforcement layout
of all six specimens FS1-FS6. The effective edge dimensions of the
panels were 2.00 m x 2.00 m, with the theoretical edges corresponding
to the intersection points of the in-plane actuator axes per yoke; note
that the total casting width of 2.04 m was slightly larger due to the load
introduction through the 40 mm wide shear teeth of the load intro-
duction blocks [21]. The thickness of all panels was 0.27 m. No spec-
imen contained transverse (vertical) reinforcing bars (p,, = 0). The
longitudinal (horizontal) geometrical bar reinforcement ratio was p;, =
0.94% for Specimens FS1 and FS2 (@18 mm reinforcing bars, spacings =
200 mm, double-layered) and Psx = 0.28% for FS3 (¥8 mm, s =
133 mm, double-layered); FS4-FS6 contained no reinforcing bars
(psx = psz = 0). The longitudinal reinforcing bars were connected to
steel blocks (used to mount the specimens in the LUSET and distribute
the applied loads, see Fig. 1) by means of reinforcing bar couplers fixed
to the blocks with M24 high-strength bolts. At the yokes without con-
nected bar reinforcement (top and bottom yokes, as well as north and
south yokes in specimens without longitudinal bar reinforcement), the
shear force transfer from the blocks to the fibre-reinforced concrete
through the shear teeth was facilitated by providing @12 mm edge
stirrups bolted to the blocks via couplers and @#10 mm short straight
reinforcing bars placed parallel to the specimen edge in the corners of
the stirrups (see Fig. 2 and Fig. 3). This edge reinforcement provided a
mechanical anchorage of the individual blocks to the specimen, avoid-
ing edge failures while interfering minimally with the overall behaviour
of the panel. A similar concept of mechanical anchoring was successfully
used in experiments on fibre-reinforced concrete shear panels in the
Shear Panel Tester of the University of Toronto [17-20]. In FS3-FS6,
timber plates between the blocks were installed at the top and bottom
edges of the specimens every 400 mm (Fig. 2(b) and (c) and Fig. 3(a)) as
crack initiators. They aimed at simulating the formation of shear cracks
in the web that are typically triggered by the progression of cracks
formed in the tension chord.

The specimens were prepared and cast on two vibrating casting ta-
bles in the Structures Laboratory of ETH Zurich (see Fig. 3(c)). Although
a vertical casting would have been more representative of typical web
elements in practice, the specimens were cast horizontally for practical
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Fig. 4. Stress-strain diagrams of the longitudinal reinforcing bars #18 in FS1
and FS2, with the individual samples plotted in grey and the mean response in
black (the triangle indicates the dynamic tensile strength).

Fig. 5. A specimen (FS3) installed in the Large Universal Shell Element Tester
(LUSET) before testing; view from the front.

and economical reasons. It should be noted that the casting direction
affects the fibre distribution and orientation in the concrete, which may
influence the mechanical behaviour.

For FS1-FS5, the fibre-reinforced concrete mix was produced at a
batching plant and delivered by a truck mixer. FS1/3 and FS2/5,
respectively, were cast together from the same batch. For FS6, a ready-
mix ultra high-performance fibre-reinforced concrete was produced in
the laboratory with the support of a product supplier expert. All speci-
mens were poured with a bucket in two stages. Vibration on the casting
table was applied in each layer to ensure a proper concrete compaction.
Special care was taken to prevent excessive vibration potentially causing
segregation of the aggregates and fibres. After finishing the concrete
surface, the specimens were covered with a plastic foil for at least three
days and left to cure in the laboratory. Parallel to the panels, the spec-
imens for the material characterisation were produced (see Section
2.3.1). The panels were tested between 27 and 84 days after casting.
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2.3. Materials

2.3.1. Fibre-reinforced concrete

For FS1-FS5, a conventional normal-strength concrete C30/37 with
a maximum aggregate size of 16 mm was used. The fibres used in these
tests were Dramix® 3D 80/60 BG hooked-end steel fibres of length I; =
60 mm and diameter df = 0.75 mm supplied by the company N.V.
Bekaert SA [25]. The specified nominal tensile strength of the fibres was
1225 MPa. FS6 was made from Ductal® ultra high-performance fibre-
reinforced concrete (UHPFRC) of class UA according to the Swiss
guideline SIA 2052 [26] and supplied by the Holcim (Switzerland) SA.
This mix contained short straight metallic fibres of length I[r = 20 mm
and diameter d; = 0.2 mm. The fibre contents are provided in Table 1.

For each panel experiment, the uniaxial concrete compressive
strength f, and the residual flexural tensile strengths fr; of the fibre-
reinforced concrete were determined (see mean results and co-
efficients of variation (CV) in Table 1). These companion material tests
were conducted at the same time as the panel experiments. The uniaxial
compressive strengths f. were obtained by cylinder compression tests.
The residual flexural tensile strengths fr; were determined by three-
point bending tests on notched beams according to EN 14651 [24].
Two approaches were used to produce the beam specimens for these
tests. Besides following the production procedure specified by EN 14651
(i.e. casting specimens in individual moulds), some samples were cut
from elements to better represent the dimensions of the panel. This
allowed studying the effect of boundary surfaces on the dispersion and
orientation of the fibres in the concrete. In general, the results from the
bending tests — in combination with manual fibre counting in the failure
planes — showed that the beams with a formed surface at the tension side
overestimate the strength due to the boundary effect. Consequently,
exclusively the results from beams with a cut surface at the tension side
were considered in the evaluation of the residual flexural tensile
strengths fr; indicated in Table 1. Note that three-point bending tests
were also carried out on FS6 to maintain consistency in the testing
procedure, despite the fact that four-point bending tests on un-notched
beams are commonly used for the material characterisation of UHPFRC.
Complete information on the fibre-reinforced concrete companion ma-
terial tests is provided in Appendix A.

2.3.2. Reinforcing bars

All reinforcing bars were deformed steel of Class BSO0OB. The longi-
tudinal @18 mm reinforcing bars in FS1 and FS2 were from the same
production batch for both specimens. Uniaxial tension tests were carried
out for these bars at a strain rate of 0.01%/s to determine the stress—strain
response. The results of the 12 tension tests (in grey) and the mean
stress—strain response (in black) are shown in Fig. 4, along with the mean
static and dynamic steel characteristics determined as proposed by
Hafliger et al. [27,28]. Note that the static values fy sq and fy sar Were
determined by stopping the deformation-controlled loading for 2 min
after reaching the yield stress and close to the tensile strength, respec-
tively. No material tests were conducted for the reinforcing bars of the
edge reinforcement nor the light longitudinal reinforcement in FS3.

2.4. Test setup

The six experiments were conducted in the Large Universal Shell
Element Tester (LUSET) [21]. The specimens were installed in the
LUSET through the steel blocks that were connected to the loading yokes
of the LUSET by M36 high-strength bolts, see Fig. 5. The shear transfer
between the yokes and the blocks was ensured by shear keys (cylindrical
part protruding from outer block edge and corresponding hole in yoke).
Each of the twenty yokes is controlled by five hydraulic actuators that
are connected to the reaction frame of the LUSET (see Fig. 1). In its
standard configuration used for these tests, the LUSET is actuated by
twenty servo-hydraulic valves, where each valve is connected to one
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(@) controlled strain £ (from the LUSET actuator strokes)
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(b) panel strain ¢ (from DIC)
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Fig. 6. Definitions of strains: (a) LUSET strain e" computed as the best-fit homogeneous panel deformation based on the actuator strokes of the LUSET (used as
control variables, includes the LUSET deformations); (b) DIC strain € computed as the best-fit homogenous panel deformation based on the full-field DIC mea-

surements (used in the post-processing, not biased by the LUSET deformations).
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Fig. 7. Instrumentation: (a) details of the DIC setup on the front and back side of the specimens and the fibre optical strain sensing system of the reinforcing bars in
FS1 and FS2; (b) optical glass fibres glued in opposing grooves carved in the reinforcing bars (highlighted in magenta), with adjacent transition zone where the fibres
continue in protective tubes out of the specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

layer of five parallel actuators per edge. Hence, except for potential
differences in frictional forces, the five yokes per edge apply the same
load and allow the element to be loaded homogeneously (for more de-
tails, see [21]). The relevant details of the built-in measuring devices of
the LUSET, as well as the control system and the resultant applied
loading, are described in Sections 2.5 and 2.6.

