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This paper presents the results of an experimental investigation of the flexural response of reinforced
concrete (RC) beams strengthened using externally bonded steel fiber reinforced cementitious matrix
(steel-FRCM) composite. Steel-FRCM composite strips were bonded to the tension face of four RC beams,
which were tested in four-point bending. Parameters varied were the presence/absence of the external
(coating) layer of the matrix, presence/absence of U-wrap anchorages, and loading rate. Results are com-
pared with those from single-lap direct-shear tests conducted on the same composite. The direct-shear

I;Z{l Vgords" tests showed that debonding of steel-FRCM joints is characterized by fiber slippage and fracture of the
Direct-shear test matrix layer at the internal matrix layer-fiber interface. In the beam tests, the strengthening system
Fiber strain increased the yield load by 15-21% relative to the unstrengthened beam. The ratio of the load at which

debonding occurred to the load at yielding ranged from 1.11 to 1.19 for each strengthened beam. The load
rates employed and the presence of the external matrix layer did not appear to significantly affect the
failure mode or the load and midspan displacement at debonding. The presence of the U-wraps helped
restrain the peel-off of the composite observed in strengthened beams without the U-wrap, however,
they did not restrain the fiber slippage at the ends of the composite, which inhibited composite action.
Average values of the maximum fiber strain at composite debonding determined using strain profiles
from strain gages, an approximate method, and moment-curvature analysis were 0.54%, 0.73%, and
0.83%, respectively.

Flexural strengthening
Steel-FRCM composite

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction A new class of composites that is being explored includes steel

fiber sheets with either an inorganic matrix or an organic matrix

Fiber reinforced composites have been widely used to
strengthen reinforced concrete (RC) members since they have a
high strength-to-weight ratio, require relatively limited time to
cure, and have mechanical properties that can be engineered to
meet the desired structural performance. Fiber-reinforced polymer
(FRP) composites, which are comprised of continuous fibers (usu-
ally carbon, glass, or aramid) and a thermosetting (organic) resin,
are currently the most common type of composite system used
for structural strengthening applications. Another type of compos-
ite that was recently developed is referred to as fiber reinforced
cementitious matrix (FRCM) composite, which contains continu-
ous fibers with a cementitious (inorganic) matrix. The use of inor-
ganic matrix was proposed to address some of the inherent
disadvantages associated with the use of organic resin in FRP com-
posites, such as lack of moisture vapor transmission [1].
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described above. The use of steel fibers was proposed as a lower-
cost alternative to other fiber types used in FRCM or FRP compos-
ites such as carbon, aramid, glass, or polyparaphenylene benzo-
bisoxazole (PBO). The resulting composites have been referred to
in the recent literature by different names, but are herein referred
to as steel-FRCM and steel-FRP, respectively. Published literature
on steel-FRCM and/or steel-FRP composites dates from 2004
[2,3]. Different authors have studied the use of steel-FRCM and/
or steel-FRP for flexural strengthening of RC beams [2-11] and
RC slabs [12]. These studies have shown that steel-FRCM and
steel-FRP composites are effective in increasing the flexural
strength of the member, although debonding of the composite
tends to limit the effectiveness except in cases of relatively low
fiber density where fiber rupture has been observed [12]. Experi-
mental evidence in the literature reports that debonding of steel-
FRCM composite can occur within the composite [12] instead of
within a thin matrix-rich layer of the concrete substrate as is typ-
ically the case with FRP composites [1]. Interestingly, the limited
number of studies that have investigated mechanical anchorage
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of steel-FRCM composites have shown that anchorage did not sig-
nificantly improve the performance of the strengthening system
[3,7,13]. Therefore, for design purposes it is important to under-
stand the debonding process and potential factors that may help
mitigate this mode of failure.

This paper presents the results of an experimental investigation
conducted to study the flexural response of RC beams strengthened
using externally bonded steel-FRCM composite. Steel-FRCM com-
posite strips were bonded to the tension face of four RC beams,
which were tested in four-point bending. Parameters varied were
the presence/absence of the external (coating) layer of matrix,
presence/absence of U-wrap anchorages, and loading rate. The
strengthened beam load responses are presented and compared,
and the contribution of the composite to the flexural strength is
examined. Debonding of the steel-FRCM composite strips is also
discussed. Results are compared with those from single-lap
direct-shear tests conducted on the same composite.

2. Experimental campaign
2.1. Material properties

The concrete beams and prisms were constructed with normal
weight concrete with Portland cement (Type 1) without admix-
tures. The concrete water-cement ratio was 0.44, and the maxi-
mum aggregate size was 25 mm. The beams and prisms were
cast from the same batch of concrete. The average compressive
strength [14] and splitting tensile strength [15] determined at
28 days from six (3 +3) 100 mm x 200 mm concrete cylinders
were 31.5 MPa (CoV =0.023) and 3.1 MPa (CoV =0.046), respec-
tively, and values are summarized in Table 1.

Reinforcing bars in the beam specimens were No. 3 (dia.
=95mm, area=71mm?) and No. 5 (dia.=15.9 mm,
area = 199 mm?) ASTM A615 Grade 420 deformed steel bars [16].
All reinforcing bars of the same size were from the same heat. Ten-
sion tests were conducted on three samples of each bar size to
determine the mechanical properties. The measured yield strength
fy and ultimate strength f, of the No. 3 bars were 454 MPa
(CoV=0.015) and 716 MPa (CoV =0.003), respectively. For the
No. 5 bars, the measured values of f, and f, were 469 MPa
(CoV=0.011) and 740 MPa (CoV = 0.011), respectively.

