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Abstract

Reinforced concrete (RC) beams of existing framed buildings designed and realized 40-50
years ago are, in frequent cases, characterized by low amounts of transverse reinforcement
and need rapid and efficient retrofitting interventions to meet the performance requirements
of recent seismic standards. Externally bonded composites represent a popular technique that
has the advantage (over concrete section enlargement and steel jackets) to keep the self-
weight of the structure relatively unaltered. In this contribution, we present the results of an
experimental campaign conducted at the University of Messina on shear deficient RC beams
that are strengthened with U-wrapped externally bonded polyparaphenylene benzobisoxazole
(PBO) Fabric Reinforced Cementitious Matrix (FRCM) systems applied through different
configurations. Ten RC beams are tested up to collapse, including two control beams and
eight beams retrofitted with PBO-FRCM systems. Different variables are included in the test-
ing program, including the fiber orientation (90° and 45° with respect to the beam longitudi-
nal axis), the number of layers (one and two), the steel stirrup spacing (200 and 300 mm), and
the presence or not of the anchorage. The paper illustrates the main experimental results in
terms of shear gain (in comparison to the control beams without FRCM), failure mode, de-
formation capacity, and fiber exploitation ratio. Additionally, numerical simulation of the
tested beams is also performed through a 3D finite element model incorporating a fracture-
plastic model for concrete and embedded truss elements with multilinear elastic-plastic mate-
rial model for steel bars. The FRCM system is simulated via 3D solid elements for the matrix,
combined with embedded truss elements for the fibers, the latter incorporating an analytical
bond-slip law to numerically reproduce the fiber slippage at the fiber-matrix interface.
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1 INTRODUCTION

Existing reinforced concrete (RC) framed buildings having more 50 years of service were
realized with outdated design criteria and poor construction detailing, consequently they do
not satisfy performance requirements of recent seismic standards. In Italy, one of the most
frequent structural deficiencies is ascribed to the low shear capacity of RC beams, partly due
to past design regulations [1]-[4]. As an example, minimum shear reinforcement of RC beams
comprising 6 mm hoops spaced 25 cm combined with 45° inclined steel bars was suggested
by the Royal Decree n. 2239 of 1939. This reinforcement amount represents, in most cases,
not the minimum, but the actual transverse reinforcement observed in situ. Considering the
brittle nature of shear failure and in view of capacity-design principles incorporated in modern
performance-based standards [5]-[9], it is of utmost importance to increase the shear strength
of existing RC beams through efficient, cost-effective, feasible, and rapid retrofit interven-
tions. Within the broader class of composite materials, one of the most promising techniques
to improve the shear capacity of existing RC beams consists of externally bonding Fabric Re-
inforced Cementitious Matrix (FRCM) systems to provide the desired supplemental shear re-
inforcement [10]-[13]. Apart from shear strengthening [14]-[16], this technique has proven to
be effective also for increasing the confinement of reinforced concrete columns [17], [18], and
for flexural strengthening [19]-[21]. Since in all such applications FRCM composites are ex-
ternally bonded to the concrete substrate, the efficiency of this retrofitting technology strongly
depends on the bond behavior at the FRCM-substrate interface [22]-[25] and the tensile prop-
erties of the composite in the uncracked, cracking and fully cracked phase involving the fab-
ric-matrix interaction [26]-[29].

