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The load-deformation response of Fiber Reinforced Concrete (FRC) elements subjected to pure shear is still
matter of strong debate within the scientific community. In this paper, the tests on six fiber reinforced concrete
panels under pure shear are presented and discussed. The tests were conducted under displacement control and a
peculiar loading frame was designed to ensure that a pure shear state of stress was established. Steel fibers were
added in relatively low amounts (20 and 50 kg/m?), and two steel reinforcements (0.21% and 0.74%) were
selected, aiming at simulating lightly reinforced elements. A critical discussion on the influence of fibers on both
global and local behavior (tension stiffening, cracking formation and propagation, post-cracking stiffness and

residual strength) is presented. Finally, a novel crack spacing formulation, extended to FRC, is proposed and
compared against available experimental data.

1. Introduction

The prediction of the shear behavior of Fiber Reinforced Concrete
(FRC) elements still represents a challenging issue. To improve the
knowledge of mechanisms related to shear, a large number of studies
involving FRC members has been carried out and reported by literature.

One of the first experimental studies focusing on the shear behavior
of fiber reinforced concrete beams without stirrups was performed by Li
etal in 1992 [1]. It was observed that the shear strength increases in the
range 100-200% when adopting a volume fraction of 1% of poly-
ethylene, aramid or steel fibers. Later, in 1997, Adebar et al. [2] carried
out tests on large-scale beams without stirrups proving that the use of a
sufficient amount of fibers is able to prevent brittle shear failure in
favor of a more ductile response. Lower volume fractions of steel fibers
(0.5-0.75%) were adopted by Kwak et al. [3], whose tests on shear
critical beams showed that the increment of the shear strength was
particularly large (69-80%) especially for beams with shear span-to-
depth ratios equal or lower than 2. These observations were further
supported by the research carried out in 2006 by Parra-Montesinos
et al. [4], who performed some shear tests on beams and then collected
a database containing the results from tests performed by different re-
searchers. The analysis of the database led to the conclusion that fibers
are potentially able to replace minimum conventional shear reinforce-
ment; anyway, the authors recommended the use of a fiber volume
fraction higher than 0.75%. Unlike usual studies, Meda et al. adopted
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quite low amounts (0.38-0.76%) of steel fibers to investigate the effect
of fiber reinforcement on the flexural response of slender beams. The
authors concluded that fibers do not significantly improve the flexural
resistance and the overall ductility strongly depends on the FRC
toughness over the reinforcement ratio. On the contrary, they pointed
out that fibers considerably enhance the behavior of the beam at service
conditions by increasing the stiffness in the cracked stage and by lim-
iting both the deformations and crack widths. More recently, other
studies [6,8] were carried out to investigate the effect of different
parameters (i.e., concrete class, fiber content, mixture of different fibers
and sectional height-to-width ratio) on both the shear, torsional and
flexural response of FRC beams without shear reinforcement. However,
in spite of this broad knowledge concerning the shear and torsion be-
havior of FRC beams, these latter are not suitable for studying the ef-
fects of pure shear, as flexural mechanisms cause additional in-plane
actions that “disturb” the pure shear state of stress.

To better investigate membrane elements subjected to shear only,
Vecchio and Collins [9] performed at the University of Toronto a series
of tests on reinforced concrete panels by using a “panel element tester”.
The latter was specifically designed to apply in-plane monotonic
loading able to simulate shear as well as combined shear and axial
stress conditions. Those tests provided basic information to formulate
and validate the Modified Compression Field Theory (MCFT) for re-
inforced concrete elements [10]. Moreover, in addition to the several
tests performed on reinforced concrete elements, the same testing
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Nomenclature

c largest diagonal distance between any point in the con-
crete and a bar

d spacing between rebars

Ecm mean Young’s modulus of concrete (according to Eurocode
2)

E mean Young’s modulus of reinforcing steel

fe1 average principal tensile stress in concrete (positive
quantity)

fet,er average principal tensile cracking stress in concrete

feo average principal compressive stress in concrete (negative
quantity)

feo,u ultimate average principal compressive stress in concrete
(negative quantity)

fex average stress in concrete in x-direction

fey average stress in concrete in y-direction

fem mean cylindrical concrete compressive strength

femcube  Mean cube concrete compressive strength

fex characteristic cylindrical concrete compressive strength

fi, mean Limit of Proportionality of FRC

fr mean post-cracking flexural residual strength of FRC

fy stress applied to the concrete panel in x-direction

fy stress applied to the concrete panel in y-direction

fox average reinforcement stress in x-direction

foy average reinforcement stress in y-direction

fou mean ultimate tensile strength of reinforcing steel

f, mean yielding strength of reinforcing steel

fyx mean yielding strength of reinforcing steel in x-direction

fyy mean yielding strength of reinforcing steel in y-direction

f; mean concrete tensile strength

Sm,min minimum value of the average crack spacing

Smx average crack spacing in reinforced concrete relative to
the x-direction

Smy average crack spacing in reinforced concrete relative to

the y-direction

Smxrrc  average crack spacing in FRC relative to the x-direction

Smy,;Rc  average crack spacing in FRC relative to the y-direction

Sme average crack spacing in the concrete panel (cracks in-
clined at 6)

Vxy,cr cracking shear stress relative to x-y axes

Vyymax ~ Maximum shear stress relative to x-y axes

Vexy shear stress in concrete relative to x-y axes

Viyu ultimate shear stress relative to x-y axes

Vxy shear stress relative to x-y axes

Ve volume fraction of steel fibers

W average crack width

Wmmax Maximum value of the average crack width

Esu ultimate tensile strain of reinforcing steel

€ principal tensile strain in concrete (positive quantity)

€ principal compressive strain in concrete (negative quan-
tity)

£x average strain in x-direction

ey average strain in y-direction

€xu ultimate average strain in x-direction (panel failure)