The composite material consisted of steel fibers and a cementi-
tious matrix. The steel fibers were produced in the form of a sheet
that consisted of unidirectional twisted steel wire cords. Each cord
included five filaments, three of which were straight, and the
remaining two were wound around the other three at a high twist
angle. The weight of fibers was 2000 g/m?, the cord density was
0.472 cords/mm, and the cross-sectional area of each cord was
0.538 mm?. The tensile strength, ultimate strain, and elastic mod-
ulus of the fibers reported by the manufacturer [17] were
3000 MPa, 1.5%, and 205 GPa, respectively. The matrix employed
in this study, which was designed to attain high bond with the
steel fibers, was an inorganic, thixotropic mineral mortar. The com-
pressive strength and tensile strength of the matrix given by the
manufacturer [17] are summarized in Table 1.

Table 1
Material properties of matrix and concrete.
fc (MPa) fe (MPa) fr (MPa)
Matrix >50° >9°

Concrete 31.5 (CoV =0.023) 3.1 (CoV =0.046) -

Note: f.=average compressive strength at 28 days; f, = average splitting tensile
strength at 28 days; f, = average flexural strength at 28 days.
2 Value reported by the manufacturer [17].

2.2. Direct-shear tests

Seven specimens presented in this paper were tested using the
single-lap (direct) shear test set-up. The composite strips were
externally bonded to concrete blocks (prisms). The push-pull con-
figuration was adopted where the concrete prism was pulled while
the fibers were restrained [18] (Fig. 1). The concrete prisms had a
cross section b =125 mm width x h =125 mm depth and length
L =375 mm. Only the three faces of the prisms cast directly against
the formwork were used to bond the composite strips; the face of
each prism that was troweled smooth after casting was
disregarded.

The concrete blocks were sandblasted prior to applying the first
(internal) layer of matrix. The target roughness profile was 5 mm
in accordance with the composite manufacturer’s recommendation
[17]. The roughness depth was measured at several discrete loca-
tions to ensure the requirements were met. Per the manufacturer’s
instructions [17], the concrete surface was thoroughly wetted
before applying the composite. The matrix was applied only to
the bonded area to embed the fibers and bond the composite to
the concrete substrate (Fig. 1a). The composite was bonded start-
ing at a distance d =38 mm from the prism edge at the loaded
end (Fig. 1a). The matrix was applied from the edge of the external
longitudinal cord on one side of the fiber strip to the edge of the
external longitudinal cord on the other side of the fiber strip. Fibers
were bare outside the bonded area. A 4 mm thick layer of matrix
(internal layer) was applied to the concrete using molds to control
the composite width and thickness. A single layer of steel fibers
was applied onto the internal matrix layer, and the fibers were
pressed onto the matrix to maintain their alignment and assure
proper impregnation by the matrix. The fiber strip was positioned
such that it extended slightly beyond the end of the matrix at the
free end of the composite strip as shown in Fig. 2. A second (exter-
nal) 4 mm thick layer of matrix was applied over the steel fibers.
The thickness of the composite strip t =8 mm was in accordance
with the manufacturer’'s recommendations [17]. Several specimens
were cast with the external matrix layer omitted. For these speci-
mens, after applying the fiber strip to the internal matrix layer a
thin (i.e., less than 1 mm) layer of matrix was applied over the strip
only to cover the fibers, and then the excess material was scraped
off at the level of the fiber strip backing to minimize the amount of
material on top of the fibers.

The bonded width b; of each composite strip was 50 mm (with
n =24 longitudinal fiber cords), and the bonded length ¢ was
330 mm. The bonded length was based on results of preliminary
direct-shear tests of the same composite that indicated that the
bonded length selected was longer than the effective bond length
(i.e., the length over which the stress transfer zone is fully estab-
lished) because a plateau was reached in the load response, as
has been observed in the case of FRP-concrete joints [19,20].
Table 2 lists the direct-shear test specimens. Specimens are named
the specimen was tested in single-lap direct-shear, K is used to
identify the specific composite in this paper, X = bonded length
(¢) in mm, Y = bonded width (b;) in mm, L (if present) indicates
the external layer of matrix was omitted, and Z=specimen
number.

Steel plates were attached to the end of the steel fiber strip with
a thermosetting epoxy resin to grip the bare steel cords during
testing (Fig. 1). The plates were also bolted together with four
through-bolts at the plate corners to assure a uniform pressure
on the gripped fibers and to prevent slippage within the plates.
The concrete prism was restrained against movement by a steel
frame bolted to the testing machine base. The steel frame was
made with flat bars of width wg =48 mm and thickness t; = 9 mm.
A 9 mm thick steel plate was inserted between the steel frame and
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Fig. 1. Single-lap direct-shear test set-up (a) front view, (b) side view, and (c) top view (dimensions in mm).

the top of the prism to distribute the pressure provided by the
frame restraint to the concrete prism (Fig. 1).

Tests were conducted under displacement control using a close-
loop servo-hydraulic universal testing machine. The global slip g
(i.e., slip of the fibers relative to the substrate measured at the
loaded end of the composite) was increased at a constant rate of
0.00084 mmy/s until failure. This rate was used in previous tests
of FRCM-concrete joints by the authors [18,21,22]. Global slip
was measured using two linear variable displacement transducers
(LVDTs) that were attached to the concrete surface near the edge of
the bonded area at the loaded end. The LVDTs reacted off of a thin
aluminum Q-shaped bent plate that was attached to the surface of
the steel fibers adjacent to the beginning of the bonded area as
shown in Fig. 1. The average of the two LVDT measurements, i.e.,
the global slip g, was used to control the displacement rate.

2.3. Beam tests

Five RC beam specimens presented in this paper had the same
nominal dimensions and internal reinforcement. The beams were
B =203 mm wide, H =305 mm deep, and L, = 3048 mm long. Lon-
gitudinal reinforcement was comprised of two No. 5 bars (dia.
=15.9mm) on the flexural tension side and two No. 3 (dia.

=9.5 mm) bars on the flexural compression side. Transverse rein-
forcing bars were No. 3 bars (dia.=9.5 mm). The clear cover to
the transverse reinforcing bars was 19 mm on all sides. Fig. 3a
shows the geometry and internal reinforcement conditions.