In this contribution, we present and critically interpret the results of an experimental cam-
paign on full-scale (3.0 m long) RC beams that are designed to be shear deficient (two differ-
ent shear reinforcement ratios pw equal to 0.22% and 0.34% are considered) and over-
reinforced in bending (longitudinal reinforcement ratio pr equal to 5.66%). These beams are
reinforced with U-wrapped externally bonded polyparaphenylene benzobisoxazole (PBO)
sheets applied through different configurations, including one or two layers, fiber orientations
at 90° and 45° with respect to the longitudinal axis of the beam, and presence or not of an-
chorage. All the beams are tested up to collapse under monotonic loading in four-point bend-
ing and failed in shear with a main diagonal crack. It has been observed that the increase of
shear capacity over the control beams (without PBO sheets) is variable from 20% up to 40%,
and the increase of deformation capacity (i.e., the displacement at peak load) ranges from
10% up to 65%. Electrical strain gauges are positioned on stirrups and fibers to monitor the
strain response and to study the internal/external shear reinforcement interaction effects. Fiber
exploitation ratios range from 10% to 35%, whereas the stirrups crossing the diagonal crack
are largely yielded (with strains even five times higher than the yielding strain, depending on
the strengthening configuration). Numerical simulation with a 3D finite element (FE) code is
also performed to investigate some local mechanisms and to pave the way for a more system-
atic analysis of the internal-external shear reinforcement interaction through combined exper-
imental and numerical approaches.

2  EXPERIMENTAL PROGRAM

A total of 10 RC beams are included in the experimental program. The beams have the
same dimensions and steel reinforcement arrangement as those tested by Gonzalez-Libreros et
al. [14] in 2017, with the exception of the top steel bars that are 20320 in place of 2316 (pur-
posely changed to prevent premature concrete crushing phenomena at the compression zone,
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near the loading regions, which was reported in the earlier experimental campaign). The
beams have a width b = 150 mm, height # = 300 mm and total length L = 3000 mm.
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Figure 1: Test setup, instrumentation, and details of steel reinforcement (units in mm).
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Figure 2: Strengthening configuration of tested beams (units in mm).
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As shown in Figure 1, the beams are tested using a four-point bending scheme, with a span
length / = 2700 mm and a shear span ¢ = 750 mm (corresponding to a shear span-to-effective
depth ratio a/d = 2.5, assuming a concrete cover 50 mm). The beams are over-reinforced in
flexure and are weakly reinforced in shear with closed stirrups (two legs) spaced at 300 mm
(beam type A) and 200 mm (beam type B) so as to trigger a shear-dominated failure mode.
The transverse reinforcement is asymmetric along the beam length to study only one shear
span (the left span as per the sketch in Figure 1); in the other span, stirrups are spaced 75 mm.

Eight out of the ten beams are shear strengthened (only in the weakly reinforced shear span,
for a length equal to 900 mm) with a U-wrapped externally bonded PBO-FRCM system, as
shown in Figure 2. Different number of layers (1 or 2) and fiber orientation angle (90° and
45° with respect to the longitudinal axis of the beam) are considered. The beams are designat-
ed with the following nomenclature: X-N-A-Y, where X denotes the type of beam (A or B,
depending on the stirrups spacing in the studied shear span), N identifies the number of layers
of PBO mesh (control, 1, or 2), A denotes the fiber inclination angle with respect to the beam
longitudinal axis (90 and 45), and Y indicates the presence or not of the anchorage (“n” with-
out anchorage, “a” with anchorage). The designation and strengthening characteristics of the
tested beams (with corresponding nomenclature) are listed in Table 1.

Table 1: Designation and strengthening characteristics of the tested RC beams.

Series Beam s [mm] PBO mesh angle N. layers Anchorage

A A-control 200 - - -
A-1-90-a 200 90° 1 Yes
A-1-90-n 200 90° 1 No
A-2-90-a 200 90° 2 Yes
A-1-45-a 200 45° 1 Yes

B B-control 300 - - -
B-1-90-a 300 90° 1 Yes
B-1-90-n 300 90° 1 No
B-2-90-a 300 90° 2 Yes
B-1-45-a 300 45° 1 Yes

N R

f':3§§?ﬁ%ﬁ§§i‘v

Figure 3: Actual testing setup used in this experimental campaign.
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2.1 Test procedure and instrumentation