2.5. Instrumentation

The LUSET is instrumented with built-in real-time measurement el-
ements, which were also used to control the experiments via the servo-
hydraulic valves. It consists primarily of the displacement and force
measurements of each actuator by means of internal displacement
transducers and load pins, respectively. A Lagrangian optimisation was
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Fig. 8. Homogeneous loading in the LUSET by in-plane forces and its repre-
sentation with the nominal plane stresses oy, 6, and 7y.

used to reduce the noise of the sensors [29]. As will be described more in
detail in Section 2.6, several stress resultants of the element were
controlled in all tests and, except for FS2, at least one component of the
panel deformation was additionally controlled. The controlled panel
deformation was the best-fit homogeneous plane strain ¢ of the spec-
imen determined based on the displacement measurements of the ac-
tuators. To this end, the displacement of each yoke 6,k ; was computed
first using the displacement measurements of the five actuators that load
the corresponding yoke. Subsequently, ¢* was determined from the
twenty yoke displacements dyok.; , i € {1,2,...,20} (see Fig. 6(a); more
details on the computation of €* are provided in Appendix B.1). Note
that the controlled strain ¢* was not corrected to account for the machine
stiffness, which is highly non-linear, depends on the loading type and is
influenced by various parameters (stiffness of the reaction frame and the
load introduction elements, slip of the pins at the actuator joints, etc.)
[15]. Hence, the controlled strain &" includes — besides the panel
deformation — the deformations of the LUSET. Controlling the LUSET
with a real-time measurement system that directly measures (unbiased)
specimen deformations would be advantageous but is not available to
date (see discussion in Section 3.5).

In addition to the aforementioned built-in measurement elements of
the LUSET, independent optical measurement systems were applied to
investigate the load—deformation behaviour of the elements (Fig. 7).
Two three-dimensional Digital Image Correlation (DIC) systems (VIC-3D
from Correlated Solution [30]) were used to measure the full-field quasi-
continuous deformations of the front and back surfaces of the specimen
(Fig. 7(a)). Both surfaces were prepared with white priming and a black
speckle pattern to achieve maximum contrast. The front surface was
instrumented with a pair of 12.3 Mpx FLIR Grasshopper 3 cameras with
24 mm lenses from Schneider-Kreuznach and the back surface with a
pair of 28.8 Mpx Prosilica GT 6600 cameras with Zeiss lenses of 50 mm
focal length. The area of interest of the DIC systems covered 1800 mm x
1800 mm on both sides.

The cracks formed during the tests and their kinematics were auto-
matically detected and measured using the Automated Crack Detection
and Measurement software (ACDM) [31,32]. Additionally, the
measured surface deformations were processed according to [31] to
obtain the best-fit homogeneous in-plane strain € of the panel (see Fig. 6
(b)). The two DIC setups are shown in Fig. 7(a). Details on the DIC and
ACDM parameters and estimation of the measurement uncertainty are
provided in Appendix B.2.

All longitudinal #18 mm reinforcing bars in FS1 and FS2 were
instrumented with a distributed fibre optical sensing (DFOS) system
(Odisi 6104 from Luna Innovations Inc. [33]), allowing to measure
quasi-continuously the strain of the bars along their length (see Fig. 7).
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For this purpose, bend-insensitive polyimide-coated single-mode fibres
(type SM1250B3[9.8/125]P) were glued in small grooves with a cross-
section of 1 mm x 1 mm carved along the reinforcing bars. At both
ends of the glued fibre section was a transition zone, where the glass
fibres leave the grooves and continue in protective tubes out of the
specimen. The instrumented length of each bar was thus 1.7 m. The fibre
optical sensor installation, the data acquisition and the post-processing
followed the best practice recommendations given in [23,34,35].

Each reinforcing bar was instrumented with two opposing fibre op-
tical sensors (at the top and bottom of the bar), enabling the measure-
ment of the bar curvature in addition to the axial strain. The strain
measurements were converted to normal forces, bending moments and
shear forces of the reinforcing bars by following the methods proposed
in [34,35]. To this end, the reinforcing bars were idealised as uniaxial
Euler-Bernoulli beams, whose strain planes are uniquely defined by the
two strain measurements at the top and bottom of the bar. The stress
distributions in the bar cross-section were calculated by using the
stress-strain relationship illustrated in Fig. 4. Integration of the stresses
over the cross-section provided the normal forces F; and bending mo-
ments M acting on the bar. Finally, the shear forces were obtained as the
derivatives of the bending moments with respect to the longitudinal
coordinate, i.e. V; = dM;/dx.

2.6. Loading

All panels were subjected to quasi-static homogeneous membrane
forces (stress resultants n,, n, and n,;), represented in the following by
the nominal plane stresses oy, 6, and 7, (see Fig. 8) obtained by dividing
the stress resultants by the nominal element thickness. FS1 and FS2 were
loaded in pure shear, while FS3-FS6 were loaded in shear with the mean
longitudinal deformation of the panel being controlled to zero, which
was achieved by applying homogeneous longitudinal compression —o,
on the panel (see Fig. 9). As outlined in Section 2.5, the controlled panel
deformation was the best-fit homogeneous strain £ of the specimen
determined based on the displacement measurements of the actuators
and thus included also the deformations of the LUSET. Hence, although
in FS3-FS6 the longitudinal deformation was controlled to zero (&), = 0),
it was expected that the specimen would slightly expand longitudinally
due to the deformations of the LUSET (&,=0). These horizontal strains of
the specimen were accepted as they essentially correspond to the lon-
gitudinal strains in the web of a prestressed girder, which also expand
slightly under increasing load.

Apart from the nominal shear stress 7y;, and the nominal longitudinal
stress o, in FS3-FS6, all other in-plane and out-of-plane stress resultants
were kept at zero during the test and a rigid motion of the specimen was
prevented by the controller. In all tests, three of the total six variables
(6xs Gz, Txz, Exs €5, 7y,) describing the in-plane stress state and the de-
formations of the panel were controlled (indicated in Fig. 9 with the
increased variable in magenta and the two variables controlled to zero in
red). The other three variables resulted from the load-deformation
behaviour of the panel.

At the beginning of the tests, the forces of all actuators were
controlled to zero. FS2 and FS5 were loaded by monotonically
increasing the nominal shear stress 7,,; in FS5, an additional longitudi-
nal compression —o, developed due to the restrained longitudinal
deformation of the panel. The other four tests (FS1, FS3, FS4 and FS6)
were loaded by monotonically increasing the shear deformation of the
panel y,,. The latter loading control module was developed during the
test series (after conducting FS2 and FS5) to capture the post-peak
load-deformation behaviour of the panels after reaching their maximum
shear stress 7,,,;; and to be able to investigate the failure mechanism in
more detail. The loadings were applied quasi-statically with rates of
dry,/dt =~ 0.03 MPa/min in FS2 and FS5, dy,,/dt ~ 50 x 107®/min in
FS1, FS3 and FS4, and dy,,/dt ~ 100 x 107°/min in FS6.
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(a)  pure shear loading: (b) shear loading with restrained
S1, FS2 FS1 FS2 longitudinal deformation: FS3, FS4, FS6 FS5
FS3, FS4, FS5, FS6

-— - - - - - - - - -
T
'XZ

TXZ TXZ
— > > — — — > > — — 0
—
FS3, FS4, FS6 FS5
> ————o—
{ & {o v;/ﬂ
) /2 e

- - < 1

Fig. 9. Loading of the specimens: stress states (top) and deformations (bottom) of the panels subjected to (a) pure shear loading (FS1 and FS2) and (b) shear loading
with restrained longitudinal deformation (FS3 to FS6). The Mohr’s circles of stresses and strains qualitatively indicate the loading path of each experiment (orange =
two variables controlled to zero in each experiment, purple = monotonically increased control variable). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3. Experimental results and discussion
3.1. General remarks on the test protocol

The structural responses of FS1-FS6 are summarised in Fig. 10 with
the shear strain y,, on the abscissae and the nominal stresses (zy;,0x,0;)
and axial strains (ey, €;) on the ordinates. Note that the strains of the
panels were derived from the digital image correlation (DIC) measure-
ments at the front and back surface of the specimen as the average of the
two corresponding best-fit homogeneous strains. The detailed loading
histories in Appendix C show that the deviations of the strains between
the two sides were marginal, indicating that the through-thickness
variations of the deformations can be neglected. The loading path and
boundary conditions defined in Section 2.6 could be followed with only
a few exceptions that are discussed in the following.

As described in Section 2.5, the panel strains differ from the
controlled strain. ", which also includes the deformations of the Large
Universal Shell Element Tester (LUSET). The shear deformations of the
LUSET (see the differences between y,, and y,, in Appendix C) were
shown to be larger than the shear deformations of the panel itself, which
indicates a lower stiffness of the testing machine in comparison to the
panels even after crack formation.