All beams were cast in steel formwork from the same concrete
batch on the same date. The beams were covered with wet burlap
for 28 days, after which they remained in the laboratory until they
were tested.

Four beams were strengthened, and one unstrengthened beam
served as the control (reference) beam. The control beam was
named B_Control. The strengthened beams were named following
the notation B_K_(L_ or U_)XV, where B indicates beam specimen,
K is used to identify the specific composite in this paper, L (if pre-
sent) indicates the external layer of matrix was omitted, U (if pre-
sent) indicates that U-wraps were provided at the ends of the
composite strip, and XV indicates the loading rate, where X is the
multiplier on the base loading rate V=0.013 mm/s; X =1 or 2 cor-
responds to a loading rate of 0.013 mmy/s or 0.025 mm/s, respec-
tively. The beam specimens are listed in Table 3. The different
test parameters are further discussed in the paragraphs that follow.

Three of the four strengthened beams (beams B_K_1V, B_K_2V,
and B_K_L_1V) were strengthened prior to loading. The steel-FRCM
composite strengthening system was applied to the three beams
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DS_K_330_50_3

(a)

689
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Fig. 2. Photo of single-lap direct-shear test (a) specimen with external matrix layer (specimen DS_K_330_50_3 shown) and (b) specimen with the external matrix layer
omitted (specimen DS_K_330_50_L_2 shown). Note the fibers extending beyond the bonded area at the free end (circled in the photographs).

Table 2
Steel-FRCM single-lap direct-shear test specimens.

Specimen Composite width b; (mm) Composite length ¢ (mm) Number of fiber cords n Maximum load P* (kN) Ultimate stress * (MPa)
DS_K_330_50_1 50 330 24 9.48 734
DS_K_330_50_3 50 330 24 8.57 664
DS_K_330_50_4 50 330 24 8.80 682
DS_K_330_50_L_1 50 330 24 8.07 625
DS_K_330_50_L_2 50 330 24 9.64 747
DS_K_330_50_L_3 50 330 24 9.92 768
DS_K_330_50_L_4 50 330 24 9.45 732

Note: Specimen DS_K_330_50_2 is not included because of problems during testing.

on the same day, 28 days after the concrete was cast. The fourth
strengthened beam (beam B_K_U_1V) was part of a different test
series (not reported in this paper). During the initial test it was
loaded to approximately 90% of the yield load of the control beam
(using the same test set-up as the other beams), then it was subse-
quently unloaded and strengthened as part of this test series. Flex-
ural cracks occurred in the concrete beam during the initial test,
but no significant residual deflection was present after the initial
test. The composite strengthening system of beam B_K_U_1V was
applied approximately three months after the concrete was cast.
The steel-FRCM composite was applied to the flexural tension
surface of the beams following the same procedure used to apply
the composite for the direct-shear specimens (Section 2.2). Pho-
tographs of the installation procedure are shown in Fig. 4. The con-
crete was sandblasted with a target roughness profile of 5 mm
(Fig. 4a). The roughness depth was measured at several discrete
locations to ensure the requirements were met. Per the manufac-
turer’s instructions [17], the concrete surface was thoroughly wet-
ted before applying the composite. The matrix was applied from
the edge of the external longitudinal cord on one side of the fiber
strip to the edge of the external longitudinal cord on the other side
of the fiber strip. A 4 mm thick layer of matrix (internal layer) was
applied to the concrete using molds to control the composite width
and thickness. A single layer of steel fibers was applied onto the
internal matrix layer, and the fibers were pressed onto the matrix
to maintain their alignment and assure proper impregnation by the

matrix. A second (external) 4 mm thick layer of matrix was applied
over the steel fibers. The composite sheet was 153 mm wide (with
n =72 longitudinal fiber cords) and 2210 mm long for all strength-
ened beams. U-wraps made of the same composite were installed
at ends of the composite on the preloaded strengthened beam
(beam B_K_U_1V) using the same procedure described above.
The width of the U-wraps was 250 mm (Fig. 3b) and was designed
considering test results presented in [13]. The thickness t of the
composite was 8 mm in all cases. The composite was covered in
wet burlap until the test date, which was 28-32 days after casting
the composite. The steel-FRCM layout is illustrated in Fig. 3b.

Each specimen was instrumented with a combination of sensors
to measure force, displacement, and internal reinforcement strain
at key locations. All devices were connected to a data acquisition
system controlled by a personal computer. The applied load was
measured by a load cell within the hydraulic actuators. Displace-
ment was measured at five locations along the length of each beam
using six LVDTs. Displacement measurements were taken at the
supports (one at each support), at the applied loads (one at each
point load), and at mid-span (one each side of the beam; two total).
Eight uniaxial electric resistance strain gages were applied to the
longitudinal reinforcing bars in the tension and compression
regions within the constant moment region of the beam. The
instrumentation layout is shown in Fig. 3c.