€yu ultimate average strain in y-direction (panel failure)

] angle of inclintion of principal strains referred to the x-
axis

Yxy,max  Shear strain corresponding to the maximum shear stress
(ny,max)

Yxy,u shear strain corresponding to the ultimate shear stress
(ny,u)

Yxy shear strain relative to x-y axes

Yxy,cr cracking shear strain relative to x-y axes

Ps conventional steel reinforcement ratio

Psx conventional steel reinforcement ratio in x-direction

Psy conventional steel reinforcement ratio in y-direction

Dy diameter of the bars oriented in the x-direction

Dy diameter of the bars oriented in the y-direction

device has been recently used to study FRC panels containing high
volume fractions of steel/polypropylene fibers (0.5-2%) in combination
with a high ratio (ps = 3.31%) of conventional reinforcement. In spite
of its unquestionable effectiveness proved by the large number of tests
performed in the last 30 years, the “panel element tester” has never
been provided with a servo-controlled system to perform tests under
displacement control. This fact explains its inability (see Vecchio and
Collins [8], test panel PV2) to control the shear softening response ty-
pically exhibited by elements containing low conventional reinforce-
ment ratios (ps < 0.3%).

A testing device very similar to the “panel element tester” was
constructed at the University of Houston in 1988 to carry out tests on
membrane elements subjected to both in-plane and out-of-plane
bending actions. This testing machine adopts a servo control hydraulic
system that allows tests to be performed in either the strain-control
mode or the load-control mode. By using the Houston panel tester,
Zhang and Hsu [11] undertook a series of tests on 100 MPa reinforced
concrete panels subjected to both pure shear and bi-axial tension-
compression.

Bosiljkov et al. [12] adopted a simple test rig, consisting of a steel
frame provided with four hinges, to perform pure shear and bi-axial
loading tests on masonry panels. Compared to the more advanced panel
testers of Toronto and Houston, this test rig presents a relatively simple
design and it allows to carry out pure shear tests by using only one jack
anchored to an external reaction frame.

Except for the quite recent FRC panels tested by Susetyo et al. [13],
Carnovale and Vecchio [14] and Chasioti and Vecchio [15], no other
experimental studies concerning the investigation of FRC bi-

dimensional elements under pure shear can be found in the literature.
Therefore, further research is required and new useful data are needed
to validate analytical models able to predict the shear response of FRC
membrane elements.

Starting from the previous purpose, the present research proposes a
new rig for testing either traditional reinforced concrete or FRC panels
under pure shear conditions. Contrary to the quite complex panel tes-
ters above described, the test frame herein proposed is much simpler
and allows to perform tests under displacement control by using an
electromechanic jack as the only loading device. By using this new test
frame, a total of six 820 X 820 x 50 mm panels, including two con-
ventional reinforced concrete specimens and four FRC samples, were
tested under monotonic loading. Compared to previous studies, the
main novel features are related to the fiber contents and the re-
inforcement ratios employed. In fact, in order to provide results sig-
nificant for the more widespread structural applications of FRC, two
quite low volume fractions of high strength steel fibers
(Ve = 0.25% — 0.63%) were considered. These two fiber dosages may
represent the lower and the upper bound of fiber contents usually
adopted in several structural applications (e.g., beams, elevated slabs,
slab on ground, tunnel segments, etc.) widely diffused across European
countries. The literature reports several experimental studies [16,18]
proving that the optimal fibers contents for FRC structures are often
included in the range 0.32-0.5%. Likewise other studies [19,20], steel
fibers were combined with conventional rebars equally distributed in
both panel directions. Two different reinforcement ratios of 0.74% and
0.21% were adopted. The latter was specifically chosen to highlight the
effect of fibers in structural elements characterized by a shear softening
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behavior after first cracking. It is worth remarking that these steel fiber
contents and reinforcement ratios are quite common in practice but
significantly lower than those generally adopted in the experimental
tests reported by literature.

The results of the six experimental tests are fully reported and dis-
cussed in the following together with some considerations on the ana-
lytical prediction of crack spacing in FRC membranes.

2. Research aim and novelty

The aim of this research is to investigate the role of steel fibers in
determining the shear response of panels containing low amounts
(0.21% and 0.74%) of conventional reinforcement. Besides the use of
low reinforcement ratios, the main novelty is represented by the
adoption of an innovative simple loading frame that allows performing
pure shear tests under displacement control. The latter feature is of
primary importance when testing lightly reinforced elements, like those
tested herein, which may be characterized by a softening response after
cracking.

The research work emphasizes how FRC affects the shear response
of the panels in terms of shear strength, post-cracking stiffness and
tension stiffening. Moreover, an equation is proposed to predict the
crack spacing of FRC elements. The proposed formulation has been
validated against experimental data.

3. Experimental investigation

As mentioned above, the present work adopts a new test frame (see
Section 3.2) for testing FRC panels under pure shear.

To better distinguish the specimens used in the experiments, the
following designation was adopted: first index, SP for Shear Panel;
second index, PC for Plain Concrete (i.e. concrete not containing fibers)
and FRC for Fiber Reinforced Concrete; third index —total reinforcement
ratio (ps), 0.21 for ps = 0.21% and 0.74 for ps; = 0.74%; fourth index —
nominal volume fraction of fibers (Vg), 0.25 for V¢ = 0.25% and 0.63 for
Vi = 0.63%.