The two shear stress-controlled specimens (FS2 and FS5) were tested
until the peak shear stress was reached. Due to issues with the control
system, the LUSET shut down twice during testing of FS5. Fortunately,
the shutdowns were in the early stage of loading, with the panel still
being uncracked; thus, reloading to the state before the shutdown
worked well without affecting the failure behaviour. Additionally, un-
desired vertical stresses o, occurred in FS2 and FS5 at crack formation.
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This is a known phenomenon in force-controlled panel tests in the
LUSET, which occurs due to the instant expansion of the specimen at
cracking. Since the actuator (stroke) velocities are limited for safety
reasons, the test setup needed a certain time to react and accommodate
this expansion, hence vertical compression built up in a first instant.
However, beyond the peak load this compression could not be reduced
to zero as the shear stress was controlled to gradually increase at the
specified rate, resulting in a rapidly growing crack pattern of the spec-
imens that even amplified this effect. In FS5, this led to a brittle pre-
mature failure of the specimen at first cracking, whereas in FS2 the shear
stress could still be slightly increased after first cracking but without the
vertical compression being relieved.

Only the shear strain-controlled loading used in the four other tests
(FS1, FS3, FS4 and FS6) enabled testing of the post-peak behaviour of
the panels. In addition, it allowed the specimens to be tested more
robustly during cracking. Crack occurrence in these tests resulted in
drops of the shear stresses, similarly as observed in tests with simpler
loading configurations. FS1 and FS3 were successfully loaded into the
post-peak range and were stopped at wide cracks of several centimetres.
In FS4 and FS6, undesired vertical stresses o, and deviations among the
shear stresses 7y, at the four edges of the panel occurred shortly after
reaching the peak shear stress with limited distributed cracking. Addi-
tionally, the specified shear strain rates in FS4 and FS6 were not met
from this point on. These control issues arose due to the aforementioned
low shear stiffness of the LUSET, which led to structural instabilities of
FS4 and FS6 (studied in detail in Section 3.5). In Fig. 10, the final part of
the tests where substantial deviations from the prescribed loading paths
and boundary conditions arose due to instabilities in the control system
are indicated by dashed lines.
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Fig. 12. Behaviour of the equivalent homogeneous cracks of FS1-FS6: (a) the characteristic crack displacement magnitude 5 and direction g, with respect to the x-
axis; (b) characteristic crack inclination 6,; (c) characteristic crack spacing s, (the nominal shear stress—strain behaviour presented in Fig. 10 is included in the (d) for

direct comparison).
3.2. Load-deformation behaviour

The structural responses of FS1-FS6 shown in Fig. 10 can be
described by three distinct ranges in the nominal shear stress 7,,—shear
strain y,, domain: (i) a stiff linear elastic range up to cracking, (ii) a
hardening range with the formation of multiple cracks up to the peak
nominal shear stress (7y; 1), and (iii) a softening range with reducing
shear stress at increasing shear strain and where a crack localises. Note
that the latter range could only be tested in the shear strain-controlled
experiments (FS1, FS3, FS4 and FS6). The complete experimental data
are shared in a public data repository (see corresponding section).

The uncracked range (i) was almost identical in all experiments. Only
FS6, which was made from ultra high-performance fibre-reinforced
concrete (UHPFRC), exhibited a slightly higher uncracked stiffness. In
the hardening range (ii) of FS1 and FS2, which both contained longi-
tudinal bar reinforcement and were tested in pure shear, large shear

10

strains y,, (3.5 and 4.4%o for FS1 and FS2, respectively) at almost con-
stant nominal shear stress 7,, were observed. In both tests, several di-
agonal cracks, distributed over the element, formed before reaching the
peak load (see crack behaviour description in Section 3.3). The
remaining four panels tested in shear with restrained longitudinal
deformation (FS3-FS6) failed in a rather brittle manner. A hardening
range (ii) was hardly present in FS3 and FS5. These two panels failed
shortly after the first crack had formed at very low strains. FS4 and FS6
showed a minor hardening range with some increase of the shear stress
after initial cracking. However, the peak load was still reached at very
low deformations with y,, ;, = 0.5%o for FS4 and y,, ;. = 0.9%o for FS6.

The axial compression —o,, in FS3-FS6, which developed due to the
longitudinal restraint, followed a very similar path in all tests until
reaching the peak load. The same holds for the vertical strain ¢,. As
expected, a slight longitudinal expansion of the specimen (&, > 0)
occurred in the hardening range of FS4 and FS6 due to the longitudinal
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compliance of the LUSET. The &,-path of the two experiments tested in
pure shear (FS1 and FS3) was almost identical and reached in both tests
Exult =~ 1%o at the peak load.

The nominal shear strength 7, of FS1-FS5 ranged between 2 and
3 MPa and reached 7,, ¢ = 6.9 MPa for FS6. In general, higher shear
strengths were achieved in experiments with higher fibre contents and
in experiments with restrained longitudinal deformation compared to
the specimens tested in pure shear. This does not hold for FS5, where a
premature failure of the specimen occurred (see Section 3.1). FS3 and
FS4, which differ merely in the light longitudinal reinforcement pg, =
0.28% present only in FS3, had almost identical shear strengths. Other
than expected, the bar reinforcement of FS3 thus neither increased the
resistance nor the deformation capacity compared to FS4. It is important
to note, however, that the strain at the peak load and the subsequent
softening behaviour in FS3-FS6 were found to be highly dependent on
the crack pattern and the position of the localised crack, as shown in the
next section.

3.3. Crack behaviour

Fig. 11 shows the overlaid crack patterns of the front (orange) and
back (blue-green) surfaces of the specimens FS1-FS6 at the peak load.
The crack patterns and the crack kinematics were obtained with the
Automated Crack Detection and Measurement (ACDM) software [31,32]
based on the quasi-continuous displacement and strain fields obtained
from digital image correlation (DIC) measurements. In the plots, the line
thicknesses are proportional to the measured crack widths §,. Note that
detecting and measuring the extremely closely spaced and fine cracks of
the ultra high-performance fibre-reinforced concrete (UHPFRC) in FS6
over the entire specimen surface required a high-quality instrumenta-
tion and optimum DIC and ACDM configurations (see Appendix B.2).
The cracks on the front and back side match well, which indicates that
the cracks formed approximately orthogonally to the panel surface.
Crack localisation can be clearly identified in all experiments already at
the peak load. Note that due to the premature brittle failure of FS5 at
initial cracking, caused by the applied shear force-controlled loading,
the crack pattern of this experiment is shown a short instance after
reaching the peak load. The crack patterns were significantly influenced
by the presence of longitudinal reinforcing bars and the loading type of
the specimens. FS1 and FS2, both tested in pure shear, exhibited a crack
pattern with multiple cracks at almost uniform spacing induced by the
bar reinforcement. The cracks in the other four experiments (FS3-FS6) —
all tested in shear with restrained longitudinal deformation and not
containing bar reinforcement except for FS3 — were concentrated in
relatively small areas. Even though the crack initiator plates triggered
cracks at the top and bottom edges of the specimens, no crack pattern
with distributed cracks over the entire element formed in these tests.
Also, the light longitudinal reinforcement of FS3 was insufficient to
induce multiple cracks; the specimen failed shortly after initial cracks
had formed in the upper left and lower right corners. For the specimens
not exhibiting distributed cracking (FS3-FS5), the crack initiator plates
induced diagonal cracks at the corners of the specimens. This resulted in
relatively short dominant cracks, making it difficult to control the test. It
is therefore recommended to exclude the crack initiator plates in
forthcoming tests. FS6, the specimen made from UHPFRC, exhibited a
region with many closely spaced and fine cracks, while the remaining
specimen was uncracked. FS2 and FS4 failed with a relative rotation of
the two faces of the crack in which the deformations localised, as indi-
cated by the cracks opening more on one side.

The crack behaviour of the tests was examined analytically by
consolidating the full-field results into equivalent homogeneous cracks,
i.e. one set of straight parallel cracks with uniform spacing, opening
direction and magnitude. This is a fundamental assumption of the
element behaviour in established mechanical models for structural
concrete (that have already been extended to include fibre reinforce-
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ment, e.g. [4,36-39]). Since the conducted panel tests were homogenous
in terms of their geometry, reinforcement and loading, the extraction of
the experimental equivalent homogenous cracks — denoted as charac-
teristic cracks (with characteristic values of the crack kinematics, crack
inclination and crack spacing) — provides highly valuable information
for the development and validation of such models and allows a sys-
tematic and comprehensive investigation of the crack behaviour. The
determination of the characteristic cracks follows the procedure pro-
posed in [31], where details on their computation are provided in
Appendix D. Fig. 12 illustrates the observed characteristic crack kine-
matic vectors § (relative displacement of the two opposite crack faces),
crack inclinations ¢, and crack spacings s,. The crack kinematic vector &
is defined by its opening and sliding components &, and &, respectively,
hence the crack opening angle with respect to the crack plane is defined
by tan(ar) = 6p/8:. Since the crack opening and sliding are coupled by
the crack inclination 6,, the crack displacement magnitude § = |6| and its
opening direction with respect to the x-axis g, = 180 —6, —a, are ana-
lysed instead.