The beams were tested in four-point bending under quasi-static
loading conditions. The span length ¢, was 2438 mm. The load was



690 L.H. Sneed et al./Engineering Structures 127 (2016) 686-699

Fr2 F/2
Section 305x203 mm
* A2 p102_, * N

SG1-5 | SG37 ¥ 24mm
305
mm
sg26 | scgs H 254 mm
152 152 (@)
/—mm mm_/
I 27 mm
fof——AA
10 Stirrups No. 3 (@ 9.5 mm)101 mm 5 Stimups No. 3 (3 9.5mmy228 mm 10 Stirrups No. 3 (@ 9.5 mm)/101 mm n2“7n :n“rg ﬂ]
4 1067 P 914 P 1067 "
mm 7 mm > mm 7 ) )
Stirrups detail
-~ 1,-3048 mm . No. 3 (29 5mﬁn 1.=964 mm)
273 mm
I 2No.3 (@9.5mm, L= 3357 mm) I
2No.5 (@ 15.9 mm, L= 3357 mm) 168 mm
(@)

Steel-FRCM U-Wrap
(Beam B_K_U_1V only)

N

Steel-FRCM U-Wrap
(Beam B_K_U_1V only)

305 mm

305 mm

/7743777 \SteeI-FRCM sheet, L, = 2210 mm ﬂ77g;777

14,250 _, 250 _ 114,
mm mm mm mm
/—-305mm —A a=762 mm 7 914 mm 7/ a=762 mm Z/-305mm—~
Ve £,=2438 mm 7
A L,=3048 mm 7
(b)

Fig. 3. Beam geometry and reinforcement: (a) reinforcing steel layout, (b) steel-FRCM layout, and (c) instrumentation layout.

applied to the beam specimens by two closed-loop servo hydraulic
actuators, each with a capacity of 490 kN, that were suspended
from a steel loading frame. The two actuators were attached to
the ends of a stiff steel beam affixed to the top middle of, and ori-
ented orthogonal to, a stiff steel spreader beam. The spreader beam

distributed the load to the test beam in two locations. The beams
were loaded under displacement control by controlling the average
displacement of the two actuators. The unstrengthened beam
(beam B-Control) was loaded at a load rate of 0.013 mmy/s. Three
of the strengthened beams were tested with a load rate of
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Table 3
Beam test specimens.

691

Specimen F.r (KN) Fy (kN) Faeb (KN) ( Fy ) (FHJ Acr (mm) Ay (mm) Adep (Mm) (Am) Failure mode
Fy control beam Fy Ay

B_Control 43.37 135.55 - - - 2.50 13.09 - - (2)

B_K_1V 44.57 156.02 177.75 1.15 1.14 1.57 11.31 20.25 1.79 Debonding
B_K_2V 45.44 161.98 189.06 1.19 117 2.04 12.10 23.12 1.91 Debonding
B_K_L_1V 48.33 164.55 195.81 1.21 1.19 1.67 10.80 22.37 2.07 Debonding
B_.K U_1V NAD 159.74 177.88 1.18 1.11 NA®M 11.08 18.98 1.71 Debonding

Notes:

1. Not available; beam was cracked prior to testing.
2. Not available; beam was not tested to failure.

ni

Fig. 4. Photos of beam specimen preparation: (a) concrete surface, (b) fibers being applied to internal matrix layer, and (c) external matrix layer.

0.013 mm/s, and one was tested with a load rate of 0.025 mm/s to
examine whether varying the load rate caused a significant differ-
ence in results. The control beam was loaded in two stages, where
the first stage proceeded from zero to a point on the yield plateau,
at which point the applied load was released to zero. Then the load
was reapplied, and loading progressed until the end of the test. The
four strengthened beams were loaded in three stages. The first
stage proceeded from zero until a point on the response beyond
the first yielding load, at which point the applied load was released
to zero. The load was then reapplied and progressed until immedi-
ately after debonding of the composite occurred, at which point the
applied load was again released to zero. Finally, the load was reap-
plied, and loading progressed until the end of the test. After each
stage, the loading process was temporarily paused and held con-
stant to document the observations and take photographs during
testing. All beams were tested beyond their yield load and debond-
ing load (where applicable), but only one beam (B_K_U_1V) was
tested to failure because the other beams were to be repaired in
a separate study.

3. Experimental results
3.1. Single-lap direct-shear tests

3.1.1. General behavior and failure mode

All single-lap shear test specimens, with and without the exter-
nal matrix layer (the DS_K_330_50 and DS_K_330_50_L series,
respectively), failed due to composite debonding. Failure was char-
acterized by a sudden and brittle detachment of the fiber strip and
external matrix layer (if present). For all specimens, the interfacial
crack formed along the fibers (Fig. 5a). Debonding occurred at the
internal matrix-fiber interface and was the result of fracture of the
matrix in between the fibers. Fig. 5b shows a representative photo
of the DS_K_330_50 series specimens after failure. Interlaminar

(b)

(©)

failure (delamination) of the matrix has also been reported for
other types of FRCM composites [22], in addition to slippage of
the fibers from the embedding matrix [18,21], detachment of the
composite strip at the FRCM-concrete interface [23], or fiber frac-
ture [24]. These results suggest that the failure mode is dependent
on the characteristics of the composite and concrete substrate and
the mechanical and fracture properties of the different materials at
different interfaces.

For specimens with the steel-FRCM composite strip and with
the external layer of matrix (DS_K_330_50 series), increasing glo-
bal slip resulted in the formation of transversal hairline cracks in
the matrix (Fig. 5c). The first crack generally formed near the com-
posite loaded end, then additional cracks formed progressively
towards the composite free end with increasing global slip. The
cracks were visible on the external surface of the composite and
appeared to extend from the external surface to the steel fiber
strip. This cracking can be explained as when the interfacial shear
stresses increase, slippage of the fibers at the internal matrix layer
interface occurs. Since the external matrix layer is bonded to the
fibers, it translates with the slipped fibers. Thus, cracking of the
external matrix layer occurs due to compatibility as the fibers
and the external layer of matrix slip relative to the internal matrix
layer, which is bonded to the concrete substrate.

3.1.2. Applied load - global slip response

Fig. 6 shows the applied load P - global slip g response of the
single-lap shear specimens. The load responses are also shown in
terms of stress o, where & is defined in Eq. (1):

P
O~ A W
in which P is the load applied to the composite by the testing
machine, n is the number of longitudinal fiber cords (24), and A*
is the area of each cord (0.538 mm?).
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Fig. 5. Photos of single-lap shear test specimens: (a) crack along interface of cords and matrix, (b) surface of internal matrix layer after failure (specimen DS_K_330_50_1

shown), and (c) cracking observed on surface of external matrix layer.
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Fig. 6. Applied load P - global slip g response and applied stress ¢ - global slip g
response of single-lap direct-shear specimens.

