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Abstract. This work features the outcomes of an empirical investigation into the characteristics of steel reinforced grout (SRG)
composite - concrete interfaces. The parameters varied were loading rate, densities of steel fibres and types of load displacement
responses or measurements (slip and machine grips). The following observations and results were derived from standard single-
lap shear tests. Interfacial debonding of SRG - concrete joints is a function of both fracture of matrix along the bond interface
and slippage of fibre. A change in the loading rate results in a variation in peak load (Pmax) and the correlative stress (omax), Slip
and machine grips readings at measured peak load. Further analysis of load responses revealed that the behaviour of load
responses is shaped by loading rate, fibre density as well as load response measurement variable. Notably, the out-of-plane
displacement at peak load increased with increments in load rates and were independent of specimen fibre densities.
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1. Introduction

Given the favourable strength-to-weight ratio,
engineerable mechanical properties and comparatively fast
cure time, fibre-reinforced composites have been a prime
reinforced concrete (RC) strengthening material. Fibre-
reinforced polymer (FRP) is presently the most prevalent
structural composite technology. FRP composites constitute
of organic thermoset resin as the matrix/binders and
continuous fibres (commonly basalt, glass, carbon or
aramid fibres) (Bagheri et al. 2019). If the presence of
organic binders in FRP is a constraint (ACI 440.2R 2008),
fibre-reinforced cementitious matrix (FRCM) composites,
which is made up of continuous fibers (for instance,
polyparaphenylene benzo-bisoxazole (PBO)) and inorganic
cementitious binding agents instead, could be an alternative.

Correspondingly, the incorporation of high-strength
steel fibres as a complementary material to FRP systems is
increasingly viable as an economical substitute to the
conventional fibres described earlier. Notably, the
applications of steel-reinforced polymer (SRP) and steel-
reinforced grout (SRG) have been published since 2002
(Pellegrino and Modena 2002, Huang et al. 2005, Lopez et
al. 2007). In this paper, the former describes a composite
with steel fibres or fabrics embedded in a polymer matrix.
As for the latter, the term is used when an inorganic matrix
is used as a substitute for epoxy in a composite. Research
on SRP and SPG has focused mainly on their mechanical
properties (Razavizadeh et al. 2014, De Santis et al. 2016,
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Cao et al. 2017, Kwon et al. 2018, Mazzuca et al. 2019) as
well as bond behaviour on concrete (Huang and Huang
2011, Jabbar et al. 2016, Ascione et al. 2017, Koutas et al.
2019, Ascione et al. 2019), clay brick and masonry
substrates (Grande et al. 2015, De Santis et al. 2017, De
Santis et al. 2018, Casadei and Girardello 2019). In
addition, large scale experiments have demonstrated the
effectiveness of both technologies in strengthening RC
beams (Park et al. 2007, Bencardino and Condello 2014,
Aggelis et al. 2016, Jiang et al. 2017, Sumathi and Vignesh
2017, Liang and Xing 2018, Barakat et al. 2019), masonry
arches (Borri et al. 2009, Alecci et al. 2016, Carozzi et al.
2018;, De Santis et al. 2019) and walls (Li et al. 2012,
Koksal et al. 2013, De Canio et al. 2016, Babatunde 2017,
Wang et al. 2018, Mazzuca et al. 2019). It is, however,
cautioned that debonding failure will inherently affect the
superior strengthening performance of SRP and SRG
systems. A unique exception is observed in composites with
relatively low fibre density (Jabr et al. 2017). While SRP
debonding often arises within a fine matrix-rich layer of
RC, SRG debonding could develop within the composite
itself. Despite the wide-ranging field applications of
composites (Park and Yoo 2015, Hadji et al. 2016, Prashob
et al. 2017, Abderezak et al. 2018, Casadei and Girardello
2019), there are several compelling knowledge gaps which
remained to be addressed.