The load P is applied to the tested beams through an actuator having 1000 kN load capaci-
ty. The actuator applies the load not to the concrete beam directly, but through an intermediate
steel beam (HEA 300 with welded web ribs, as shown in Figure 1). The steel spreader beam is
simply supported on the tested concrete beam and creates two symmetrical loading points (via
two steel cylinders having 60 mm diameter), each placed at 600 mm from the beam mid-span.
The beams are loaded up to failure in displacement-control mode, with a displacement rate
0.03 mm/s. Three linear variable displacement transducers (LVDTs), Solartron Metrology
V10005SBN3 having stroke +£100mm, are placed below the beam to measure the mid-span
deflection and near the support plates to check possible settlements at the support locations
(including local crushing of the beam soffit). A photograph of the testing setup is reported in
Figure 3.

Four and six strain gauges for the steel stirrups and an equal number of strain gauges for
the fibers are placed in the beam type A and B, respectively (nomenclature ST# and SF#). All
electronic data are collected at a frequency of 10 Hz via a data acquisition system.

2.2 Materials

The steel reinforcement is prepared according to the design drawings reported in Figure 1;
some phases of the preparation are illustrated in Figure 4. Deformed (ribbed) steel bars of
grade B450C are used for both longitudinal and transverse reinforcement. Four ¥26 mm lon-
gitudinal bars are placed as bottom longitudinal reinforcement (4s), while two ¥20 mm steel
bars are placed in the compression region. All longitudinal bars are anchored through 90°
hooks at their ends. As said above, two-leg @8 mm closed stirrups are placed as transverse
reinforcement (A4sw) with spacing 300 mm (beam type A) and 200 mm (beam type B) in the
studied shear span.

Figure 4: Preparation of the steel reinforcement arrangement.

The yield strength of the bars is evaluated by means of tensile tests, in compliance wit EN
ISO 6892-1 through a universal machine Quasar 1200; the measured yield strength fym of the
@8 mm, P20 mm and @26 mm bars is 519 MPa, 518 MPa and 554 MPa, respectively. The
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shear reinforcement ratio of the beams is pw = Asw/b s = 0.22% and 0.34% for the beam type A
and B, respectively, while the longitudinal reinforcement ratio pr = As/b d = 5.66% (over-
reinforced in bending).

The stirrups are instrumented with electrical strain gauges (SGs), with gauge length of
6 mm (120 Q resistance), that are bonded in the mid-height of the steel bars (both sides, i.e.,
one SG for each leg) to monitor the steel strains in the tested shear span, as shown in Figure 5.
As said above, four and six SGs for the beam type A and B are used, respectively, having
nomenclature STi front, STirear as depicted in the sketch of Figure 1.

v : .

surface cleaning
(with chemical solution)

: = ? —-— »
positioning and protection and instrumented stirrups with a
bonding of SG  insulation of SG mid-height SG per each vertical leg

Figure 5: Instrumentations of steel stirrups with electrical strain gauges.

The beams are cast using a batch of normal-weight concrete with target (characteristic cu-
bic) compressive strength of 25 MPa (C20/25 grade), using ordinary Portland cement (32.5 R)
with slump S3, as verified during the casting phase in compliance with UNI EN 12350-2, and
maximum aggregate size of 15 mm.

After casting, the fresh concrete is vibrated and mixed (to avoid segregation and bleeding)
and then the beams are left in the formworks for 48 hours and covered with a cellophane sheet
to prevent water evaporation and to control the curing process, after which they are demolded
and left cured at environmental conditions (temperature 20+£3 °C, relative humidity 65-75%)
as shown in Figure 6. The average concrete compressive strength, determined within two
weeks of the day of beam testing as average of three cubes (150 mm side) in accordance with
UNI EN12390-3, is Rem = 36.1 MPa (CoV 0.056), while the average concrete flexural strength,
determined as average of three prisms (150 x 150 x 600 mm) in accordance with UNI
EN12390-5, is ffim = 4.6 MPa (CoV 0.037).