The graphs in Fig. 6 show that the load responses of specimens
with and without the external matrix layer are similar. The exper-
imental evidence suggests that the initial part of the load response
is represented by a linear branch associated with elastic behavior
of the bond between the fibers and the matrix. Following, a slight
reduction in stiffness occurs where the interface between the steel
fibers and the matrix experiences some microdamage. After the
maximum load P* is reached, further increases in global slip gener-
ally result in a near-constant applied load until a sudden and rapid
degradation of load occurs with no distinct softening response.

The maximum load P* is reported in Table 2 for each specimen.
Table 2 also includes the ultimate stress c* i.e., the stress at max-
imum load P*, where stress o is defined in Eq. (1). The average
value of ¢* for the DS_K_330_50 series was 693 MPa, and the aver-
age value of o* for the DS_K_330_50_L series was 718 MPa. The
average value considering all specimens G* was 707 MPa.

It should be noted that for the case of FRP-concrete joints, it has
been shown that the interfacial crack initiates in the non-linear,
pre-peak region of the response, then unstable crack growth
results in the sharp drop in load immediately after the peak load
is achieved [19]. Accordingly, the value of P* may overestimate
the load corresponding to steady propagation of the interfacial
crack for specimens with bonded length longer than the effective
bond length.

3.2. Beam tests

3.2.1. General behavior and failure mode

The unstrengthened beam (B_Control) exhibited the typical
flexural behavior of a flexure-dominated, underreinforced RC
beam, with the gradual occurrence and progression of flexural
and flexure-shear cracks and a significant amount of deflection.

For the strengthened beams without U-wrap anchorages
(beams B_K_1V, B_K_ 2V, and B_K_L_1V), flexural cracks first
appeared within the constant moment region and progressed in
length and number with increasing load. Flexural and flexure-
shear cracks also appeared within the shear span regions on each
end of the beam. The cracks in the concrete beam extended
through the thickness of the matrix and were observed on the
external surface of the composite. Interfacial cracks formed within
the composite at the level of the fibers in the constant moment
region at the localized locations of flexural cracks as shown in
Fig. 7a. The failure mode of each beam, shown in Fig. 8, was asso-
ciated with a sudden and rapid progression of interfacial cracking
near the support at one end of the composite resulting in peel-
off of the external matrix layer and fibers. This failure mode is con-
sistent with the failure mode observed in the studies by Napoli and
Realfonzo [12] and Prota et al. [3,7] on beams strengthened in flex-
ure with steel-FRCM composite without anchorage. Debonding
occurred at the fiber-internal matrix layer, similar to the single-
lap direct-shear tests. In some cases, portions of the internal matrix
layer and concrete substrate at the flexural crack locations were
still attached to the external matrix layer and fibers after failure
(see Fig. 8b and c). Even with video footage, it was not possible
to determine whether failure initiated within the constant moment
region or at the composite end because of the rapid and brittle nat-
ure of the debonding.

For beam B_K_U_1V, which had U-wrap anchorages at the ends
of the composite strip, the flexural and flexure-shear cracking
behavior was similar to that of the strengthened beams without
U-wrap anchorages. The cracks in the concrete beam extended
through the thickness of the matrix and were observed on the
external surface of the composite. Although the presence of inter-
facial cracks near the ends of the composite could not be physically
observed due to the presence of the U-wraps, interfacial cracks
were observed within the composite at the level of the fibers at
the toes of flexural cracks in the constant moment region (see
Fig. 7b), which coalesced and progressed rapidly towards the sup-
port and underneath the U-wrap resulting in slippage of the com-
posite strip from beneath the U-wrap (see Fig. 7c and d). This
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(d)

Fig. 7. Interfacial crack in beam constant moment region of (a) B_LK_1V and (b) B_LK_U_1V; Fiber slippage of beam B_K_U_1V after failure at (c) west U-wrap and (d) east

U-wrap.

(b)

(©)

Fig. 8. Photos of beam failure modes (a) B_LK_1V, (b) B_LK_2V, (c) B_LK_L_1V, and (d) B_K_U_1V.

slippage is consistent with observations reported by Prota et al.
[3,7] on beams strengthened in flexure with steel-FRCM with
anchorage (nail anchors). Further increases in displacement
resulted in additional slippage of the fibers beneath both U-
wraps, shown in Fig. 7c and d, with no increase in applied load
because the composite was not effectively anchored at the ends.
No detachment or fiber rupture of the U-wrap side faces was
observed, even after significant slippage of the composite
(Fig. 7c and d). Further discussion on the failure mode is included
in Section 4.2.1.

(d)

Final crack patterns for each beam are shown in Fig. 9. The num-
ber and distribution of flexural and flexure-shear cracks were sim-
ilar for the unstrengthened and strengthened beams, with and
without U-wraps.

3.2.2. Applied load - displacement response

The total applied load F - midspan displacement A response for
each beam is shown in Fig. 10. The term F is used to denote the
applied load for the beam tests, where F is the sum of the two point
loads (see Fig. 3). Table 3 summarizes key points in the load
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Fig. 9. Measured displacement along the length at different load levels and final crack patterns (a) B_Control, (b) B_LK_1V, (c) B_LK_2V, (d) B_LK_L_1V, and (e) B_LK_U_1V.

response, including the applied load F,, associated with cracking,
the applied load F, associated with first yielding of the tensile steel
reinforcing bars (indicated by a change in slope in the graph and
confirmed with strain gage measurements), and the applied load
Faep at which debonding of the composite occurred. Corresponding

midspan displacement values A, Ay, and Agep are also reported in
Table 3.