3.1. Specimen properties

A total of six specimens, having the geometry shown in Fig. 1, were
tested. Each sample consisted of a 800 x 800 x 50 mm panel (shear
panel) connected to four 820 x 150 X 200 mm concrete chords long-
itudinally reinforced with #3 + 3@16 rebars. Steel rebars (shear con-
nectors) with a diameter of 12mm and a length of 230 mm were cast
into each chord in order to allow shear transfer between the shear panel
and the chords. The shear load was applied by four hinged connections
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inserted within the 46 mm-diameter through hole located in the middle
of the chords. The cross-section dimensions of the chords were chosen
so that its axial stiffness was suitable to ensure an almost uniform
distribution of shear stress along the shear panel sides. To prove this, a
preliminary study [21,22] based on finite element simulations was
carried out to analyze the behavior of the panel in the elastic stage. The
results showed that the shear stresses remain basically uniform, with a
maximum variation of about 10% observed from the border to the
centre of the panel. The free expansion or contraction of the shear
panel, resulting from the deformation occurring during the test, was
enabled by the joint placed between the shear panel and the chords.
Such a joint consisted of a 10 mm thick Polystyrene strip placed across
the shear connectors to form an open gap.

Table 1 summarizes the main properties of the specimens. Three out
of six samples were characterized by a conventional reinforcement ratio
(ps) of 0.74% and were reinforced with 68 deformed steel rebars
placed both in the x- and y-direction (see Fig. 1a). The remaining three
specimens were reinforced with a lower conventional reinforcement
ratio (ps = 0.21%) obtained by placing 306 deformed steel rebars both
in the x- and y-direction according to the bar layout of Fig. 1b.

Two control specimens not containing steel fibers were tested.
Moreover, two different volume fraction of steel fibers, i.e. 0.25% and
0.63%, corresponding respectively to a total fiber content of 20 kg/m>
and 50 kg/m>, were investigated. The research program adopted the
same concrete matrix and steel fiber typology for all the test specimens.
After casting, all specimens were stacked horizontally on the laboratory
floor at room temperature till the beginning of the test. Accurate curing
was needful to reduce cracking phenomena due to shrinkage as much as
possible. Therefore, the panels were kept wet for at least 15 days after
casting by pouring water directly on the top surface. Moreover, during
the first week after casting, they were also covered with a polyethylene
sheet.

3.2. Test set-up

The six specimens were cured at least for 28-30 days and then tested
by the test rig schematized in Fig. 2. It consists of a steel reaction frame
connected to a vertical electro-mechanical jack. To transfer the load
from the jack to the specimen, a steel hinged connection provided with
an axial load cell was adopted. The vertical load was converted into
shear forces by four steel trusses hinged to the two top chords of the
panel. The trusses were connected to the panel by steel hinges able to
keep the applied forces parallel to the two sides of the panel. The same
loading system was adopted to apply the shear load to the two bottom
chords. A hinged connection was placed also at the bottom of the panel
to transfer the shear load from the bottom trusses to the reaction frame

Y-dir bar #3236 Polystyrene strip

X-dir bar #3256 (thick =10mm) *&F Concrete
OAT = o chord
=i
* 9,.[_59 [T Shear
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- - =
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- !
= - =
=
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! AL e M chow
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Fig. 1. Properties of the specimen series PC and FRC: panel with p; = 0.7% (a); panel with p; = 0.3% (b).
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Table 1

Main properties of shear panels.
Panel ID Batch ID Reinforcing bar type ds, mm Psx = Psy> %0 Vi, %
SP-PC 0.21/0.0 PC-1 26 6 0.21 0.0
SP-FRC 0.21/0.25 FRCO0.25-1 0.25
SP-FRC 0.21/0.63 FRC0.63-1 0.63
SP-PC 0.74/0.0 PC-2 28 8 0.74 0.0
SP-FRC 0.74/0.25 FRCO0.25-2 0.25
SP-FRC 0.74/0.63 FRC0.63-2 0.63

Front view Side view

Reaction frame Reaction frame

L LI

Electro-mechanical
actuator 500 kN

Hinged
connecnon

1§ o ]

Laboratory floor

Fig. 2. Schematic of the test set-up.

anchored to the strong floor of the laboratory. Unlike the connection to
the jack, a ball joint was installed between the bottom hinged con-
nection and the reaction frame in order to minimize the effects of the
load eccentricities on the structural behavior of the specimen.

The loading rate was kept constant at 5pm/min, during the pre-
cracking stage, whereas it was increased to 30 um/min once first
cracking was occurred. The load was monotonically increased till
complete failure of the specimen.

3.3. Materials

The adopted concrete mixture and the steel fiber properties are
reported in Table 2.

Each of the concrete batches used to cast the six panels were me-
chanically characterized both in tension and in compression (Table 3).
The cubic compressive strength (femcune) Was determined by testing
150 mm cubes under uniaxial loading after 28 days curing in a chamber
at a constant temperature of 20° C and relative humidity of about 95%.
The cylindrical mean compressive strength (f.,) was defined as
0.83fcm,cube; Whereas the mean secant Young’s modulus (E.,,) and the
mean tensile strength (f,) were calculated according to the Eurocode 2

[23] as E¢y = 22(f.n/10)%2 and f, = 0.3f4 3.

The fracture behavior of concrete was characterized by performing
3-point bending tests (3PBTs) on 150 X 150 x 500 mm notched prisms
according EN 14651-5 [24]. The tests provided the nominal stress-
CMOD (Crack Mouth Opening Displacement) curves of Fig. 3, as well as
the limit of proportionality f; and the residual strengths frq, fr 2, fr 3,
fr,4 (Table 3). The previous four residual strengths correspond to CMOD
values of 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm, respectively. Note that,
according to the fib Model Code 2010 [25], the residual strengths fgry
and frs are significant for serviceability and ultimate conditions, re-
spectively.

The comparison of the two FRC batch series with the corresponding
plain concrete batches (i.e. PC-1 and PC-2) shows the considerable in-
crement of post-cracking strength and toughness provided by the
adopted steel fiber contents. As expected, in spite of the higher dis-
persion of data related to the FRC0.63-1, the materials FRC0.63-1 and 2
presented a very similar response in terms of mean residual stresses (see
Table 3). On the contrary, the batch series FRC0.25-1 was characterized
by mean residual stresses 14-20% higher than those observed for the
batch FRCO0.25-2. Such a higher performance can be explained con-
sidering that the actual fiber content of the batch FRC0.25-1 (21 kg/
m?3) was about 16% higher than that (18 kg/m3) of the batch FRCO0.25-
2. This happened because of some problems occurred during casting.