A PBO-FRCM composite is used for strengthening the beams, realized with a bidirectional
unbalanced open-mesh textile having commercial name PBO mesh gold 70/18 [30] (see Fig-
ure 7) combined with a cement-based (inorganic) matrix with designation MX-PBO [31]. The
PBO mesh is composed of bundles (yarns) that are 5 mm wide in the warp direction (spaced
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at 10 mm) and 2.5 mm wide in the weft direction (spaced at 17.5 mm) [27]. The equivalent

thickness in the warp and weft direction, reported in the manufacturer’s datasheet, is
0.045 mm and 0.012 mm, respectively.

initial curing (48 hours) in formworks curing in air at
wrapped withing a cellophane sheet environmental conditions

Figure 6: Concrete casting and curing process of beams.

>

25 o _ — — = _

||||||ll|l
8

PBO mesh gold 70/18 . _ cement-based matric MX-PBO

Figure 7: PBO-FRCM composite used for beam strengthening (numbers in ruler of left-side photo are in [cm]).

The PBO dry mesh has been tested to determine the tensile properties. Portion of the PBO
mesh composed of 1, 2 and 5 bundles are cut from the 100 cm wide roll and tested up to fail-
ure (Figure 8). Tensile tests on the 5-bundle mesh are performed by means of a universal test-
ing machine Zwick Roell Z600 (equipped with a 600 kN load cell), equipped with a sensor
arm extensometer (accuracy class 0.5), while tensile tests on the 1-bundle and 2-bundle mesh
are performed with an electric universal testing machine mod. Instron ElectroPuls E3000
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(equipped with a 5 kN load cell). The mean values of tensile strength o, corresponding ulti-
mate strain (at peak tensile strength) & and the elastic modulus Ef (calculated as a linear re-
gression between points at axial strain g =0.25% and & =0.50%) are 1314 MPa, 1.96% and
85.3 GPa, respectively (CoV 0.23, 0.17, 0.48, respectively). It is worth noting that such values
are systematically lower than those reported in the manufacturer’s datasheets (on = 5800 MPa,
& = 2.5% and Ey= 241 GPa); moreover, other authors reported higher mechanical properties
for the same PBO mesh, e.g., D’Antino & Poggi (on = 4700 MPa, &= 1.82% and Er= 273
GPa) and Bertolesi et al. (o = 3905 MPa and Er= 215.9 GPa). The marked differences might
be ascribed to the storage conditions of the mesh before the tensile testing (the mesh was left
in laboratory for around 2 years with relative humidity conditions variable between 65% and
75%). Further investigation from a microscopic/chemical viewpoint is underway to identify
the causes of such mechanical degradation.

1 bundle
——— 2 bundles
———5 bundles

g 0.02 0.03 0.04 0.05 0.06
1 bundle 2 bundles 5 bundles € H

Figure 8: Tensile tests on dry PBO mesh composed of 1, 2 and 5 bundles.

Figure 9: Flexural and compressive tests on cement-based mortar used as matrix in the PBO-FRCM system.

To obtain the mechanical characteristics of the cement-based matrix, four 40x40x160 mm
prisms are prepared the same day of the beam strengthening, cast in metallic formworks, cov-
ered by a wet cloth for 48 hours, then demolded and tested within two weeks of the day of
beam testing. The average matrix flexural strength, determined in accordance with EN12390-
5, 1s fim = 6.2 MPa (CoV 0.042), while the average matrix compressive strength, determined in
accordance with UNI EN 196-1 on halves of the broken prisms, is Ren = 40.8 MPa (CoV
0.131). The compressive strength of the cement-based mortar is also determined on three cu-
bes having 50 mm side, in accordance with ASTM C-109: the average value is Rem = 34.8
MPa (CoV 0.104).
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2.3 Strengthening procedure

The beams are strengthened using a U-wrapped configuration scheme, continuous along
the studied shear span as depicted in Figure 2. As a preliminary step, the position of stirrups
along the studied shear span is identified through a rebar locator (pachometer), see Figure 10.