The unstrengthened beam B_Control exhibited a change in stiff-
ness at applied load F = 43.37 kN, associated with flexural cracking,
and again at F=135.55kN, associated with first yielding of the



L.H. Sneed et al./ Engineering Structures 127 (2016) 686-699 695

200

180

160

140

z
=<
& 120
°
<
£ 100
]
2
2 80
Y
<
60 —B_Control
B K 1V
40 - -
B K 2V
20 --BK L IV
B K U IV
oL
0 10 20 30 40 50 60 70 80

Midspan displacement A [mm]
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flexural tension reinforcement. As expected, the strengthened
beams had a similar cracking load and a slightly larger initial stiff-
ness and post-cracking stiffness as compared to the control beam.
For all strengthened beams, debonding of the composite strip was
associated with a rapid reduction in applied load, after which the
load response followed the load response of the unstrengthened
beam.

Fig. 9 shows the displacement measured by the LVDTs
(accounting for the displacements measured at the supports) along
the beam length at different load levels. Values of displacement
reported at midspan are the average of the two LVDT measure-
ments at that location. Locations of LVDTs and measured values
are indicated by markers in the graphs. For beam B_Control, values
are shown at load levels corresponding to cracking F,,, yielding F,,
the maximum applied load F,,4x, and an intermediate point half-
way between F, and Fpq,. For each of the strengthened beams, val-
ues are shown at load levels corresponding to cracking F,, yielding
Fy, the load at which debonding occurred Fgep, and an intermediate
point halfway between F, and Fye for the corresponding beam.

3.2.3. Strain measurements

The applied load F versus axial strain measured in the reinforc-
ing steel bars is shown in Fig. 11 for each beam. Readings from
strain gages that malfunctioned are not shown. Strain gage posi-
tions are denoted in Fig. 3c. The strain measurements are used to
determine the moment-curvature response and estimate the strain
in the composite at debonding in Section 4.2.2 of this paper.

4. Analysis and discussion
4.1. Single-lap direct-shear tests

In general, the applied load P - global slip g responses of the
steel-FRCM composite-concrete joints shown in Fig. 6 resemble
those of FRP-concrete joints reported in the literature [19,20].
The plateau in the load response suggests that the load-carrying
capacity of the interface was achieved, and therefore the bonded
length was longer than the effective bond length [18,21]. However,
determination of the value of the effective bond length requires
further study.

The load response of the steel-FRCM composite is different from
that of other FRCM composite-concrete joints with PBO, glass, or
carbon fibers reported in the literature [21,22] in several respects.
For each composite mentioned above, failure is located at the fiber-
matrix interface, however in the case of other FRCM composites
debonding has been shown to be characterized by significant slip-
page of the fibers relative to the matrix. Accordingly for the case of

PBO, glass, or carbon FRCM composites, when the composite
bonded length is longer than the effective bond length, a post-
peak load softening response is observed with a non-zero load at
the end of the response associated with friction that is due to inter-
locking among fibers and between fibers and matrix [21]. On the
other hand, for the steel-FRCM composite tested in this study,
the global slip was relatively small at the initiation of debonding
(on the order of 1/10 that of PBO-FRCM composite, for example
[21]), and failure was associated with fiber slippage and fracture
of the matrix in the plane of the fibers. This response resulted in
complete detachment of the external matrix layer and fiber strip
with no softening response (Fig. 6). More work is needed to study
the stress transfer mechanism and determine whether friction
(interlocking) between fibers and matrix plays a role in the load
response, as is the case with other FRCM composites reported in
the literature [21].

Table 2 and Fig. 6 show that the peak load (peak stress) and load
response of the specimens with the steel-FRCM composite with the
external layer of matrix omitted (DS_K_330_50_L series) is nearly
the same as specimens with the external matrix layer included
(DS_K_330_50 series); in fact, the average peak stress of specimens
without the external matrix layer is approximately 4% larger than
the average peak stress of specimens with the external matrix
layer, even with a non-contrasted Mode I (peeling) loading condi-
tion [25]. This result suggests that the external matrix layer does
not play a significant role in the stress transfer mechanism for this
composite, which can be explained by the fact that the failure
mode observed, i.e., fiber slippage and interlaminar matrix frac-
ture, is dominated by a Mode-II (shear) condition. The average
peak stress of specimens with and without the external matrix
layer were 24.8% and 25.6%, respectively, of the tensile strength
of fibers reported by the manufacturer [17].

4.2. Beam tests

4.2.1. Effectiveness of strengthening system

The effectiveness of the strengthening system in the beam tests
is examined in terms of stiffness, yield load, and debonding load
and corresponding midspan displacement. As expected, Fig. 10
shows that the post-cracking stiffness of strengthened beams
B_K_1V, B_LK_2V, and B_K_L_1V was slightly larger than that of
the unstrengthened control beam. Beam B_K_U_1V, which was
pre-cracked prior to testing, had an initial stiffness similar to the
post-cracking stiffness of the other strengthened beams. Table 3
summarizes the increase in the yield load for each strengthened
beam relative to that of the control beam Fy/F, controi beam- The
strengthening system increased the yield load by 15-21% relative
to the unstrengthened beam. Values of F, for each of the strength-
ened beams were very close since the steel fiber density was the
same for each beam. The load at which debonding occurred Fg,
was larger than the yield load F, for each strengthened beam,
and Table 3 shows that the ratio Fge,/F, ranged from 1.11 to 1.19.
The ratio of the midspan displacement at debonding to that at
yielding Agep/A,, i.e., the displacement ductility of the strength-
ened beams, ranged from 1.71 to 2.07. Although the control beam
was not tested to failure, the load responses in Fig. 10 show that
the ductility of the strengthened beams was lower than that of
the control beam.