Initially, the characteristic cracks formed diagonally (6, = 45°) and
opened orthogonally (@, = 90°) in all experiments. Subsequently, the
cracks flattened and started to slide. In FS1 and FS2 the flattening of the
cracks corresponded to the successive activation of the longitudinal bar
reinforcement. In FS3-FS6, the applied longitudinal compression
resulted in a progressive rotation of the principal compressive directions
of applied stresses toward the x-axis, leading to gradually flatter cracks.
At the peak load, the characteristic cracks of FS1 and FS2 were inclined
at 0, ~ 35° and opened at a, ~ 80°, which indicates a significant crack
sliding component. Similar characteristic crack inclinations and opening
angles were observed in FS3-FS6. In the softening range of FS1 the
characteristic crack opened almost vertically. Even larger crack sliding
was observed in the post-peak range of FS3 and FS4. Almost no change
in characteristic crack inclination or crack kinematic opening direction
was observed in the softening range of FS6. However, the reliability of
the post-peak behaviour of FS4 and FS6 is questionable due to the
structural instabilities that occurred in these experiments after reaching
the peak load (see Section 3.5). Note that the specimens FS2 and FS5
were loaded shear force-controlled and thus, the post-peak behaviour
could not be observed.

While the characteristic crack displacement magnitude § mono-
tonically increased in all experiments after the onset of cracking, the
characteristic crack spacings s, gradually decreased during the forma-
tion of cracks and reached a minimum at the peak load. The subsequent
increase of s, in the softening range of the experiments is related to the
crack localisation. The fact that the minimum value of s, in FS1 and FS2
was reached shortly before the peak load indicates that crack local-
isation had already started in the hardening ranges of these tests. The
behaviour of the characteristic cracks of FS1 and FS2 was almost iden-
tical: At the peak load, the characteristic cracks had opened several
millimetres, and the well-distributed cracks in both tests resulted in a
characteristic crack spacing s, around 0.5 m. The other four tests, and in
particular FS5, exhibited rather brittle failures with significantly higher
values of s, and characteristic crack displacement magnitudes § less than
1 mm.

3.4. Bar reinforcement behaviour

This section presents the key results from the distributed fibre optical
sensing (DFOS) along all longitudinal reinforcing bars in FS1 and FS2
(both loaded in pure shear) and discusses the influence of this distrib-
uted bar reinforcement on the structural behaviour of the panels. The
DFOS strain measurements at the top and bottom of each bar were
transformed into normal forces, bending moments and shear forces of
the bars as outlined in Section 2.5. The shear force carried by the rein-
forcing bars across a crack is known as dowel action.

Fig. 13(a) and (b) show the normal force profiles in the reinforcing
bars of FS1 and FS2 at the peak load together with the corresponding
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crack patterns from Fig. 11. Of particular interest are the bar responses
at their intersections with the cracks, as formulating equilibrium at the
cracks yields valuable insight into the mechanical behaviour of struc-
tural concrete, particularly in the case of fibre-reinforced concrete
[4,36]. Several intersections of the bars with the governing cracks were
identified and further investigated (see definition in Fig. 13(a) and (b).
The pronounced decrease in bar normal forces further away from the
cracks highlights the stress transfer between concrete and reinforcement
by bond. The tensile stresses induced by bond to the fibre-reinforced
concrete triggered next cracks resulting in a crack pattern with multi-
ple distributed diagonal cracks [4,5,1,36]. Thus, as highlighted by the
observed crack patterns in panels with and without longitudinal bar
reinforcement (Fig. 11), such a reinforcement has a highly beneficial
influence on the crack spacings in fibre-reinforced concrete.

Fig. 13(c) and (d) illustrate the steel strain profiles measured at the
top and bottom of the bars (5,0, and & powom) near the bar—crack inter-
section 1 of FS1 and FS2 and the corresponding normal forces F; and
shear forces (dowel action) V;, respectively. While F; varied only slightly
in the vicinity of the intersections, V; changed abruptly. Hence, for the
analysis of the dowel action at the crack, the identification of the in-
tersections is highly sensitive to slight misalignments. To minimise the
latter, great effort was thus put into measuring accurately the positions
of the fibre optical sensors and the coordinates of the DIC data. The
intersections were inspected with special care and identified indepen-
dently at the front and back side of the specimen with the corresponding
reinforcement layers (orange and blue-green circles in Fig. 13). It was
assumed that the cracks formed orthogonally to the panel surface in the
concrete cover, which measured 25 mm on both sides (see Fig. 2).
Fig. 13(e) and (f) show the nominal normal and shear stresses (o4 and
Tsz) acting on the bars (as the average over the cross-section) against
the horizontal and vertical components of the crack kinematic vectors
(6x and &), respectively, at the inspected intersections. o, gradually
increased with &y, following a similar path at all intersections. Note that
the peak loads of the panels were reached before the maximum normal
stresses in the bars. This could, however, only be observed in FS1, where
the softening range of the experiment could be tested. Although the
mean normal stresses in the bar did not reach the yield plateau (see also
Fig. 4) at the intersections, parts of the bar cross-sections significantly
yielded as a result of the superimposed bending acting on the bar. The
shear stresses 7y, increased with §, and reached their maximum
approximately at the peak loads of the panels. Initial negative 7gy,
occurred as a reaction to adjacent cracks that formed before.

Generally, the variation of 7., across the intersections was higher
than of o4y, especially for FS2. As a consequence of the normal
force-bending moment interaction, larger 74, were associated with
lower o4, and vice versa. Nevertheless, the crack kinematics at peak load
were almost uniform throughout the intersections. At the peak load, the
bar reinforcement contributed significantly to the equilibrium at the
crack [4,36,40] by their normal force (p,04r), similar as in conventional
reinforced concrete, and was thus essential for the post-cracking shear
strength. On the other hand, the contribution of the dowel action (p7sz)
to the shear resistance of the panels was only a few percent (on average
4.1% and 1.6% in FS1 and FS2, respectively) and thus indeed negligible
as often presumed by mechanical models.

3.5. Stability of the tests during the post-peak range

Four of the six specimens (FS1, FS3, FS4 and FS6) were tested by
monotonically increasing the shear strain of the panel in order to
observe the post-peak (softening) behaviour as well. While FS1 and FS3
were loaded successfully into the post-peak range of the experiments,
undesired deviations from the specified loading paths arose in FS4 and
FS6 after reaching the ultimate shear stress.

As already introduced in Section 2.5, the Large Universal Shell
Element Tester (LUSET) servo-controlled the best-fit homogeneous
plane strain " of the specimen determined based on the displacement
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measurements of the actuators. Therefore, the controlled strain &”
included the deformations of the LUSET (in the following denoted as
glmachine)) hegides the panel deformation ¢, i.e. £* = g + glmachine)

As discussed in detail in Appendix E, FS4 and FS6 could not be
controlled in a stable manner due to the relatively low machine stiffness
of the LUSET in shear: the release of elastic shear deformation (mainly
contained in the machine) during the post-peak range exceeded the
shear deformation due to crack localisation, which led to instability after
peak load when trying to increase the shear strain that included the
machine deformation.

4. Conclusion

Replacing conventional reinforcing bars with fibres can provide
considerable economical and ecological benefits, as manual work for
assembling and placing the reinforcement is no longer necessary and
thinner structures become possible. However, despite the great potential
of fibres as shear reinforcement already shown by several experimental
studies, the application of fibre-reinforced concrete (FRC) in structural
elements is very limited. This is largely due to a lack of understanding of
the mechanical behaviour of the fibre-reinforced concrete subjected to
shear. Furthermore, hardly any large-scale tests on elements with
moderate fibre contents relevant for practice have been conducted to
date.

This paper presents an experimental research aiming at closing this
knowledge gap. Six fibre-reinforced concrete panels with dimensions of
2.00 m x 2.00 m x 0.27 m representing girder webs were tested in the
Large Universal Shell Element Tester (LUSET) of ETH Zurich. Five of
these specimens contained moderate fibre dosages between 40 and 60
kg/m>. Additionally, one specimen made of ultra high-performance
fibre-reinforced concrete (UHPFRC) was tested. Four specimens were
reinforced solely with fibres (or in one case with very light longitudinal
bar reinforcement of p,, = 0.28 %) and loaded in shear with restrained
longitudinal deformation. The other two specimens contained addi-
tional conventional longitudinal reinforcement of p;, = 0.94 % and
were tested in pure shear. A loading module for the shear strain-
controlled testing of the panels was developed and implemented in the
LUSET to test the post-peak behaviour in four of the panels.