Before applying the PBO-FRCM system, the concrete surfaces are prepared via a prelimi-
nary sandblasting and rounding procedure (radius of approximately 20 mm at the two corners
of the bottom face of the beam) so as to increase the grip of the bonded face and to avoid
stress concentration at the corners of the cross section where the wrap direction changes sud-
denly.

Figure 10: Identification of stirrups position through a rebar locator (pachometer).

sandblasting of concrete surfaces rounding of cross-section corners final result (bottom face of the beam)

Figure 11: Preparation of concrete surfaces where to apply the FRCM system.

It is worth noting that the PBO dry mesh is cut from the roll provided by the manufacturer
(100 cm wide and 15 m long) in pieces having 300 mm width and 750 mm length. Three
sheets of the PBO mesh having such dimensions are placed one besides the other (without
overlapping) to cover the strengthening area of 900 mm in the U-wrapped configuration
shown Figure 2. The fibers are instrumented with electrical strain gauges (gauge length 6 mm
as those used for monitoring steel stirrups) attached in the same positions as those mounted in
the stirrups for the beam type A and B (see again Figure 2). Such SGs are applied (bonded)
directly onto the fiber bundles (wrap direction) and insulated through a special coating (com-
mercial name “HBM protective ABM 757, a 0.05 mm thick aluminum foil coated with a 3
mm thick kneadable putty). Four and six SGs for the PBO mesh installed in beam type A and
B are used, respectively, having nomenclature SFi front, SFirear, as depicted in Figure 2.

The application of the externally bonded PBO-FRCM system entails the following steps,
illustrated in Figure 12: 1) wetting of the strengthening surfaces; ii) application of the first lay-
er of mortar (thickness around 4 mm); iii) application of PBO mesh, which is first placed in
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the appropriate position, tensioned and bonded onto the underlying fresh-state matrix through
a slight pressure; iv) application of the second layer of mortar (thickness around 4mm), while
the first layer is still fresh.

W
wetting of concrete surfaces

>~

= _ g

[T - .y y
R e .
ST 7

application of second layer of mortar (= 4 mm) final result (fresh state PBO-FRCM)

Figure 12: Strengthening procedures of beams through U-wrapped externally bonded PBO-FRCM system.

application of first layer of mortar, fanning out connector fibers and application of second layer of mortar

Figure 13: Sequence for the application of PBO fiber connectors (anchors).
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In six of the eight shear strengthened beams, the FRCM jackets are anchored using fiber
connectors with commercial name PBO-Joint [32], having 6 mm diameter and realized with
unidirectional PBO fibers (tensile strength > 1500 MPa, according to the manufacturer's
datasheet). The anchors are installed 15 days after the above-described shear strengthening
operations, to make sure that the FRCM system has completely hardened. The sequence of
application of the PBO anchors is illustrated in Figure 13: a) first, holes with diameter 16 mm
are drilled on the concrete faces, taking into careful consideration the position of stirrups
(previously identified through the rebar locator); b) dust and impurities are eliminated with
compressed air and holes are wetted; ¢) the PBO joint fiber connector is suitably cut at the
desired length, equal to the 350 mm considering the width of the beam (150 mm) plus two
additional segments of length around 100 mm that will be spread out from the two sides as
described in the following phase f); d) one terminal of the joint is impregnated with MX-Joint
inorganic matrix [33] and introduced into the hole; e) the connector is introduced in the hole
and then the hole is filled with inorganic matrix (grout) applied through a specially designed
piston tool; f) a first layer of cement-based mortar (approximately 4 mm) is applied all around
the hole, then connector fibers are fanned out using a metal spatula and finally a second layer
of mortar (approximately 4 mm) is applied to completely cover the anchor.