Conventional steel deformed bars (B450 C according to Eurocode 2
[20]) were also used to reinforce all panels. Table 4 reports the main
mechanical properties (f, = Yield strength; fy, = Ultimate strength;
ey = Ultimate strain) obtained by testing three samples per each type
of bar according to ISO 15630-1 [26]. The Young’s modulus (E) was
assumed equal to 210 GPa.

3.4. Instrumentation

In addition to the axial load cell used to detect the total load applied
to the specimen (see Fig. 2), two different detection systems were

Table 2

Concrete mixture and fiber properties.
Cement type CEM I 42.5R
Cement content [kg/m>] 380
Fine aggregate 0—4 mm [kg/m°] 1082
Coarse aggregate 4-12mm [kg/m°] 742
Water-cement ratio 0.5
Super plasticizer (% on cement content) 0.1 (PC)

0.1 (FRC - V¢ = 0.25%)
0.6 (FRC - V¢ = 0.63%)

Fiber shape Hooked-end

Material High carbon, cold drawn steel

Tensile strength [MPa] > 2200

Length 1 [mm] 30

Diameter @ [mm] 0.35

Aspect ratio 1/@ 86

Fiber designation 30/0.35

Fiber view ———
Il”lllllllllll'IIIIIIIIIIIIIIIHIX[IHllll
0 lem2 3 4

[llllIIllllllll[Illlllllllllll[llll[“ll]ll
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Table 3
Concrete mechanical properties.
Specimen SP-PC 0.21/0.0 SP-FRC 0.21/0.25 SP-FRC 0.21/0.63 SP-PC 0.74/0.0 SP-FRC 0.74/0.25 SP-FRC 0.74/0.63
Specific gravity [kg/m’] 2450 2400 2512 2421 2489 2500
fem,cube [MPa] 40.5 27.0 51.8 47.8 53.0 549
(C.V. 14%) (C.V. 7%) (C.V. 4%) (C.V. 17%) (C.V. 13%) (C.V. 14%)
fem [MPa] 33.0 22.4 43.0 40.0 44.0 45.6
fa [MPa] 27.6 16.3 37.0 34.6 39.0 37.0
f, [MPa] 2.7 1.93 3.3 3.2 3.5 3.3
Eem” [GPa] 317 28.0 34.1 33.3 34.3 34.7
Actual fiber content [kg/m?] - 21 50 - 18 50
fi, [MPa] 4.0 3.6 5.4 3.5 4.0 5.9
(C.V. 5%) (C.V. 6%) (C.V. 10%) (C.V. 9%) (C.V. 3%) (C.V. 5%)

fr1 [MPa] - 2.9 8.6 - 2.5 8.0

(C.V. 13%) (C.V. 9%) (C.V. 10%) (C.V. 6%)
fro [MPa] N 3.4 8.6 - 2.7 8.0

(C.V. 16%) (C.V. 9%) (C.V. 12%) (C.V. 3%)
frs [MPa] - 3.5 7.5 - 2.5 6.9

(C.V. 18%) (C.V. 11%) (C.V. 11%) (C.V. 5%)
fra [MPa] 3.3 6.4 - 2.3 5.9

(C.V. 18%) (C.V. 11%) (C.V. 8%) (C.V. 5%)

@ Property determined according Eurocode 2.

Nominal stress - CMOD Nominal stress - CMOD
11 : 11 ‘
10 + ' 10 : QF -
9 + 9 : | -
E 8 [ . ) ;,, | ‘ 7‘ 77777 : 77777 ) E “CMDD‘gaugeﬁ E 8 B r—E\CMUD‘saugL,
= =
S Y /A R AN NG N R
© © ‘ ‘
g © g © — NS
g 5 ; 5 —FRC0.25-2
& 7} —FRC0.63-2
E s 4 PC-2
= o= T
E 3 I\ SRR £ :
z ; - - . Z
2 —FRC0.25-1 27
1 —FRC0.63-1 1 -
} 1 PC-1 : : : LN i ; ;
P T e e e o e e R IR S VR SR 0 —
00 05 10 15 20 25 30 35 40 45 50 55 60 00 05 1.0 15 20 25 3.0 35 40 45 50 55 6.0
CMOD [mm] CMOD [mm]
(a) (b)
Fig. 3. Nominal stress-CMOD curves of concrete batch series (a) 1 and (b) 2.
Table 4 installed to monitor the deformation on the front and the back side of
Properties of reinforcing steel. the panel.
Reinforcing bar type fy [MPa] fou [MPa] eeu (%] About the front side (Fig. 4a), a Digital Image Correlation (DIC)

system was adopted to get comprehensive data concerning the strain
06 516 610 8.6 state experienced by the specimen. A high resolution 50 Megapixels
28 518 620 131 CMOS (Complementary Metal-Oxide-Semiconductor) sensor camera

Fig. 4. View of the instrumentation on (a) front and (b) back side of the test panel.
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was used to take pictures of the panel surface at 5 s intervals. In order to
prevent the acquisition of spurious data resulting from rigid-body de-
formations of the panel, the camera was mounted on a steel frame ri-
gidly connected to the bottom chords of the specimen (see Fig. 4a). The
speckle pattern was prepared by spraying black paint on the panel
surface previously painted white. In order to obtain a 2D projection of
the specimen surface, the camera was placed with its optical axis
normal to the specimen surface, which was lit with two led lights placed
on the right and left side of the camera. To compute the displacements
of the points on the coating surface, a square reference subset of about
10 x 10 pixels was chosen. Further details about the DIC method can
be found in the literature [27,28].