The crack behaviour of the panels was studied in detail using full-
field digital image correlation (DIC) measurements. By applying the
Automated Crack Detection and Measurement (ACDM) tool developed
by the authors, the complete crack patterns with measurements of the
crack kinematics were obtained on both sides of the specimens. The data
was consolidated into characteristic cracks allowing a systematic and
comprehensive investigation of the crack inclinations, spacings, opening
directions and magnitudes. In the two specimens with conventional
reinforcement, the crack measurements obtained from ACDM were
combined with distributed fibre optical sensing (DFOS) of the rein-
forcing bars allowing a deeper insight into the structural behaviour of
these elements. Based on the experimental results and discussion pre-
sented, the following main conclusions are drawn:

e Overall, the test results highlight the high efficiency of the fibres as
shear reinforcement in large-scale web elements. An increase of the
load after initial cracking (i.e. hardening response) was observed in
all experiments with one exception, though all specimens failed by
crack localisation.

o The four specimens with no or only little distributed bar reinforce-
ment, which were tested in shear with restrained longitudinal
deformation, failed rather brittle with only a few cracks formed over
the element. The two experiments with significant longitudinal bar
reinforcement distributed over the element height, which were
tested in pure shear, showed a significantly increased ductility with
multiple well-distributed cracks over the elements. These results
indicate that the control of the longitudinal panel deformations by



N. Gehri et al.

means of bar reinforcement is highly beneficial to the crack
behaviour.

The UHPFRC panel showed a notable increase in shear strength
compared to the other panels made from FRC with moderate
amounts of fibres and normal-strength concrete. However, the much
higher fibre content was still unable to generate distributed cracks:
While many closely spaced and fine cracks formed over a region in
this panel, most of the specimen remained uncracked. Thus, the
deformation capacity of the UHPFRC panel was highly limited.

The replacement of conventional minimum shear reinforcement with
fibres is only appropriate in cases where distributed cracks are
guaranteed. Until further data become available, it is proposed that
web elements without conventional minimum shear reinforcement
shall contain longitudinal bar reinforcement, uniformly distributed
over the web height, with a reinforcement ratio of at least 0.9% in
order for the fibres to be considered effective as shear reinforcement.
Instabilities with undesired deviations from the specified loading
path occurred in the post-peak range of two experiments. These in-
stabilities could be attributed to the high compliance of the LUSET in
shear. Possible solutions for preventing post-peak instability prob-
lems in future shear panel tests were proposed.

CRediT authorship contribution statement

Nicola Gehri: Conceptualization, Methodology, Investigation,
Writing — original draft, Visualization, Project administration, Funding

Appendix A:. Characterisation of the fibre-reinforced concrete mixes

Engineering Structures 295 (2023) 116598

acquisition. Jaime Mata-Falcon: Conceptualization, Methodology,
Validation, Writing — review & editing, Supervision. Walter Kaufmann:
Conceptualization, Methodology, Writing — review & editing, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The complete experimental data presented in this article is shared in
a public data repository accessible on https://doi.
org/10.3929/ethz-b-000608583.

Acknowledgements

The authors gratefully acknowledge the financial support of cem-
suisse for the project (project number 202007), N.V. Bekaert SA for
sponsoring the Dramix® fibres and Holcim AG for sponsoring the
Ductal® UHPFRC. They further acknowledge the support of the staff of
the Structures Laboratory at ETH Zurich, as well as Fiorentina Ademi,
Luca Angst, Davide Ferrari and Tena Galkovski during the preparation
and execution of the experiments.

This appendix provides details on the fibre-reinforced concrete material characterisation tests conducted in parallel with the panel experiments in

the Large Universal Shell Element Tester.

For each fibre-reinforced concrete batch in FS1-FS5, a slump test was conducted immediately before casting. The slump ranged between 41 and 53
cm (see Table A.1), which allowed proper compaction of all panels. In addition, the air void content p, was determined. Note that FS1/FS3 and FS2/
FS5, respectively, were cast together from the same batch, thus showing identical fresh concrete properties. No fresh concrete tests were carried out in
FS6, as this concrete was a ready-mix ultra high-performance fibre-reinforced concrete (UHPFRC) that was mixed and cast on-site under the guidance
of a product expert from the supplier, who ensured a proper consistency.

The mechanical properties of the hardened fibre-reinforced concrete were determined at the same time as the experiments (with a maximum

Table Al
Properties of the fresh and hardened fibre-reinforced concrete.

Specimen Slump[cm] pc[%] Cylinder compressive strength f;: Residual flexural tensile strengths :
# samples # samples
mean (CV) [MPa] fr1: mean (CV) [MPa]
fr3: mean (CV) [MPa]
Cut Formed All
FS1 53.0 1.25 6 2 3 5
50.3 (0.08) 5.7 (0.24) 4.1 (0.19) 4.6 (0.26)
5.9 (0.27) 4.7 (0.15) 5.1 (0.22)
FS2 48.5 1.7 3 1 4 5
45.8 (0.05) 6.6 (-) 5.6 (0.08) 5.8 (0.10)
5.6 (-) 5.0 (0.14) 5.2 (0.13)
FS3 53.0 1.25 6 2 4 6
49.5 (0.08) 4.4 (0.21) 3.7 (0.42) 3.9 (0.34)
4.9 (0.37) 3.9 (0.36) 4.3 (0.34)
FS4 41.0 1.8 6 2 3 5
46.4 (0.03) 3.1 (0.16) 4.3 (0.05) 3.8 (0.19)
3.5(0.12) 5.0 (0.09) 4.4 (0.21)
FS5 48.5 1.7 6 2 4 6
48.3 (0.05) 5.3 (0.30) 7.7 (0.12) 6.9 (0.19)
4.9 (0.25) 7.1 (0.20) 6.3 (0.21)
FS6 - - 6 2 2 4
(UHPFRC) 169.9 (0.10) 11.0 (0.15) 21.2(0.23) 16.1 (0.41)
9.5 (0.05) 18.2 (0.51) 13.8 (0.53)

M According to EN 14651 [24] at crack mouth opening displacements CMOD; = 0.5 mm and CMODs; = 2.5 mm, respectively; complete CMOD—fg-curves are

provided in Fig. A.1.
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Fig. Al. Production of the notched beams for the companion three-point bending tests: (a) specimens cast in individual moulds; (b) specimens cut from a
larger sample.
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Fig. A2. Results from bending tests on notched beams to characterise the residual flexural tensile strength of fibre-reinforced concrete according to EN 14651 [24]
(circled numbers indicate beam no. in Table A.2).

Table A2

Fibre counts in the failure plane of the beams used to characterise the residual flexural tensile strength.

(1)

Specimen Beam no. Fibre counts in both sections of the failure plane™® [-]
Preron | Preran) [%]
Section 1 Section 2 Section 3 Section 4 Section 5
FS1 1 19 26 19 18 40
(0.35] 0.45) (0.48] 0.61) (0.35 | 0.45) (0.33] 0.42) (0.74 ] 0.94)
2 34 41 34 19 27
(0.63 | 0.80) (0.76 | 0.97) (0.63 | 0.80) (0.35 | 0.45) (0.50 | 0.64)
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Table A2 (continued)

Specimen Beam no.""’ Fibre counts in both sections of the failure plane™® [-]
Preron | Pregran) [%]

Section 1 Section 2 Section 3 Section 4 Section 5
FS2 1 18 33 29 42 51
(0.33 ] 0.42) (0.61 | 0.78) (0.54 | 0.68) (0.78 | 0.99) (0.94 | 1.20)
2 38 40 15 33 73
(0.70 | 0.90) (0.74 ] 0.94) (0.28 | 0.35) (0.61 | 0.78) (1.35]1.72)
3 28 29 16 34 59
(0.52 | 0.66) (0.54 | 0.68) (0.30 | 0.38) (0.63 | 0.80) (1.09 | 1.39)
FS3 1 29 14 34 31 22
(0.54 | 0.68) (0.26 | 0.33) (0.63 | 0.80) (0.57 ] 0.73) (0.41 ] 0.52)
2 12 8 14 18 25
(0.221] 0.28) (0.15] 0.19) (0.26 | 0.33) (0.33 ] 0.42) (0.46 | 0.59)
3 46 20 29 28 35
(0.8511.08) (0.37 ] 0.47) (0.54 | 0.68) (0.52 ] 0.66) (0.65 ] 0.82)
FS4 1 27 19 30 28 27
(0.50 | 0.64) (0.35 | 0.45) (0.56 | 0.71) (0.52 ] 0.66) (0.50 | 0.64)
2 18 16 20 21 22
(0.33]0.42) (0.30] 0.38) (0.37 ] 0.47) (0.39 ] 0.49) (0.41 ] 0.52)
FS5 1 22 28 18 20 29
(0.41 | 0.52) (0.52 | 0.66) (0.33 ] 0.42) (0.37 | 0.47) (0.54 | 0.68)
2 41 37 43 54 48
(0.76 | 0.97) (0.68 ] 0.87) (0.80 | 1.01) (1.00 | 1.27) (0.89]1.13)

@ Beam no. corresponds to the circled numbers in Fig. A.2.