3 EXPERIMENTAL RESULTS

The main results of the testing campaign are listed in Table 2 in terms of maximum load
(Pmax), maximum shear (Vmax = 0.5 Pmax), shear provided by the strengthening system (V)
computed as the maximum shear of the strengthened beam minus the maximum shear of the
corresponding control specimen, percent increase in maximum shear over the control beam
for the strengthened specimens (AV), displacement at mid-span corresponding to the maxi-
mum load (8prmax), Which represents a measure of the deformation capacity of the tested RC
beams, and percent increase of deformation capacity over the control beam for the strength-
ened specimens (As).

Table 2: Summary of test results.
Series Beam Py [KN] Vnax [KN] Vi[kN] AV [%]  Opmax [mm] As [%]

A A-control 246.3 123.1 - - 12.8 -
A-1-90-a 299.4 149.7 26.5 21.6 16.3 27.8
A-1-90-n 292.3 146.1 23.0 18.7 15.5 21.4
A-2-90-a 318.6 159.3 36.2 29.4 15.8 23.7
A-1-45-a 343.7 171.8 48.7 39.6 18.9 47.8

B B-control 287.8 143.9 - - 12.4 -
B-1-90-a 339.5 169.7 25.8 18.0 18.4 44.0
B-1-90-n 373.2 186.6 42.7 29.7 21.4 68.0
B-2-90-a 362.1 181.0 37.2 25.8 19.8 55.3
B-1-45-a 351.7 175.9 32.0 22.2 20.1 57.4

The results in Table 2 show that the use of U-wrapped PBO-FRCM system increases the
shear strength relative to the control beams of variable amount, from around 20% to 40%, as
well as increases the deformation capacity relative to the control beams of variable amount,
from around 20% to more than 60%, depending on strengthening configuration. As expected,
a generally higher increase of the strength and deformation capacity is obtained for the beams
of series A (with lower amount of transverse reinforcement) than the beams of series B. In-
deed, for the beams of series B (with stirrup spacing of 200 mm), a more pronounced interac-
tion between the internal (steel stirrups) and external (FRCM sheets) shear reinforcement is
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reasonably expected. The largest strength and ultimate deformation gain is obtained for the
configuration with fibers oriented at 45° about the beam longitudinal axis in the beam A
(specimen A-1-45-a).

With regard to the failure mode, the two control beams showed the typical shear failure
with a main diagonal crack in the studied shear span from the loading point to the support
plate, accompanied by secondary diagonal cracks forming close to the main crack (Figure 14).

beam A-control beam B-control

studied
shear span
front face

studied
shear span
front face

studied
shear span
rear face

studied
shear span *
rear face

Figure 14: Failure mode of control beams.

Similarly, all the FRCM strengthened beams exhibited a shear failure, with cracks visible
on the surface of the FRCM jackets. In particular, cracks appear on the FRCM surface from
early stages of loading (i.e., from loads of around 150 kN), and not only approaching the fail-
ure load. In general, the failure mechanism of strengthened beams (including those with or
without anchors) includes a main diagonal crack crossing the shear span, starting close to the
loading point up to the support region. Additionally, local detachment of the entire FRCM
system close to the loading region, triggered by concrete crushing in the compressed zone,
and subsequent fiber slippage along the diagonal crack are observed (Figure 15). The pres-
ence or not of the anchor did not modify this failure mechanism and did not prevent the local
detachment, which was instead ascribed to the failure of the underlying concrete substrate (ra-
ther than to a delamination at the concrete-FRCM interface due to tangential stress). Moreo-
ver, the different orientation of the fibers, despite providing some differences in the resulting
maximum shear, did not modify the failure mechanism in a marked manner.
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With regard to the strain measurements obtained by the SGs, the largest fiber exploitation
ratios (defined as gimax/ i, where &max is the maximum fiber strain measured at the peak load)
are observed in the second instrumented fiber and stirrup (i.e., ST2 and SG2), which fall close
to the main diagonal crack. The fiber exploitation ratios vary between 18% (attained for beam
A-2-90-a) and 39% (attained for beam B-1-45-a). Such values are in good agreement with re-
sults reported in another testing campaign by Gonzalez-Libreros et al. [14] for carbon and
steel FRCM systems. On the other hand, the stirrups crossing the main diagonal crack are
largely yielded. A measure of the post-elastic engagement of the steel stirrups is given by the
&smax/ &y ratio (Where &,max 1s the maximum steel strain measured at the peak load and & is the
yielding strain calculated as fym/Es, Es = 200000 MPa being the elastic modulus of steel). The
largest value of these steel engagement ratios are variable between 1.10 and 5.90, whereas in
the control beam the ratios also reach values higher than 6. The presence of the anchorage did
not modify the maximum shear significantly but had a marginal influence on the failure mode
by preventing or just delaying the local detachment of the FRCM system from the concrete
substrate.