Five Linear Variable Differential Transformers (LVDTs) were placed
on the back side of the panel (Fig. 4b) to detect the deformations in the
direction parallel to both the two sides and the vertical diagonal of the
panel.

4. Experimental results and discussion

The tests were carried out by applying known values of the stresses
(fx = f, = 0; v,) to the specimen (Fig. 5a) and by continuously de-
tecting the strains [e] = [e,, &y, Yxy] on the panel surface. The principal
compressive (g5) and tensile (e;) strains and the corresponding direction
(0) were determined from the usual Mohr’s circle of strain:

_&tEy 1 PRY) 2\1/2
&, = 2 + 2 ((Ex Ey) + ny) (1)
)2
6= l~arctan o
2 & — & 2

As suggested by Vecchio and Collins [10], who proposed a smeared
crack model to study the behavior of reinforced concrete 2D elements
(MCFT), the equilibrium of the panel results from the following equa-
tions:

fx =fcx + px‘fsx 3
L=l +oly @
Vig = Vo %)

where f.,, ., and vy are the average concrete stresses; p, and p, are
the reinforcement ratios in the x and y-direction, respectively; f;, and f,,
are the average stresses acting in thexand y reinforcement, respec-
tively. Considering perfect steel-to-concrete bond, average axial de-
formations of rebars (esy, £5y) Were calculated from the measured strain
in the surrounding concrete, i.e. e = &4 and &g, = &,. To relate axial

1
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reinforcement strain and stresses, the typical elastic-perfect plastic
constitutive law was considered. Therefore:

foo = Bygy < [y (6)

fy = Brew <y, 7

where E, is the Young’s modulus of reinforcing steel; f,, and f,, are the
yielding strengths of x and y reinforcement, respectively. Knowing the
reinforcement stresses and the stresses applied to the panel, concrete
stresses were determined from the equilibrium Egs. (3)-(5). Finally,
principal concrete stresses (f.o, f.;) were determined from the Mohr’s
circle of stresses (Fig. 5b). Fig. 6 shows the strain and stress circles for
the specimen SP-FRC 0.21/0.25. Note that compression stress and
strain quantities are negative.

All the key parameters detected during the tests (or calculated) are
summarized in Table 5.

4.1. Stress-strain response of the panels

Fig. 7 reports and compare, for all specimens, the shear stress (vyy)-
shear strain (y,y) curves as well as the principal tensile stress (fe1/fe1,cr)-
principal tensile strain (e;) response normalized with respect to the
tensile cracking strength (feq cr).

In more detail, the response of the test panels provided with a re-
inforcement ratio of 0.74% is depicted in Fig. 7a. As one may observe,
the specimens SP-PC 0.74/0.0 and SP-FRC 0.74/0.63 exhibited an in-
itial stiffness significantly lower than that of the specimen SP-FRC 0.74/
0.25. Such a stiffness reduction in the elastic stage can be explained
considering the shrinkage cracks observed especially on one of the two
sides of the panels before testing. Excessive shrinkage was probably due
to faulty curing operations performed during the storage period.
Shrinkage cracks may also explain the reduced value (—20%) of both
the first cracking shear (vyy,) and the tensile (f.,;) strengths that
characterized the specimens SP-PC 0.74/0.0 and SP-FRC 0.74/0.63
with respect to those of the panel SP-FRC 0.74/0.25. After first
cracking, the second branch of the vy,-y4, response presented different
slopes depending on the total content of steel fibers. In fact, compared
to the reference specimen SP-PC 0.74/0.0 not containing fibers, the
panel (SP-FRC 0.74/0.63) reinforced with the highest fiber content
(Ve = 0.63%) exhibited more pronounced tension stiffening stresses
leading to a higher strength of the specimen. On the contrary, the lower
fiber content (0.25%) used in the panel SP-FRC 0.74/0.25 had a less
significant effect on the tensile behavior, which appeared to be closer to
that observed for the reference specimen. The f./f. -1 diagram of
Fig. 7c clearly supports the previous considerations on the tensile

A Ve

Loy

T

cl

(b)

Fig. 5. Equilibrium conditions of a plane-stress element: (a) Applied stresses and strains; (b) Mohr’s circle of average stresses in concrete.
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Fig. 6. Mohr’s circles of average stresses (a) and strains (b) determined for the panel SP-FRC 0.21/0.25.

behavior. Indeed, after cracking, the principal tensile stresses of the
panel SP-FRC 0.74/0.63 remain permanently higher than those ex-
hibited by the other two panels. However, the low fiber content
adopted in the panel SP-FRC 0.74/0.25 had a beneficial effect on its
post-cracking tensile response, which appears more stable and linear
compared to the “wobbly” response of the reference specimen.

As expected, at the onset of bi-axial yielding of rebars, the slope of
the vyy-yx, curves progressively decreased and the residual tensile
strength was mainly governed by tension softening of concrete. The
latter was clearly more significant for the samples SP-FRC 0.74/0.25
and SP-FRC 0.74/0.63, which showed a shear strength respectively 9%
and 15% higher than the one observed for the reference panel. The f.;/
fe1,er€1 diagram (Fig. 7c¢) allows also stating some considerations about
the effect of the different fiber contents on tension stiffening. In fact,
compared to the specimen SP-FRC 0.74/0.25, the normalized tensile
strength presented by the panel SP-FRC 0.74/0.63 was significantly
higher especially in the strain range 1.4-6.0 mm/m, where the incre-
ment of the normalized strength varied from a minimum of +40% to a
maximum of +270%. Therefore, the use of a higher fiber content
considerably improved the tension stiffening effect and led to a more
stable progression of the cracking process.