@ Fibres were counted in five horizontal sections 1-5 of equal height of 25 mm (covering together the entire failure plane) on both sides of the failure plane:
Section 1 is at the tension side w.r.t. the loading of the beam;
Section 5 is at the compression side w.r.t. the loading of the beam.

difference of one week). To this end, the uniaxial compressive strengths f, were obtained by compression tests on standard cylinders with a diameter of
150 mm and a height of 300 mm for FS1-FS5, and on cylinders with a diameter of 70 mm and a height of 140 mm according to the guideline SIA 2052
[26] for FS6. The number of tested samples, mean values and coefficients of variation (CV) for f. are summarised in Table A.1. The mean values of f,
were around 48 MPa for FS1-FS5. The cylinder compressive strength of FS6 was substantially higher at about 170 MPa. The scatter of f, was relatively
low within an experiment with coefficients of variation of 0.10 at most.

In addition to the cylinder compression tests, the residual flexural tensile strengths fz (see also Table A.1) were determined by bending tests on
notched beams according to EN 14651 [24]. Note that three-point bending tests were also carried out for FS6, although four-point bending tests on un-
notched beams — which allow for multiple cracking between the loading points — are typically used for the material characterisation in the case of
materials with expected hardening behaviour such as UHPFRC.

For each panel experiment, six beams were typically tested; the actual number of specimens varies since the displacement transducer loosened
from the specimen in some experiments, such that they had to be disregarded. The beams were tested in three-point bending with a span between the
supports of [ = 500 mm and a centric load F. The loading was displacement controlled by monotonically increasing the crack mouth opening dis-
placements (CMOD) measured at the notch with a displacement transducer. All beams had identical dimensions, with a length of 550 mm, a cross-
section of h x b =150 mm x 150 mm (height and depth) and a notch (5 mm wide and 25 mm deep) cut in the centre of each beam length at the
tension side. However, they differed in their production: Half of the beams (3 samples) were cast in separate moulds as specified by EN 14651 (Fig. A.1
(a)), while the other three beams were cast in a wider mould of 550 mm x 460 mm x 150 mm and subsequently cut into three beams (Fig. A.1(b)).
The latter procedure was chosen to obtain samples that better represent the dispersion and orientation of the fibres in the panel, i.e., minimise
boundary effects which are known to affect the fibre dispersion and orientation together with other factors such as the flow of concrete and the
vibration during casting [1,2,41-50]. It was assumed that the beam tests with a formed surface at the tension side might overestimate the strength with
respect to the average panel behaviour due to boundary effects, and that this effect could be largely mitigated using beam tests with a cut surface at the
tension side.

The residual flexural tensile strength fr was calculated from the point load F measurements using the following formula:

3Fl

_ Al
2bh, a1

Jr

where hy, is the distance between the tip of the notch and the top side of the beam, measuring 125 mm.

The CMOD-fg-curves for FS1-FS6 obtained from the bending tests are shown in Fig. A.1. The colours of the curves indicate whether the surface at
the tension side of the respective beam was formed or cut. Table A.1 compiles the number of tested samples, mean values and CV for fz evaluated at
CMOD; = 0.5 mm and CMOD3 = 2.5 mm, respectively. Additionally, the statistics were obtained within the groups of formed and cut surfaces at the
tension side of the beams, respectively, for assessing the boundary effect.

After testing, the number of fibres crossing the failure plane was manually counted to check the dispersion and orientation of the fibres. For
FS1-FS5, the fibres were counted in at least two beams each. Manual fibre counting in FS6 was not feasible due to the high density of the fine fibres.
The failure planes were divided into five equal horizontal sections with a height of 25 mm and were inspected on both sides. The fibre counting is
reported in Table A.2. The fibre counts were transformed into the effective fibre content:
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Nrdﬁ-ﬂ

L=t A2
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where N7 is the count of fibres, Ar is the corresponding area of the inspected section of the failure plane (125 mm x 150 mm) and K; is the fibre
orientation factor. The values of p; - reported in Table A.2 account for the theoretical values of Ky according to [1]: 1/2 corresponding to a 3D fibre
distribution and 2/z representative of a 2D fibre distribution.

The residual strength was found to correlate very well with the measured effective fibre content. Higher residual strengths were observed
particularly in beams with higher fibre counts at the two tension-most sections of the failure planes (i.e. sections 1 and 2 in Table A.2). In the tests with
normal-strength concrete and moderate amounts of fibres (FS1-FS5), higher residual flexural tensile strengths fr were achieved in the tests with more
fibres (FS2 and FS5) as expected. Substantially higher strengths were obtained in the UHPFRC beams of FS6, with fz reaching 27 MPa in one test.
Furthermore, a distinct flexural hardening range after cracking was identified in FS2, FS5 and FS6.

Generally, higher strengths were obtained in beams with a formed surface at the tension side due to the aforementioned boundary effect.
Therefore, exclusively the results from beams with a cut surface at the tension side were assumed to be representative of the panel experiments and
hence were considered for evaluating the mean residual flexural tensile strengths fg shown in Fig. A.1. For the beams with a cut surface at the tension
side showing high strengths (e.g. FS1-Beam1 or FS3-Beam3), significantly more fibres than expected were counted. Overall, the scatter of fz was rather
high (with CV exceeding 0.5 in some cases), which can be mainly explained by a non-uniform fibre dispersion as confirmed by the fibre counting
(Table A.2). However, the panel behaviour is expected to be less sensitive to non-uniform fibre distributions as the failure surfaces are much larger
than in the material characterisation tests.

Appendix B. . Details on instrumentation, test controlling and data processing
B.1. Homogeneous plain strain computation in the LUSET

This section provides details on the computation of the best-fit homogeneous plane strain ¢” of a panel in the Large Universal Shell Element Tester
(LUSET) determined based on the displacement measurements of the twenty jokes of the LUSET (see Sections 2.5 and 2.6). The strain ¢” was used to
control deformations in the LUSET.

In the first step, the best-fit deformation gradient tensor F and translation ¢ is sought:

20
. 2
(F,t) = argmin Z H (Fpi.[n[t +t) - (pi,[nil + AP[) H (B.1)
FeR>2 teR? 'j=]
where p, ;. denotes the in-plane positions of the twenty yokes in the undeformed state and Ap, the corresponding displacement vectors. The so-
lution procedure of Eq. (B.1) can be found in the appendix of [31].
Subsequently, the deformation gradient tensor F is transformed into the (symmetric) right Lagrangian strain tensor E:

E— |:e,tx eA,::| :%(FTF—I) (B.Z)

eZ,X eZZ
By using the elements of E, the best-fit homogeneous plane ¢" is computed as follows:

L[ el V1+2e, —1 sin”! (2e/ /(T 26.)(1 + 26 ) /2
°o L’L/Z £ } - Linl<2%/m)/2 VIF2e, 1 }

(B.3)

B.2. DIC and ACDM data

The parameters of the two digital image correlation (DIC) systems measuring the full-field deformations of the front and back surface of the
specimens are provided in Tables B.1 and B.2. The DIC data were processed with the Automated Crack Detection and Measurement (ACDM) software
[31,32] for evaluating in detail the crack pattern and the crack kinematics. Furthermore, the DIC measurements were used to compute the best-fit
homogeneous in-plane strain ¢ of the panel according to [31]. The optimum DIC and ACDM parameters were set by following the recommenda-
tions in [31]. The minimum detectable crack width in all experiments was approximately 0.01 mm at both surfaces. The smallest detectable crack
spacing in FS1-FS5 was around the maximum aggregate size (16 mm). For FS6 a great effort was put into a high-quality speckling pattern on the back
surface, which (together with the high-resolution cameras and a thorough examination of the optimum DIC and ACDM parameters for this case)

Table B1

DIC and ACDM parameters that remained constant throughout the FS series.
Parameter Front Back
DIC
Resolution [px/mm] 1.53 2.43
Step size st [px] 2 2
Filter size f [px] 5 5
ACDM
Inclination window size iw [-]"" 25 39
dy [px] @ 22 22
d [px] 11 11

@ Corresponding to twice the maximum aggregate size of the concrete.
@ Set to the optimum values according to [31].
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Table B2
DIC and ACDM parameters varied throughout the FS series.
Specimen DIC ACDM
Subset size ss [px] Te1,imy [1/1000] Te1,5p [1/1000] T, [pm]
Front Back Front Back Front Back Front Back
FS1 15 15 1 2 4 8 4.6 4.0
FS2 15 15 1 3 4 12 4.0% 3.0
FS3 15 15 1 2 4 8 5.6 4.6
FS4 15 15 1 3 4 12 4,09 2.8
FS5 15 15 1 3 4 12 3.8 2.8
FS6 15 9 1.5 3 6 5 6.4 5.6

@ Threshold of accepted uncertainty set to T, = 2rgrys zst according to [31].
@ No ZST was conducted for these tests. The ZDT was used instead: T, = 2rgus zpr-

allowed the detection and measurement of the extremely closely spaced and fine cracks of the ultra high-performance fibre-reinforced concrete
(UHPFRC). With this configuration, the smallest detectable crack spacing could thus be reduced to around 5 mm.