concrete crushing near
the loading reg

AR,

iy Lo_cal_%detu‘chment

increasing load

al
FRCM system

fiber sli
along the dia

Figure 15: Failure mode of A-1-90-a beam.

4 NUMERICAL SIMULATION

A numerical model of the RC beams (with and without FRCM) is carried out with the 3D
finite element code ATENA [34], in order to test the capability to simulate the experimental
behavior of the specimens. The numerical model is based on a fracture-plastic approach for
concrete material, termed “CC3DNonLinCementitious2”, combining tensile fracture behavior
and compressive plastic behavior. In particular, a smeared crack approach based on Rankine
criterion is adopted for describing the tensile response of concrete, whereas concrete crushing
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is modelled via a 3D Menétrey-Willam failure surface [35] with hardening plasticity. Con-
crete material parameters assigned in the model are consistent with experimental findings;
nonlinear material parameters that were not determined in the experimental campaign, such as
fracture energy, tension stiffening parameters and shear retention factors, are set based on
conventional assumptions for ordinary concretes, consistent with the mechanical properties of
related compressive and tensile strength values identified from the tests.

Ordinary reinforcing steel bars (longitudinal and transverse) are modeled in their exact lo-
cations through discrete embedded truss elements with a multilinear elastic-plastic material
“CCReinforcement” calibrated upon the stress-strain experimental results.

The vertical load transferred from the actuator to the tested beam is distributed over two
steel plates (linear elastic material “CC3DElastlsotropic”), while another couple of steel
plates simulate the effect of the supports (all having 0.06 m width) with zero imposed dis-
placement in the z direction. Master-slave constraints are adopted at each concrete-plate pair.

The FRCM system is simulated through 3D solid elements for the matrix, combined with
embedded truss elements for the fibers, the latter incorporating an analytical bond-slip law
(“BarWithBond”). In particular, the PBO fibers are modeled with equivalent rectangular cross
section (based on the equivalent thickness of the fabric and the spacing of the rovings [27]),
and bond-slip behavior at the fiber-matrix interface is simulated based on the analytical for-
mulation proposed by Zou et al. [36] for the same PBO textile used in this experimental cam-
paign. After a preliminary mesh sensitivity study, 8932 3D solid elements (consisting of 1705
tetrahedral elements and 7227 hexahedral elements) and 436 embedded truss elements are
used — see Figure 16. A nonlinear solver (PARDISO) with Newton-Raphson method is used
to solve the governing nonlinear equations.

loading plate

concrete _elements
(hezahedral solid elements)

support plate

discrete reinforcement
FRCM elements (embedded truss elements)
2 e FRCM matriz = hexzahedral solids
t')_ y * PBO fibers > embedded trusses with bond-slip law

el

Figure 16: 3D nonlinear finite element (FE) model of the RC beam with FRCM system.