The responses of the specimens having a reinforcement ratio of
0.21% are shown in Fig. 7b and d. As one may expect, the very low
content of steel reinforcement caused a softening response after
cracking that led to a reduction of both shear and principal tensile
strength. Unfortunately, the comparison of the three panels cannot be
fully performed as the sample SP-PC 0.21/0.0 experienced a very brittle
shear failure right after concrete first cracking. Thus, the diagrams of
Fig. 7b and d only report the first linear branch detected during the test
of the reference specimen. The v,-v4y, responses of the two FRC panels
appear quite different (Fig. 7b), especially for shear strain values lower
than 15mm/m. After first cracking, the panel SP-FRC 0.21/0.25
showed a sharp decrease of the shear resistance that was effectively
controlled by the presence of fibers in the concrete matrix. Then, the
shear stress gradually decreased up to complete failure of the specimen
that occurred at total shear strain of about 20.2 mm/m because of
tensile rupture of rebars. Compared to the specimen SP-FRC 0.21/0.25,
the first cracking shear strength of the panel SP-FRC 0.21/0.63 was
about 34% higher. Therefore, the post-cracking response of the two
samples cannot be directly compared as the considerably different va-
lues of the cracking strength would necessarily affect the results.
However, the curves allow appreciating how the higher fiber content
used in the panel SP-FRC 0.21/0.63 led to a better crack control since

the first loading stages after cracking. Furthermore, the shear stress
(Vxy = 2.24 MPa) corresponding to the bi-axial yield of rebars was 30%
higher than that observed for the specimen SP-FRC 0.21/0.25. Failure
of the panel SP-FRC 0.21/0.63 occurred at a shear strain of 18.6 mm/m
(rebars rupture).

The f.i/fc1 €1 diagram of Fig. 7d better highlights the actual
structural performance provided by the different fiber dosages adopted.
Contrary to expectation, the higher fiber content of panel SP-FRC 0.74/
0.63 led to a limited increment (+40%) of the normalized strength.
Moreover, after rebars yielding, the response of specimen SP-FRC 0.74/
0.63 progressively decreased up to the minimum value achieved by
specimen SP-FRC 0.74/0.21.

From the previous considerations, one may conclude that the use of
fiber improves the tensile strength related to the tension stiffening
mechanism. However, the combined effect of fibers and rebars appears
to be more effective in case a higher reinforcement ratio (p; = 0.74%) is
adopted. Thus, unlike many analytical models [9,29,30,31,32], when
modelling the tension stiffening effect, it is suggested to take into ac-
count the influence of the effective conventional reinforcement ratio.

Table 5 reports also information about the principal compressive
stress (f.2,,) detected at failure. As one may note, the use of fiber did not
significantly affect the compressive response at failure as the stresses
detected appear to be quite similar for the samples having the same
conventional reinforcement ratio. Fibers would affect more the com-
pression regime in the case higher stresses and deformation in com-
pression would be reached (i.e., with higher reinforcement ratios).

4.2. Crack width and crack spacing

An important feature that allows to further understand the experi-
mental results is the evolution of the crack pattern and the corre-
sponding variation of the mean crack spacing (s,,). The latter was here
calculated as the mean distance between cracks progressively detected
during test execution.

About the panels with a reinforcement ratio of 0.74%, the failure
patterns (Fig. 8) observed at the end of the tests presented a significant
number of cracks oriented at a constant inclination of 45° with respect
to the x-y reference system. The evolution of crack spacing is well re-
presented by the average crack spacing — shear stress curves of Fig. 9a.
By increasing the applied shear stress, the crack spacing of the three
samples tended to decrease up to the minimum values (Spm min) reported
in Table 5. The advantage provided by fibers is well highlighted by the
response of the specimen SP-FRC 0.74/0.63, whose minimum crack
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Table 5

Summary of main experimental results.

fo,cr [MPa] fp, [MPa] Failure mode

Win,max [mm]

€y,u [mm/ Sm,min
m]

&gy [mm/

Yxy,er MM/ Vyy max Yxymax MM/ Vi [MPa] vy, [mm/
m] m] m]

m]

Vay,er

fem [MPa]

Specimen

[mm]

[MPa]

[MPa]

Bi-axial yield of rebars - rebars

1.26 4.6 40.00 4.6 40.00 18.10 17.20 85 3.0 2.5 —-8.2
rupture

2.5

33.6

SP-PC 0.74/0.0

Bi-axial yield of rebars - rebars

2.4 3.7 -8.8
rupture

85

4.9 29.88 13.00 14.20

29.88

0.57 4.9

3.4

SP-FRC 0.74/0.25 22.4

Bi-axial yield of rebars - rebars

40.00 16.5 17.5 66 3.0 2.6 —-9.3
rupture

5.4 40.00 5.3

1.70

2.66

SP-FRC 0.74/0.63 43.0

Brittle failure at 1st cracking

-3.0
-21

3.1

425
282

3.1 0.15 0.03 —0.05
12.20

0.15
0.14

3.1

0.15
0.14

40.0 3.1

SP-FRC 0.21/0.25 44.0

SP-PC 0.21/0.0

Bi-axial yield of rebars - rebars

rupture

2.3

5.8

10.60

20.20

1.0

2.3

2.3

Bi-axial yield of rebars - rebars

2.2 3.1 —-2.2
rupture

120

7.21

0.11 3.1 0.11 1.1 18.60 10.00

3.1

SP-FRC 0.21/0.63 45.6

— value non detected.
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spacing was 22% lower than that detected for the reference specimen.
Contrary to what expected, the panel reinforced with the lowest content
of fibers (SP-FRC 0.74/0.21) presented a final crack spacing equal to
the reference specimen one. This fact confirms the previous observa-
tions concerning the limited effect of the very low contents of fibers on
tension stiffening.