The fibre density and the loading rate are two important
considerations in the study of the behaviour of FRCM-to-
concrete interfacial bonds. Amidi and Wang (2016) and
Salimian and Mostofinejad (2019) revealed that bond
capacity, the maximum interfacial shear stress, and
interfacial fracture energy are highly influenced by the
strain rate. The effects of strain rate on both FRP-to-
concrete bonds and bare concrete are analogous (Salimian
and Mostofinejad 2019). In the physical assessment of
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strain rates through direct-shear tests, a constant
displacement rate does not entail a constant strain rate.
Strain rate effects are particularly evident in joints of
inferior structural strength (Amidi and Wang 2016) and are
independent of the kind of polymeric binders utilized.

In order to do a multi-parametric research work on bond
behavior of steel reinforced grout composites, in this paper,
direct shear tests were conducted on concrete blocks
strengthened by externally bonded SRG composites strips
to investigate the effects of rate on the control parameter.
Three distinctive fibre densities, corresponding to low
density (LD), medium density (MD) and medium-high
density (MHD), and two categories of measurement (slip
and machine grips) were evaluated in this work. Slip was
derived by methodically raising the mean of two linear
variable displacement transducers (LVDT) readings taken at
the start of the SRG bonded region. Machine grips denoted
the displacement response obtained by an LVDT insert in
the machine head. Regardless of the fibre densities, bond
width was fixed to be 50 mm whereas two bond lengths
(200 mm and 450 mm) were used.

2. Materials and methods
2.1 Material properties

Concrete specimens, which were either used directly for
the shear tests or as samples for characterization of material
properties, were casted from eight different batches of
nominal density concrete and Portland cement. The
concrete batches was mixed using constituent proportions
of cement (1.00), water (0.55), coarse aggregate (2.50) and
fine aggregate (3.00). The coarse aggregate comprised of
river gravel with a maximum size of 15 mm. The average
compressive (EN 12390-3 2009) strength of the concrete
samples at 28 days, derived from a series of twenty-four
compressive tests (three for each batch) and administered
on 150 mm x 150 mm x 150 mm cubes , measured at 23.69
MPa (CoV =0.073).

The SRG composite constituted of a single layer of
ultra-high strength galvanized steel fibres combined with an
inorganic mortar matrix. The fibre layer was made up of
unidirectional sheets of steel micro-cords attached to a
fibreglass micromesh. Each fibre was an assemble of three
straight filaments and two wrapped filaments with a
working cross sectional cord area (Acorq) of 0.538 mm?.

Table 1 Mechanical properties and technical specifications
of steel fibres (Kerakoll 2018)

Property Lov_v Medi_um Medium_-high
density density density
Number of cords/mm 0.157 0.235 0.314
Tensile strength (MPa) >3000 >3000 >3000
Modulus of elasticity (GPa) >190 >190 >190
Ultimate strain (%) >2 >2 >2
Equivalent thickness (mm)  0.084 0.126 0.169

Table 2 Mechanical properties of mortar matrix (Kerakoll
2018)

Property Mortar matrix
Compressive strength at 28 days (MPa) >50
Tensile strength at 28 days (MPa) >10
Flexural strength at 28 days (MPa) >9

Based on the manufacturer’s report (Kerakoll S.p.A.,
2018), the LD, MD and MHD fibre sheets measured at
0.157 cords/mm, 0.235 cords/mm and 0.314 cords/mm,
respectively. The technical specifications and mechanical
properties of the steel fibres and mortar mix in this work are
reported in Tables 1 and 2, accordingly.

2.2 Test set-up

The single-lap shear test was conducted to investigate
the debonding mechanism between the SRG and RC
substrates. Twenty-one concrete prisms measuring 150 mm
in width, 600 mm in length and 150 mm in depth were used
as specimens. Within 300 to 350 days post-casting, the
prisms were first sandblasted with silica sand prior to being
reinforced with SRG strips through a wet-lay process
(Kerakoll 2018). The laboratory curing period for all SRG-
concrete specimens was up to 28 days post-casting at
standard environmental condition (ambient temperature of
20°C with 60% humidity).