A multi-step nonlinear static analysis is carried out. After application of boundary condi-
tions, the subsequent step incorporates a pushdown analysis with monotonically increasing
load up to failure. At each step, the strain in the stirrups and fibers are monitored, along with
the development of cracks and the load-displacement curve. In this contribution, only some
representative results are shown for the sake of brevity. In particular, Figure 17 illustrates the
crack at peak load of the bond slip vis-a-vis the experimental failure mode of the beam B-1-
90-n that is simulated. The model is quite able to predict the diagonal crack arising from the
loading point to the support region and is sufficiently accurate in describing the load-
displacement response of the tested beam. Further refinements are, of course, possible by
slightly modifying the nonlinear parameters of concrete.
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Figure 17: Numerical versus experimental results for the B-1-90-n beam.
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Figure 18: Numerical strains obtained in the FE model in the steel stirrups (left) and PBO fibers (right).

By looking at the local results crossing the diagonal crack in the B-1-90-n beam (fiber 2,
stirrup 2, according to the nomenclature in Figure 1 and Figure 2), it is interesting to compare
the numerical strain values obtained in the FE model with those obtained from the SGs in the
experimental tests, see Figure 18. We point out that the measurements with the SGs might be
affected by local phenomena (e.g., contact with aggregates during casting, local fracture in the
region surrounding the bonding point, etc.) that cannot be simulated in the FE model. Howev-
er, the order of magnitude of the strains numerically obtained is in good agreement with the
experimental findings. As an example, the model predicts that the mid-height of the stirrup 2
has locally exceeded the yielding strain at a load roughly equal to 250 kN, which is in good
agreement with the experimental findings.

The order of magnitude of the fiber strains is also reasonably consistent with the experi-
mental results (values at peak load equal to 2000 pe, corresponding to a fiber exploitation ra-
tio of around 10% in this case). On the other hand, a numerical model that neglects the bond-
slip behavior at the fiber-matrix interface would lead to poorer predictions of the strains and
of the associated failure mode: in general, lower values of steel and fiber strains would be ob-
tained by such a model, as reported in the plots of Figure 18.

Further refinements of the numerical simulation could imply the addition of an interface
element in between the FRCM matrix and the concrete substrate, in order to simulate possible
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local detachments observed in some of the tested beams, besides the fiber slippage phenome-
na within the FRCM composite that are already incorporated in this model.

5 CONCLUSIONS

In this contribution, we have presented the results of an experimental campaign focused on
the shear strengthening of RC beams through U-wrapped externally bonded PBO-FRCM sys-
tems. Different variables have been investigated in the tests, including the fiber orientation
(90° and 45° with respect to the beam longitudinal axis), the number of layers (one and two),
the stirrup spacing (200 and 300 mm), and the presence or not of the anchorage.

All the strengthened beams tested in this study have failed in shear, with a main diagonal
crack crossing the shear span, from the loading point up to the support region. Furthermore,
local detachment of the FRCM system near the loading region accompanied by subsequent
fiber slippage has also been noted, which is triggered by concrete crushing in the compressed
zone. The results have shown that the shear strength gain contributed by the FRCM is more
pronounced in the beams with larger stirrup spacing (i.e., lower transverse reinforcement rati-
0s), as reasonably expected. The largest shear strength gain (39.6%) has been obtained in the
beam with stirrup spacing equal to 300 mm and fibers oriented at 45°. This strengthening con-
figuration, not widely investigated in the literature, seems quite promising and deserves fur-
ther investigation in subsequent studies.

Although the presence of anchors has slightly modified the failure mode and the crack
widths at peak load, the influence on the shear strength has been found to be marginal. It has
been found that fiber exploitation ratios are variable in the range 18%-39% and are reasonably
consistent with values reported in the literature for other FRCM systems (with alternative car-
bon and steel fabrics).

Preliminary numerical simulation with a nonlinear 3D FE model has also been carried out
to study some local mechanisms and to establish a validated model for a more systematic
analysis of the internal-external shear reinforcement interaction through combined experi-
mental-numerical approaches.
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