Fig. 10 and Table 3 show that the initial stiffness, yield load, and
debonding load and corresponding midspan displacement of beam
B_K_L_1V, with the external matrix layer omitted, were similar to
the strengthened beams with the external matrix layer (B_K_1V
and B_K_2V). This suggests that the external matrix layer does
not improve the effectiveness of the strengthening system. Fur-
thermore, the failure load and failure mode were similar for spec-
imens with and without the external matrix layer, which implies
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Fig. 11. Applied load F versus reinforcing steel bar strain response (malfunctioning gages not shown). (a) B_Control, (b) B_LK_1V, (c) B_LK_2V, (d) B_LK_L_1V, and (e) B_LK_U_1V.

that the external matrix layer does not play a role in mitigating
composite debonding, as discussed in Section 4.1 for the direct-
shear tests. In fact, debonding of beam B_K_L_1V occurred at a load
and midspan displacement that were slightly larger than those of
beams B_K_1V and B_K_2V, which may be because the composite

without the external matrix layer had a lower bending stiffness
[26]. It is possible that the lower stiffness allowed for better com-
posite action because of delayed failure.

The initial stiffness, yield load, debonding load and correspond-
ing midspan displacement, and failure mode of beam B_K_ 2V,
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which had a load rate that was twice that of the other beam spec-
imens, were similar to those of beam B_K_1V. These results suggest
that the load rates employed did not significantly affect the failure
mode or the load and midspan displacement at debonding. How-
ever, more work is needed to study the potential effects of load rate
on the bond behavior and stress transfer of FRCM composites.

It is interesting to note that the debonding load and correspond-
ing midspan displacement for beam B_K U_1V, with U-wraps
anchorages, were similar to those of the strengthened beams with-
out U-wraps (B_K_1V, B_K_2V, and B_K_L_1V), which indicates
that the U-wraps did not improve the effectiveness of the strength-
ening system. Based on the behavior of beam B_K_U_1V discussed
in Section 3.2.1, it appears that the U-wraps helped to restrain the
composite peel-off that occurred in the strengthened beams with-
out the U-wraps, however, they did not restrain the fiber-matrix
interfacial slip at the composite ends. These results suggest that
a mix of debonding phenomena (i.e., a combination of Mode II
[shear] and Mode I [peeling] loading conditions) occurred at differ-
ent locations along the bonded length that contributed to the fail-
ure mechanism.

The observation regarding lack of effectiveness of the U-wraps
in this study is also significant because it suggests that some tradi-
tional types of anchorages [27,28] used to anchor the ends of FRP
composites might not be effective for FRCM composites. As noted
by Grelle and Sneed [28], several traditional types of anchorages
used to mitigate plate end debonding [29] in FRP do so by restrain-
ing the out-of-plane peeling effect, which is significant in the case
of FRP-concrete joints where debonding occurs within the concrete
substrate immediately beneath the composite. On the other hand,
such anchorages are generally not effective in restraining slippage
of the fibers at the fiber-matrix interface, which governs the failure
of certain FRCM composite-concrete joints [21]. Lack of anchorage
effectiveness was also noted by Prota et al. [3], who used nail
anchors in an attempt to improve the performance of externally
bonded steel-FRCM for flexural strengthening of RC beams. Accord-
ingly, an effective anchorage for FRCM composites must be capable
of restraining the fiber slippage. Further work is needed to study
this issue.

4.2.2. Strains in the composite

Strains in the composite were not measured directly, but the
maximum axial strain in the fibers at composite debonding &max
was estimated using three different methods. In Method 1, the
strains measured in the reinforcing steel bars (Fig. 11), along with
the assumptions that cross-sections remain plane (Bernoulli) and
perfect bond between the concrete and composite and reinforcing
bars up to failure, were used to estimate the strain in the compos-
ite at the debonding load. The strain gages were located in the con-
stant moment region (see Fig. 3c).

In Method 2, the contribution of the composite strengthening
system to the bending moment capacity was used to estimate
the strain in the composite using Eq. (2) [30]:

AM
frmax =0 SHE A" @)

where AM is the contribution of the composite to the moment at
debonding, H is the height of the beam, Efis the modulus of elastic-
ity of the fibers, n is the number of longitudinal fiber cords, and A* is
the area of the cord. AM was determined as the increase in moment
corresponding to debonding of the strengthened beam relative to
that of the control beam determined at same level of deflection
(Fig. 10). The factor 0.9 in the denominator of Eq. (2) is used to
approximate the internal moment arm of the composite at failure
(assumed 0.9H).

In Method 3, moment-curvature analysis was carried out to
predict the cross-sectional response of the strengthened beam.
Results in [13] show that the experimental load response of RC
beams strengthened in flexure with FRCM composites can be rea-
sonably predicted using this simple analytical model. In the analy-
sis, the reinforcing steel bars were assumed to be elastic-perfectly
plastic with a yield strength corresponding to the material tests.
The steel-FRCM composite was assumed to be linear-elastic with
properties given by the manufacturer [17]. Two different stress-
strain relations for concrete given by Hognestad [31] and EC2
[32] were used, each with a peak value of compressive and tensile
stress corresponding to those measured in the concrete material
tests (Section 2.1). The corresponding results are referred to as
Moment-curvature 1 and 2, respectively. The moment at debond-
ing (corresponding to Fgep) in the constant moment region was
used to determine the corresponding strain in the composite. As
noted in [13], values of fiber strain determined in this manner
are a gross approximation of the debonding strain but are mean-
ingful if it is assumed that debonding is related only to the fiber
strain local value.

Table 4 summarizes values of &;mq, determined using the three
methods described above. Average values of &;,qx determined
using strain profiles, Eq. (2), and moment-curvature analysis are
0.54%, 0.73%, and 0.83%, respectively. Fig. 12 compares the tensile
stress in the fibers at debonding, where the tensile stress was
obtained by multiplying the strain by the modulus of the fibers.
It should be noted that the maximum strains and stresses in Table 4
and Fig. 12 are computed for the maximum moment along the
beam length, which occurs in the constant moment region. Values
of the fiber strength reported by the manufacturer [17] and the
average value of ultimate stress from all single-lap direct-shear
tests G* (reported in Table 2) are also shown in Fig. 12 for compar-
ison. The corresponding average value of strain from the direct
shear tests € = 6*/E is 0.34%.