SRG strips were applied onto a single face on each
specimen. An inorganic mortar was coated on a dedicated
bonding area to embed the fibres and secure the strip. Any
excess fibres beyond that region was left exposed. The
width-wise fibre configuration of the reinforcement was
intentionally set to provide a half-of-the-fibre-spacing
allowance between the outer fibres and the boundaries of
the matrix. The inorganic mortar layers were 4 mm thick,
which implied that the composite strip had total thickness of
about 8 mm. The bonding area commenced at a 35 mm
mark from the top corner of the loaded end of the fibres to
provide an interfacial indentation. Following the
conventional push-pull arrangement, the concrete prisms
were restrained from moving while the fibres were pulled in
one direction. For pulling, a thermosetting epoxy tab
measuring 75 mm in length was placed at the edge of the
fibre strips to remove the need of additional auxiliary
handlers.

The concrete prisms were fixed in position with a pair of
steel plates placed on its top and bottom flat surfaces. The
underside plate was fastened to a cylindrical steel member
held in place by the bottom wedges of the testing machine.
As for the topside plate, a C-shaped steel element was
designed to have its centroid as close as possible to the
centroid of the underside plate, to reduce any undesired
effects of the eccentricity during the shear tests. The top and
bottom plates were connected to each other with four steel
bars as shown in Fig. 1.

Each steel bar was fixed with three strain gauges that
were aligned to its longitudinal axis and arranged 120°
apart. The resulting strain responses were averaged to
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Fig. 1 (a) Test set-up and (b) Picture of the SRG specimen S_ MHD_R10 1

obtain a representative strain estimate along the bars. This
averaged strain value formed the baseline pre-test loading
on the specimen. Direct shear tests were conducted using a
servo-hydraulic universal testing machine with close loop
control of displacement. Two units of LVDTs were fixed to
the concrete cover at the top edge of the SRG bond. The
front facing LVDTs (termed herein as LVDT_FR and
LVDT_FL for front-right and front-left positions,
respectively) were supported by a thin U-shaped aluminium
plate affixed to the composite adjoining the start of the
bonding area. In this work, two types of displacement
measurements were recorded. One was slip, which was
defined as the average of the LVDT_FR and LVDT_FL
responses (termed herein as LVDT_Fave). Slip acted as
both displacement control and measurement variable. The
other measurement was the upper grips displacement of the
machine head (termed herein as UG). A slip rate of 0.00084
mm/s was administered as the standard rate for the majority
of tests. Some tests were performed using different rates
equivalent to half (0.00042 mm/s) and 10 times (0.0084
mm/s) the standard rate to investigate the influence of the
test rate on the debonding mechanism.

In addition, two back facing LVDTs (termed herein as
LVDT_BR and LVDT_BL in the same fashion as the front
transducers) were positioned perpendicular to the composite
surface to gauge the lateral displacement of the test
specimen. Both LVDTs mounts were secured by strong

magnets and positioned parallel to the surface of the
composite. The point of this response taking was estimated
to be at a distance of 300 mm from the concrete block’s
bottom surface. These measurements represent the
magnitude of rotation potentially caused by loading
eccentricity during the tests.

In testing the effects of varying fibre densities, the
bonded length (Fig. 1(a)) and bond width (bf) remained
unchanged at 200 mm and 50 mm, respectively, for
specimens strengthened with LD fibre strips and 450 mm
and 50 mm, respectively, for specimens strengthened with
MD and MHD fibre strips. For reporting purposes, the test
specimens were labelled according to the notation of
S A Rr_X. A indicates the fibre density (LD , MD and
MHD, as described earlier). Rr represents the load rate,
whereby R1 = 0.00084 mm/s is the standard rate used for
this work. The letter ‘r’ in Rr varies according to the rate
ratio with respect to the standard rate (R1). For instance,
R0O.5 denotes the value of 0.00042 mm/s (which is half of
R1) whereas R10 denotes the value 0.0084 mm/s (which is
10 times of R1). Lastly, X demonstrates the specimen
number. The direct shear test results including load capacity
(Pmax) average values and coefficient of variations (as
percentage in parenthesis) are presented in Table 3. Pictures
of representative test specimens with different density of
steel sheets are shown in Fig. 2.
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Table 3 Experimental direct shear test results