Prior to the experiments, a zero-displacement test (ZDT) and a zero-strain test (ZST) according to Mata-Falcon et al. [23] were carried out to assess
the DIC uncertainty. The measurements of these tests were used to set the threshold of accepted uncertainty T in the crack kinematic measurements
according to [31]. Crack kinematic measurements with uncertainties exceeding T, (e.g. at locations with closely spaced cracks, crack intersections or
high morphological curvature of the crack) were substituted by linear interpolation of neighbouring reliable measurements [32].

Appendix C:. Loading histories of panel tests

This appendix presents the loading histories of the six panel tests FS1-FS6. Figs. C.1-C.6 show the in-plane stress and strain states of each panel
over time. The top rows illustrate the nominal stresses (zy, 0x,0;) per specimen edge (south, north, bottom, top). The (theoretically) constant dif-
ferences of ¢, between the top and bottom edges resulted from the self-weight of the specimen.

The out-of-plane shear stresses as well as the bending and twisting moments were successfully controlled to zero throughout all tests and are
therefore not shown. The components of the homogenous panel strains are shown for the different measurement systems in the bottom rows of the
figures. On the one hand, the strains £”, determined based on the actuator strokes and used to control the panel deformation, are reported (black). On
the other hand, the panel strains &, obtained from the two digital image correlation systems at the front and back surface of the specimen are shown
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Fig. C1. Loading history of FS1 showing the evolution over time of the in-plane nominal stresses and strains.
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Fig. C2. Loading history of FS2 showing the evolution over time of the in-plane nominal stresses and strains.
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Fig. C3. Loading history of FS3 showing the evolution over time of the in-plane nominal stresses and strains.

19



N. Gehri et al.

3.0

25F

201

T [MPa]

south

north
bottom

v failure (Tyzult)

Y= [%0]
S
T

controlled (£

back DIC

3.0

25F

20

- [MPa]
I

T\
—_
o

south

north

bottom

v failure (T, 1)

0 -
1 1 1
0 0.5 1.0 1.5 2.0
t[h]
20 T T T
controlled (&%)
15 - T0=° .
back DIC

Vxz [%0]
S
T

3

2.0 :

1.5 -
F10 .
c‘;’.

0.5 .

0 a2
1
0 1 3

1[h]

T T T
0 -
—1F .
=
.
= -2f .
b‘ﬂ.
_3 - .
_.4 - .
1 1 1
0 0.5 1.0 1.5 2.0
t[h]
2.0 T T T
1.5F B
;g 1.0 B
(:'
0.5F 4
T T ]
1 1 1
0 0.5 1.0 1.5 2.0
t[h]

[%0]

€

6. [%d]

30

25

20

15

Engineering Structures 295 (2023) 116598

1 [h]

0.5 1.0 15
t[h]

2.0

0.5 1.0 15
t[h]

Fig. C5. Loading history of FS5 showing the evolution over time of the in-plane nominal stresses and strains.
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Fig. C6. Loading history of FS6 showing the evolution over time of the in-plane nominal stresses and strains.

(orange and blue-green).
Appendix D:. Derivation of characteristic cracks

This appendix presents the consolidation of the surface deformation from the digital image correlation (DIC) measurements into the equivalent
homogeneous cracks discussed in Section 3.3. They represent the characteristic (i) crack displacement magnitude & (ii) crack opening direction with
respect to the x-axis f3,, (iii) crack inclination 6,, and (iv) crack spacing s,, which describe the equivalent set of straight parallel cracks with uniform
spacing, opening direction and magnitude. The information combines the statistical consolidation of the detailed crack information obtained with the
Automated Crack Detection and Measurement (ACDM) software and the direct extraction of the best-fit homogeneous cracks from the DIC
displacement measurements. Both approaches were presented in [31] and their results are shown in Fig. D.1 exemplarily for FS1 and FS6. The latter
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experiment was chosen to investigate the influence of different DIC and ACDM parameters (see Appendix B.2). While the characteristic crack
properties obtained from the ACDM data depend on the chosen statistical parameter (quantile, mean, etc.), the best-fit homogeneous crack approach
specifies a range of plausible results bounded by two extreme assumptions about the source of potential principal compressive strains, which are
attributed entirely to either (i) concrete deformations between the cracks (i.e., assuming that the cracks open orthogonally) or (ii) skew crack openings
(i.e., assuming that the concrete between the cracks is rigid).

As shown in [31], the statistical consolidation of the ACDM results provides highly reliable results for 6, and 3, by taking the respective mean angles
weighted by &. As shown in Fig. D.1, they were indeed perfectly in the range of plausible results from the best-fit homogeneous crack approach and
very similar at the front and back side. Thus, the characteristic crack inclination 6, and crack kinematic opening direction f, presented in Section 3.3
were set to the weighted mean angles of the ACDM results.

Since the true crack displacement magnitude and crack spacing within an experiment varied drastically over the tested panels due to crack
localisation, the determination of the characteristic values of s, and § using the ACDM results would heavily depend on the chosen statistical
parameter. Furthermore, as shown in Fig. D.1, the quantiles for FS6 were significantly different at the front and back surface, indicating its strong
dependency on the DIC and ACDM parameters. On the other hand, the best-fit homogeneous crack approach resulted in very similar values at the front
and back side, with very narrow plausible ranges for s, and §. Thus, the characteristic values of these two crack properties shown in Section 3.3 were set
to the ones obtained with the mean best-fit homogenous crack between the front and back side, assuming that the compressive strains were due to the
concrete deformation. However, note that the two assumptions yielded almost identical results.

Appendix E:. Post-peak stability analysis of panel tests

As introduced in Section 2.5, the Large Universal Shell Element Tester (LUSET) servo-controlled the best-fit homogeneous plane strain £” of the
specimen determined based on the displacement measurements of the actuators. Therefore, the controlled strain ¢ included the deformations of the
LUSET (in the following denoted as £(mahine)) besides the panel deformation &, i.e.

e* —¢ +€(ma<‘hine) (E.l)

The importance of the machine deformations is apparent in Figs. C.1-C.6 by comparing the panel strains determined from the digital image
correlation (DIC) measurements and the controlled strains. While the longitudinal and vertical deformations of the LUSET (¢{™ahin®) and gimachine)y \ere

relatively low, the shear deformation of the LUSET 77" was significant. As a reference, in the uncracked range of the experiments the increase of

the machine deformation 7{7*"" was approximately 25 times higher than that of the panel shear deformation 7,,.

Controlling the tests by increasing the shear strains seemed to be appropriate when designing the test setup, since this deformation component
characterises the shear response of panel elements and reacts most sensitively to changes in the shear stress, especially at crack localisation. The latter
is an important property of a control variable [51,52]. However, if the testing machine is not stiff enough, the release of elastic shear deformation
(mainly contained in the machine) during the post-peak range might exceed the shear deformation due to crack localisation. This would lead to
instability after peak load when trying to increase a shear strain that includes the machine deformation (the testing machine is often referred to as non-
compliant in such cases [53,54]). This was the case in the experiments FS4 and FS6. Since these instabilities are rather complex in shear tests because
the element loading is two-dimensional, the simplified equivalent one-dimensional problem is discussed first in the following.