Values of &;mqx in Table 4 and fiber tensile stress in Fig. 12 com-
puted by using moment-curvature analysis are similar (within 1%
on average) with slight differences due to the concrete constitutive
relationships employed. Values computed using the approximate
method of Eq. (2) are generally consistent with those determined
by moment-curvature analysis (within 10% on average), with dif-
ferences in part due to the approximation in the internal moment
arm of the composite at failure. Values computed using the strain
profiles are generally lower than corresponding values determined
by the other methods (by at least 25%). The source of this differ-
ence can be explained by the fact that strain gage readings can
be erroneous near the location of a major crack, and also once
debonding of the composite has initiated. Fig. 11 shows significant
variability in the reinforcing bar strain measurements (especially
in the tension reinforcement), and certain gages malfunctioned
when they were located at or near a concrete crack. Similar irreg-
ularities would also be expected in the steel-FRCM composite due
to extension of flexural cracks through the matrix resulting in
irregular strain profiles. As previously discussed, while the
assumption of plane cross-sections, including the strengthening
material, globally allows for good prediction of the results [13],
local effects are not considered. Because of these issues and the fact
that the strain profiles were determined from a limited number of
functioning gages, the values of g;nq determined herein using this
method should be viewed more qualitatively than quantitatively.

Results in Fig. 12 show that the maximum tensile stress in the
fibers determined using the three methods was less than the fiber
tensile strength, which is consistent with the fact that fiber rupture
was not observed. As expected, results also show that the maxi-
mum tensile stress in the fibers in the beam tests was larger than
the ultimate stress G* of the single-lap direct-shear tests, where
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Table 4
Maximum strain in the composite at debonding.

Specimen Method 1 (strain profile) Method 2 (Eq. (2)) Method 3 (moment-curvature 1¢) Method 3 (moment-curvature 2P)
8f,mnx Sf,max gf,max Sﬁmax
%1076 %1078 x1078 %1078

B_K_1V 4255 6200 7323 7380

B_K_ 2V 7258 7749 8089 8141

B_K_L_1V 4293 9051 10,575 10,619

B_K_U_1V 5637 6367 7097 7141

Average 5361 7342 8271 8320

Notes:

2 Concrete stress-strain relationship by Hognestad [31].
b Concrete stress-strain relationship by EC2 [32].

3500
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_ & Strain profile
& 2500 I Equation 2
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Fig. 12. Comparison of stress in fibers at failure determined using strain profiles,
Eq. (2), and moment-curvature analysis (1: Hognestad [31]; 2: EC2 [32] stress-
strain relationship for concrete).

the peak stress in the direct-shear test is the result of a load (stress)
applied to the composite in one direction [33].

5. Conclusions

This paper presented the results of an experimental investiga-
tion conducted to study the flexural response of reinforced con-
crete (RC) beams strengthened using externally bonded steel
fiber reinforced cementitious matrix (steel-FRCM) composites.
The results of five beam specimens were presented, and results
were compared with those of single-lap direct-shear tests of the
same composite. The following conclusions are made based on
the findings of this study:

1. Debonding of the steel-FRCM joints tested in single-lap direct-
shear tests was characterized by fiber slippage and fracture of
the matrix layer at the internal matrix layer-fiber interface.
Unlike with other FRCM-concrete joints reported in the litera-
ture (i.e., PBO-, glass-, carbon-FRCM), the load response of the
bonded composite exhibited no post-peak softening response.

2. RC beams strengthened in flexure with steel-FRCM composite
failed due to loss of composite action from debonding of the
composite. Debonding occurred at the fiber-internal matrix
layer, similar to the single-lap direct-shear tests. Failure of the
strengthened beams without U-wraps was associated with a
sudden, rapid progression of interfacial cracking resulting in
peel-off of the external matrix layer and fibers. For the strength-
ened beam with U-wraps, the evidence suggests that a mix of
debonding phenomena (i.e., a combination of Mode II [shear]
and Mode I [peeling] loading conditions) occurred at different
locations along the bonded length that contributed to the fail-
ure mechanism.

3. The strengthening system increased the yield load by 15-21%
relative to the unstrengthened beam. The debonding load was
larger than the yield load, and the ratio of the load at which
debonding occurred to the load at yielding Fyes/F, ranged from
1.11 to 1.19 for each strengthened beam. The ratio of the mid-
span displacement at debonding to that at yielding Ages/A, ran-
ged from 1.71 to 2.07.

4. The load rate employed and the presence of the external matrix
layer did not appear to have a significant effect on the failure
mode or the load and midspan displacement at debonding.
However, more work is needed to study the potential effects
of load rate on the bond behavior and stress transfer of FRCM
composites.

5. The debonding load and corresponding midspan displacement
for the strengthened beam with U-wraps anchorages were sim-
ilar to those of the strengthened beams without U-wraps, which
indicates that the U-wraps did not improve the effectiveness of
the strengthening system. The presence of U-wraps helped to
restrain the peel-off of the composite observed in strengthened
beams without the U-wraps; however, they did not restrain the
fiber-matrix interfacial slip that inhibited composite action for
beam B_K_U_1V. This observation is significant because it sug-
gests that some of the traditional types of anchorages used to
anchor FRP composites might not be effective for FRCM com-
posites. Further work is needed to study this issue.

6. Average values of the maximum fiber strain at debonding &5 ,ax
determined using strain profiles, Eq. (2), and moment-curvature
analysis were 0.54%, 0.73%, and 0.83%, respectively. These val-
ues were less than the fiber rupture strain of 1.5% and were lar-
ger than the average value determined from the direct-shear
tests of 0.34%.
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