Series Specimen name Pmax (KN) (Mpa) (mm) (mm) (mm) (mm) Failure Mode n
SLDRL1 1315 3055 133 8.13 * x FR 8

LD R1 SLDRL?2 1323 (012'02;]) 3074 151 772 02073 0.0004 FR 8
SLDRL3 1331 3092 125 829 06046 04407 FR 8

SMDRL1 1098 1701 064 379 06824 06199 MF 12

MDRL  SMDRI2 1318 (1112'2;)) 2042 234 648 05244 05083 MF 12
S.MD R13  10.84 1679 063 377 03671 03338 MF 12

SMHD RL1  7.90 018 039 221 02177 01251 MF 16

ip gy SMFDRL2 758 gl 88l 082 240 00001  0.0006 MF 16
- S MHD R1.3 869 (5.87%) 1010 0.35 2.16 0.1382 0.1015 MF 16
S.MHD R1 4 824 957 034 211 00890  0.0664 MF 16

SMD RI0 1 1221 1891 061 427 08073 07428 MF 12

MD R0 S MD RIO 2 1173 (ji'é;]) 1817 059 427 05822 05605 MF 12
S_MD R103 12.82 1986 2.20 593 04424 04179 MF 12

S_MHD R10.1  7.90 918 059 206 00591 00295 MF 16

MHD R10 S MHD R10.2 9.02 (78:;)(34:@ 1048 028 214 00956 00812 MF 16
S_MHD R10.3 899 1044 037 227 02211  0.1659 MF 16

o Res SMDROSL 1l&2 1go 1769 272 630 01393 04499 MF 12
- S MD_R05 2 1096 (2.91%) 1698 3.22 6.51 0.1341 0.1831 MF 12
S_MHD R05.1 675 784 161 317 00262 00501 MF 16
MHD_R05 S MHD R05 2 570 (176'577%) 662 042 159 00035  0.0005 MF 16
S_MHD_R053 816 948 093 264 00571 00159 MF 16

* Back facing LVDTs (LVDT_BR and LVDT_BL) were not mounted on specimen

Fig. 2 Three different fiber densities in representative specimens: (a) Low density (S_LD_R1 3), (b) Medium density
(S_MD_R1_2) and (c) Medium-high density (S_MHD_R1_2)

It is worthwhile to note that results from several testings the fibers. Provision for specimens to be disregarded was
were discarded due to the deformation and rotation of the made when the difference between the two front facing
aluminum U-shaped plate during the tests. These were LVDTs was greater than 0.5 mm. The use of this limit was
attributed to uneven load distribution that occured among based on the matrix-fibre interfacial constitutive law.
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Fig. 3 Load response of specimen with the same rate ratios: (a) S_LD_R1 series, (b) S MD_R1 and S_MHD_R1 series,
(c) S_MD_R10and S_ MHD_R10 series and (d) S_ MD_R0.5and S_MHD_RO0.5 series

3. Test results
3.1 Load responses

The load - slip responses of specimens strengthened
with SRG composite corresponding to the same rate ratios
and the same fibre densities are presented herein in Fig. 3
and Fig. 4, respectively.

A linear load response is first observed in Fig. 3(a) for
the SRG specimens strengthened with LD fibres. The
response subsequently progressed into a non-linear response
up to the peak load (Pmax), similarly, the load-slip response
demonstrated consistent increments until the peak load
(Pmax) is achieved. With the SRG specimens strengthened
with MD and MHD fibres (Figs. 3(b)-3(d)), the non-linear
load responses plateaued, arriving at high values of slip
before failure. The initial linear responses are representative
of the elastic characteristics of the fibre-matrix bond,
whereby the subsequent decline in stiffness is attributed to
the micro-damages inflicted onto the interfacial fibre-matrix
surfaces. Upon peak load (Pmax), any additional increments
in slip would induce a plateau state of applied load and
consequently, lead to an abrupt decline of load with no post-

peak softening responses. Both peak load (Pmax) and its
correlative ultimate stress (omax) for each specimen are
detailed in Table 3. Ultimate stress (omax) denotes the stress
at peak load (Pmax) and is prescribed in Eq. (1)

P
r‘IAcord

In Eq. (1), P represents the load administered by the
testing machine, n represents the sum of fibre cords (as
detailed in Table 3) and Acora represents the area of each
cord, which is set to be 0.538 mm? in this work.