The ultimate crack patterns of the panels with a reinforcement ratio
of 0.21% (Fig. 8) were characterized by cracks with an inclination of
45° to the reference axes x-y. However, because of the very low con-
ventional reinforcement ratio, few localized cracks were observed on
the panel surface. The reference panel (SP-PC 0.21/0.0) collapsed once
a single crack occurred close to the main diagonal of the panel. The
addition of 20 kg/m® to concrete (SP-FRC 0.21,/0.25) slightly reduced
the average crack spacing (Fig. 9b) leading to the localization of a main
crack running along the panel diagonal and of a secondary crack lo-
cated close to the top corner of the specimen. As shown in Fig. 9b, the
specimen SP-FRC 0.21/0.63 exhibited a higher number of cracks that
allowed to significantly reduce the final crack spacing (Sm,min)-

By multiplying the average crack spacing by the principal tensile
strain (Eq. (8)), the average crack width (w,,) values shown in the
diagrams of Fig. 9 were determined. It is seen that irrespective of the
reinforcement ratio adopted, the higher is the fiber content, the higher
is the shear strength of the specimen compared to that of the reference
panel under the same crack width. This fact is related to the ability of
FRC to provide a better control of the cracks growth. Considering the
panels having a reinforcement ratio of 0.74% (Fig. 9a), the best crack
control was performed by the specimen SP-FRC 0.74/0.63, whose shear
resistance detected in the crack width range 0.5-0.8 mm was about
25% and 45% higher than those exhibited by the specimens SP-FRC
0.74/0.25 and SP-PC 0.74/0.0, respectively. Anyway, the specimen
with the lowest fiber content (SP-FRC 0.74/0.25) presented a good
ability to control the cracking evolution as its shear resistance (see the
range of shear stresses v,, = 4-5MPa) was appreaciably higher than
that of the reference sample. The specimens with the lower reinforce-
ment ratio (Fig. 9b), were characterized by a softening behavior after
cracking that favoured the formation of cracks larger than the ones
shown in Fig. 9a. Compared to the sample SP-FRC 0.21/0.25, the panel
SP-FRC 0.21/0.63 showed a better ability to control the crack growth
especially right after first cracking (i.e., crack width range 0-0.6 mm).
However, for values of the applied shear stress lower than 1.75 MPa,
panel SP-FRC 0.21/0.25 exhibited a continuous increase of the crack
width under an almost constant shear stress, until rebars rupture oc-
curred. On the contrary, specimen SP-FRC 0.21/0.63 presented a less
pronounced increase of the average crack width, which achieved a
maximum value at failure (W, may) significantly lower than that ob-
served for the specimen SP-FRC 0.21/0.63 (Table 5).

5. Prediction of crack spacing

Smeared crack models used for predicting the response of bi-di-
mensional concrete elements frequently consider stress-crack width
constitutive relationships to represent the tensile behavior of concrete.
According to Vecchio and Collins [10], the average crack width (wy,)
can be estimated by the following simple equation:

Wiy = €S ®

in which wy, is related to both the average concrete principal tensile
strain (e7) and the average crack spacing (sye). Once the crack spacing
in the reference X (Smy,rrc) and ¥ (Smy,rrc) directions of the FRC panel
are known, the average crack spacing in the FRC panel can be calcu-
lated as follows:

[ sin 6 cos 6 )_1
Smp =|——+ —

Smx,FRC Smy,FRC

)]

To predict the average crack spacing in a reinforced concrete 2D
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Fig. 7. Shear stress (vy,)-shear strain (y4y,) response and normalized principal tensile stress (f.;)-principal tensile strain (e;) response of the test panels: (a) vyy-vxy for
panels with pg, = pgy = 0.74%; (b) Vyy-Yxy for panels with pg = ps, = 0.21%; (c) normalized f.;-e; for panels with ps, = psy = 0.74%; (d) normalized f.;-¢; for panels

with pg = psy = 0.21%.

continuum, the following expressions were proposed by the CEB-FIP
Model Code 1978 [33] code:

Smx = 2~(cx + ﬂ) + l~k1-&
10 4 p, (10)

d )
Smy = 2.(Cy + _y) + 12
47 p (11)

where

¢y, ¢y are the largest diagonal distances between any point in the
concrete and a bar oriented in thexand y direction, respectively
[26,34];

dy, dy are the spacings between bars placed in the x and y direction,
respectively;

k; = 0.4 for deformed bars or 0.8 for plain bars or bonded strands;
Dy, Oy are the diameters of the bars in thexand y direction, re-
spectively;

px> Py are the reinforcement ratios in thexand y direction, respec-
tively.

Note that in case no conventional reinforcement is provided in

either one or both directions, crack spacing can be assumed equal to ten
times the element thickness [31].

In order to take into account the effect of fibers on crack spacing,
nominal crack spacings smy and s,y were reduced by the correction
factor originally proposed by Moffat [28], which was here conveniently
adjusted to include the dependency from the residual strength fg; of
FRC. Thus

Smx,pre = (1 = 0.25-fp, /£,)-Smx 2 0.2-8px (12)

Smy,FRC = (1 - 0~25'fR1 /ﬁ)'smy P O.Z'Smy (13)

In the previous equations, in order to have a positive value, the term
0.25 f,1/f; should be lower than 1. In addition, a lower bound (=0.2s,)
was introduced to limit the minimum value of the resulting crack
spacing, also supported by the results of an extensive experimental
program on cracking of FRC tension ties [35,37]. The reliability of the
crack spacing formulation reported above was assessed by predicting
the response of some FRC elements including the four panels tested
herein, two panels tested by Susetyo et al. [13] and six tie-elements
tested by Tiberti et al. [32]. The main parameters used in the prediction
are reported in Table 6. Note that the mean tensile strengths (f) re-
ported in the table were calculated according to the Eurocode 2 [23]
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SP-FRC 0.21/0.25

SP-PC 0.21/0.0

a
SP-FRC 0.21/0.63

Fig. 8. View of the failure patterns observed at the end of the tests.