The post-peak instabilities in tests on linear elements, such as uniaxial compression, tension or bending tests are well studied in the literature (e.g.
[51-53,55-571). The most simple equivalent one-dimensional problem is a linear elastic concrete tie (Elastic modulus E, cross-sectional area A, length
D exhibiting linear softening with the crack opening § (softening modulus D) loaded in axial tension o, in a linearly elastic testing machine with elastic
stiffness k (see Fig. E.1(a)). The load is applied by monotonically increasing the controlled strain ¢, of the tie that includes the deformations of the
machine. Once cracking occurs in the weakest region, the peak load f is reached and crack localisation occurs. The deformations of the tie in the post-
peak response can be decomposed into the elastic unloading part of the uncracked concrete and the softening in the localised crack, denoted with the
superscripts ¢ and r, respectively. Hence, the post-peak average strains of the tie are

£ = eﬁ” + ef[’) (E.2)
where
gig) =o0,/E E3)

e/) = (f —0,)/(DI)

The displacements of the testing machine u are proportional to the load F = 6,A4, i.e, u = F/k. Transforming u into the component of controlled
strains due to the machine deformation, one gets

ginlachine) _ O’XA/(kl) (E4)

Combining Egs. (E.1)-(E.4) results in the controlled strain

S*i _ 8'(:‘) + Sir) + e'smnchine)

X

foo (LA 1N, S (E.5)
= %\E"u Di) DI

Hence, to ensure stable control in the post-peak range (increasing ¢, at decreasing oy, i.e. de,/do, < 0), the following condition needs to be met
[57]:

DI
X==<1 E.
7 < (E.6)

where E" = (L + %)71 and X is the instability factor.

22



N. Gehri et al. Engineering Structures 295 (2023) 116598

The post-peak stability of panel tests in the LUSET can be assessed analogously. Fig. E.1(b) shows the simplified test setup and loading with
linearised constitutive relationships of the testing machine (elastic stiffness k) and the specimen (shear modulus G). A concrete panel of size I x [ is
installed in a panel tester and loaded in pure shear 7,,. The load is applied by monotonically increasing the controlled shear strain y,, (component of
controlled strain €": best-fit homogeneous panel strain based on the measured actuator strokes). Note that it is assumed that the longitudinal
compression in FS3, FS4 and FS6 did not affect the post-peak shear behaviour of the panels, such that it can be neglected in the assessment of the post-
peak stability. After reaching the peak load f, the deformations localise in an inclined, straight crack, which is assumed to open uniformly with the
crack kinematic vector § and exhibit a linearly softening shear resistance as a function of the crack face displacement § = |§| with the softening
modulus D. In contrast to the one-dimensional tension tie, the location, inclination and the opening direction of the localising crack, as well as how the
best-fit strain is defined, influence the resulting post-peak shear strains in the panel. This effect is accounted for with a geometrical factor #, char-
acterising the influence of the localising crack on the panel shear strain. It is the corresponding best-fit homogeneous shear strain for the given
location, inclination and opening direction of a localising crack of unit crack displacement magnitude, multiplied by the panel edge length,

i.e. ) = ¥y 5-11 Hence, the panel shear strain due to the localised crack can be expressed as 7y = (f — 7xz)n/ (D).
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Fig. E1. Post-peak instability estimation of deformation-controlled panel experiments in the LUSET: (a) deformation-controlled testing of a concrete tension tie; (b)
deformation-controlled testing of shear panels in a panel tester; (c) determination of the panel strain & for the post-peak instability estimation; (d) geometrical factors
n describing the influence of the location, inclination, and opening direction of the crack localisation; (e) shear stress responses of FS1, FS3, FS4 and FS6 as a function

of the controlled shear strain y’,, the panel shear strain y,, and the shear strain of the machine y{1*"" respectively.
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Table E1
Post-peak stability estimation of shear deformation-controlled panel experiments.
Specimen f = Txzmu [MPa] Iy (mm] Deqt = 2f/[;[MPa/mm] (15,1511 X[-]?(stable if X < 1,unstable if X > 1)
FS1 217 60 0.072 (0.756, 0.485) 0.35-0.55
FS3 2.71 60 0.090 (0.386, 0.275) 0.86-1.21
FS4® 2.68 60 0.089 (0.501, 0.333) 0.66-0.99
FS6 6.93 20 0.693 (0.933, 0.576) 2.75-4.46

@ According to Fig. E.1(d).
@ Calculated according to Eq. (7) with G = 530 MPa(extrapolated from Fig. E.1(e)), D = Deg;, [ = 2.0 m and 5y = 5, and 5 = 1, respectively.
® Instability occurred due to relative rotation of the two crack faces of the crack localisation.

Generalising Eq. (E.6) with the geometrical factor 7, the instability factor of a panel test is:
D
=G

(E.7)

with G" = (2 +4) ~'and A = It, where [ is the panel edge length and t the panel thickness.

Fig. E.1(e) shows the nominal shear stresses 7., of FS1, FS3, FS4 and FS6 versus the controlled shear strain y;Z, the panel strains y,, and the

component of controlled strains due to the machine deformation yﬁc’;‘“"i"”, respectively. Note that here the panel strains € were obtained from the DIC

measurements on 20 small areas located at the specimen edge close to the yokes (see Fig. E.1(c)) to ensure consistency within the definitions of &", ¢
and (Mmachine) (see also Section 2.5). Thus, the values for 7,, in Fig. E.1(e) slightly differ (especially in the post-peak ranges) from the previous results in
this paper but allow assessing the machine stiffness more accurately and highlighting the linear elastic unloading of the LUSET. As shown in Fig. E.1
(e), the stiffness of the LUSET was approximately 25 times lower compared to the uncracked specimens. Consequently, most of the controlled strain v},
was generated by elastic energy stored in the machine and released after the peak load had been reached. Instability of the test occurred depending on
the softening modulus D and the geometrical factor 7.

In Fig. E.1(d), n is derived based on the location and inclination of the experimentally observed localising cracks for orthogonal crack opening (5, )
and vertical crack kinematic opening directions (5,). These two directions bound the possible crack displacement directions in panel elements that
were longitudinally stiffened (either by distributed bar reinforcement or longitudinal axial compression), which allows the estimation of the instability
factor range shown in Table E.1. The softening modulus D is estimated by considering (i) a linear softening of the fibre-reinforced concrete from (5,
Tyxz) = (0,f) to (8,7xz) = (lf /2, 0), where [ is the fibre length, and (ii) the shear stiffness of the LUSET measured in the experiments (see Fig. E.1(e).
Note that the post-peak behaviour is independent of a potential hardening range as long as the panel unloads linearly with G.

The estimated range for the instability factor determined from Eq. (E.7) indicates post-peak stability for FS1 and clear post-peak instability for FS6.
This is in good accordance with the experimental observations. The estimated post-peak stability of FS3 and FS4 is ambiguous. Both experiments
exhibited rather brittle failures with a pronounced drop in the shear force after reaching the peak load (see Appendix C). However, large deviations
from the specified loading paths were only observed in FS4, indicating stable control in FS3. The softening modulus D assumed in FS3 might have been
overestimated because the beneficial contribution of the bar reinforcement was neglected. This would result in an effective instability factor lower
than the estimation in Table E.1, thus predicting a stable behaviour.

Accordingly, the most critical factor causing post-peak instabilities in panel tests in the LUSET is the low machine stiffness in shear. Theoretically,
post-peak instabilities could thus be avoided in future experiments by (i) controlling the tests using direct deformation measurements on the specimen,
such as e.g. optical tracking systems or (ii) correcting the existing control system for the machine stiffness. However, with these two solutions, the
response of the LUSET would have to be rapid enough to almost instantly release the elastic energy stored in the system when instability is sensed [52].
While the LUSET is equipped with fast servo-valves and high-pressure/high-flow hydraulic supply, it would probably be too slow (even without the
currently imposed safety limits on the actuator velocities) to prevent a dynamic failure. Alternatively, the experimental setup could be altered by (iii)
testing thinner elements with a reduced stiffness relative to the machine (which might, however, cause buckling problems in very thin elements as
potentially required e.g. when testing UHPFRC panels) or (iv) rotating the testing direction by 45° with respect to the x-y coordinate system of the
LUSET, similar to the standard test setup in the Shell Element Tester (SET) at the University of Toronto [58,59]. For pure shear loading, the latter
would correspond to applying principal tensile and compressive stresses of equal magnitude horizontally and vertically, respectively, such that the
shear strain of the panel could be controlled via the horizontal and vertical strain components in whose direction the LUSET is much stiffer. In this way,
the post-peak behaviour of shear panels has already been successfully tested in the SET [60]. However, this test setup has the disadvantage that the bar
reinforcement needs to be placed at 45° to the edges of the panels and more importantly, restraining the longitudinal deformation of the panels (as in
FS3-FS6) would be highly complex. Thus, the most promising solution is deemed to be (v) stiffening the LUSET by means of diagonals, which,
however, would make it difficult to retain the digital image correlation (DIC) instrumentation of the specimen that is essential to capture their
behaviour of the panels in detail.
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