With reference to Table 3, Fig. 3(b), Figs. 3(c) and 3(d),
records of Pmax and omax appeared higher in specimens with
MD fibre compared to specimens with MHD fibre.
Moreover, specimens with MD fibre noted higher values of
slip before failure compared to specimens with MHD fibre.
Similarly, in the comparison of Pmax and omax records for
different test rates in Table 3 and Fig. 4, it could be deduced
that an increase in the load rate entailed an increase in the
peak value observed in both MD and MHD fibre specimens.
This phenomenon is attributed to creep in the cementitious
matrix, which is fairly affected by the load rate.

O

@
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Fig. 4 Typical Load response of specimen with the same fibre density at different rate ratios: (a) typical specimens with

MD fibre and (b) typical specimens with MHD fibre

Literature has revealed that FRP-concrete interfacial
cracks form at the elastic, pre-peak area of responses.
Unpredictable crack propagation consequent to peak load
results in an acute decline in load (Park and Yoo 2013).
Therefore, the recorded Pmax could be a misrepresentation of
load relating to steady crack growth in specimens with
bonds larger than the prescribed effective length. The P-
slip responses presented in Figs. 3 and 4 are notably
comparable to other studies (Park and Yoo 2013, Li et al.
2014). The later state of unchanged in the load response
observed implies that load-carrying capacity of the interface
was fulfilled, and therefore, the bonded length ranged
beyond the effective bond length (Kim and Aboutaha 2004,
Nascimbene 2013, Ghiassi et al. 2016, Grande et al. 2018,
Ascione et al. 2019). The definite value of effective bond
length entails additional investigation, which is beyond the
scope of this paper.

It should be noted that the load response of SRG
composites is distinctively unique compare to other FRCM
composite systems (Daskiran et al. 2016, Donnini and
Corinaldesi 2017, Younis and Ebead 2018, Bellini et al.
2019). For instance, failure of SRG composites in this work
is observed to have occurred at the fibre-matrix interface.
Failure is linked to fracture of matrix at the fibre plane and
slippage of fibre. Slip is comparatively miniscule at the
initiation of debonding (approximately 10% that of a PBO-
FRCM composite)(Trapko and Musiat 2017, Marcinczak et
al. 2019). This is consistent with the separation of outer
matrix layer and fibre strip with no softening response
observed in Figs. 3 and 4. As for other FRCM composites,
debonding is marked by substantial fibre slippage. Upon
peak load, a bonded length beyond the effective bond length
would lead to a softening response, and conclude with a
non-zero load response. From a mechanical point of view,
this phenomenon stemmed from fibre-matrix friction and
interlocking fibre friction (Santandrea et al. 2016, Jahangir
and Esfahani 2018). These observations revealed that
further investigation on the stress transfer mechanism and
influence of friction on load responses are necessary.

3.2 Mode of failures

In this work, two types of failure modes were observed
for all specimens; namely fibre rupture (FR) and matrix —
fibre detachment (MF). The corresponding failure mode for
each specimen is detailed in Table 3. The former mode is
generally pertinent to LD steel fibres. Failure of specimens
with MD and MHD fibres are typified by debonding at the
interfacial matrix-fibre substrate and matrix fracture
between the fibres. The brittle separation of fibre layers and
external matrix cover is often acute. Fig. 5 demonstrates
typical specimens with typical FR and MF failure modes.

The sighting of transversal hairline cracks in the matrix
of SRG composite specimens with MD and MHD fibres is
attributed to the buildup in fibre slippage. As the specimens
are loaded, fibre slippage at the internal matrix layer takes
place. At the same time, the external matrix layer (which is
bonded to the fibres) slips relative to the internal matrix
layer (which is bonded to the concrete substrate). Cracks are
usually initiated close to the loaded edge of the composite
before growing steadily towards the composite-free side.
The cracks are observed to have spread from the external
layer of the composite to the fibre strip. This analysis on
failure modes highlights the influence of fibre density in
SRG specimens. The difference in the types of rupture
could be attributed to the reduced area of mortar in between
the fibre bundles, which inherently lowers the peak load of
MHD fibre specimens in comparison to the MD ones.