(i.e., f, = 0.3f,4>"®) whereas the angle 6 used for the FRC panels was
obtained by averaging the angles detected in the post-cracking experi-
mental response.

Fig. 10 compares the experimental crack spacing with that predicted
by the equations (12) and (13). It is worth remarking that the crack
spacing of FRC panels considered in the comparison corresponded to
that measured at the end of tests. In fact, FRC panels achieved the
stabilized crack spacing when the average crack width was approxi-
mately equal to 0.5 mm. This fact was clearly highlighted also by data
reported by Susetyo [38] as well as by the diagrams of Fig. 9, which
illustrate a stable crack spacing for average crack widths ranging from

10

0.5mm to 0.8 mm. Therefore, the experimental results are consistent
with the adoption of predicting equations based on the residual strength
fr1, for a value of CMOD = 0.5.

The low values of the MPE (Mean Percentage Error) and of the
MAPE (Mean Absolute Percentage Error) prove the quite good agree-
ment between the experimental and the predicted crack spacing.

6. Conclusions

Six tests on FRC panels under pure shear were presented and dis-
cussed in this paper. Based on the experimental results and on the
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Fig. 9. Comparison of experimental average crack spacing (sy)-shear stress (vy,) and average crack width (wp,)-shear stress (v,) response of the test panels: (a)
panels with pg, = psy = 0.74%; (b) panels with pg, = pgy, = 0.21%.

following discussion, the following main conclusions can be drawn: be utilized with low amounts of rebars.

- FRC significantly affects the behavior of panels with higher steel
reinforcement, in terms of shear strength and stiffness right after
first cracking. In fact, tension stiffening appeared more pronounced
in the FRC panels than in the reference panel without fibres. This is
due to the increased residual strength promoted by the use of fibre.
By comparing the shear strength of the panels with the highest
conventional reinforcement ratio, significant differences were ob-
served for crack width values higher than 0.5mm. In fact, con-
sidering the crack width rang 0.5-0.8 mm, the shear strength of the
panels containing 0.25% and 0.63% of fibers was respectively 25%
and 40% higher than that achieved by the reference specimen.

- The FRC panels with a low reinforcement ratio presented a softening
response after cracking. However, fibers allowed to control the post-
peak stage leading to a stable and progressive reduction of the shear
strength for increasing shear deformations.

The use of low amounts of rebars made the principal tensile
stress—strain response of the two specimens (SP-FRC 0.21/0.25, SP-
FRC 0.21/0.63) very similar after cracking. Small differences were
detected only for relatively small levels of cracking
(w = 0-0.6 mm), for which the panel with the highest fiber dosage
better performs. In general, higher volume fractions of fibers should
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- The tension stiffening effect appeared to be related to the actual
amount of rebars. Thus, as recommended by others [34], when
formulating models for predicting the tension stiffening effect, the
effective conventional reinforcement ratio should be taken into ac-
count.

An adaptation of a well-known formulation for the crack spacing
was herein proposed in the case of FRC, based on the fiber perfor-
mance at serviceability limit states (residual strength fr;); the
comparison against the results herein reported and those collected
in literature proves the reliability of the proposed model. However,
the latter should be further evaluated with a broader set of experi-
ments, when available.

Finally, it is worth remaking that the conclusions above stated can
be generally extended only to normal strength FRC containing hooked-
end steel fibers. Additional tests should be carried out to assess their
applicability to FRCs containing other types of fibers (e.g., poly-
propylene fibers, glass fibers, etc.). The present conclusions cannot be
certainly extended to Ultra High Performance Fiber Reinforced
Concrete, whose typical uniaxial tensile strain-hardening behavior is
different compared to the softening response exhibited by the materials
adopted in this study.
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Table 6

Parameters implemented in the proposed crack spacing model.

** [mm]

Sme

Sy,FRC [mm)] Sme”™ [mm]

py [%]  fry [MPa]  f [MPa]l] 6 [1  scprc [mm]

¢, [mm] dy [mm] dy [mm] @y [mm] @, [mm] px [%]

¢y [mm]

Specimen

85
86

148
72

209
102
334
195
700
140

209
102
334
195
50
16

47
49
46
44
36
38

3.5
3.3
2.7
3.4
3.7

4.2

2.5
8.0
2.9
8.6
5.8

0.74
0.74
0.21
0.21

0.74
0.74
0.21
0.21
3.3

3.3

1.25
1.25
2.23
2.23
0.98
0.98
2.23
2.23
1.8

1.8

117
117
203
203

117
117
203
203
29
29

62 62

SP-FRC 0.74/0.25

Tested panels

62

62

SP-FRC 0.74/0.63

282
120
114
38

236
138
96
23

104
104

104
104
26
26
35
35
50
50
80
80
75

SP-FRC 0.21/0.25

SP-FRC 0.21/0.63

C1F1V1

Susetyo et. al. [13]

15.6
4.1

C1F2v3

104
79

104
79

104
79

3.4
2.9
3.4
2.9
3.4
2.9
3.4
2.9
3.4
2.9

10
10
20
20
20
20
30
30

N80/10-0.5M
N80/10-1M

Tiberti et al. [32]

5.4
4.1

131
99

131
99

131
99

N120/20-0.5M
N120/20-1M

5.4
4.1

252
191
197
149
233

252
191
197

252
191
197
149
233

N180/20-0.5M
N180/20-1M

5.4
4.1

N180/30-0.5M
N180/30-1M

149
233

5.4
4.1

75

30
30

85

N200/30-0.5M
N200/30-1M

176

176

176

5.4

85

smo™: predicted value of the average crack spacing.

: experimental value of the average crack spacing.

o
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Fig. 10. Experimental and predicted average crack spacing comparison.
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