4., Discussion

This work examines the influences of three loading rates
and three different fibre densities, as described in Table 3.
Two categories of measurement, slip and machine grips,
were considered for each specimen.

Slip acted as a test control and was derived by
methodically raising the mean readings of two front facing
LVDTs (LVDT_FR and LVDT_FL). Machine grips, or
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Fig. 5 Predominant modes of failure in direct shear tests (a): Rupture of fibres (S_LD_R1 3), (b): matrix-fiber interface
debonding (S_MD_R1 1) and (c): matrix-fiber interface debonding (S MHD R1 1)
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Fig. 6 Peak stress (omax) versus rate ratio (r) for specimens with different fibre densities: (a) MD density series and (b)

MHD density series

machine upper grips (UG), denoted the displacement
readings obtained by an LVDT insert at the machine head.
The following section discusses the effects of load rate as
well as density of fibres with reference to peak stress (Gmax),
slip and UG readings, and average of two back facing
LVDTs (LVDT_BR and LVDT_BL) readings at peak load
(Pmax). The influence of measurement type is also examined.

4.1 Peak stress

Fig. 6 shows the peak stress (omax) Versus rate ratio (r)
for specimens with MD and MHD fibre. The trend line of
the ratio is depicted in red, linking the average value of each
rate ratio.

In correspondence to the rise in rate ratio from 0.5 to 10,
peak stress (omax) rises in two separate ascending branches,
one from rate ratio between R0.5 to R1 and the other
between R1 to R10. The maximum average omax is observed
at rate ratio R10. Comparatively, the gradient of the first
branch is steeper and this observation is analogous for both
fibre densities (MD and MHD). The peak stresses in MD
fibre specimens are higher than MHD fibre specimens for
each rate.

4.2 Slip at peak load

Fig. 7 shows the average front LVDTs displacement
(slip) at peak load for specimens with MD and MHD fibre
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Fig. 8 Upper grip displacement (UG) reading at peak load (Pmax) versus rate ratio (r) for specimens with different fibre

densities: (a) MD density series and (b) MHD density series

versus rate ratio (r). The trend line of the ratio is depicted in
red, linking the average value of each rate ratio.

For both MD and MHD fibre specimens, the plotted
trend reveals a decline in slip corresponding to peak load vs
the rate ratio. Similar to peak stress, the gradient of the first
descending branch (for rate ratio R0.5 to R1) is steeper and
this observation is analogous for both fibre densities (MD
and MHD fibre). Due to the failure modes, the slip at peak
load in MD fibre specimens is higher than MHD fibre
specimens for rates R0.5 to R10.

4.3 Upper grips displacement at peak load

Fig. 8 shows the upper grip displacement readings (UG)
corresponding to peak load for specimens with MD and
MHD fibre versus rate ratio (r). Similar to previous sections
(Section 4.1 and 4.2), the trend line of the ratio is depicted
in red, linking the average value of each rate ratio.

For the MD fibre density specimens, the UG at peak
load versus rate ratio is represented by a descending branch
(from rate ratio R0.5 to R1) of higher gradient and an
ascending branch (from rate ratio R1 to R10) of a lower
gradient. Comparatively, for the MHD fibre density
specimens, the average trend of UG at peak load versus rate
ratio is characterized by two descending branches (from
RO.5 to R1 and R1 to R10). There is no clear observable
trend for the UP versus r relationship, in agreement to
Salimian and Mostofinejad (2019). It was inferred that there
is no distinct relationship definition between slip
corresponding to maximum shear stress and strain rate.

4.4 Back LVDTs displacement at peak load

As mentioned in Section 2.2, back facing LVDTs
(LVDT_BR and LVDT_BL) secured perpendicular to the
surface of the strip were used to measure the extent of
rotation and probable loading eccentricity during the
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experiments. The displacements BL(Pmax) and BR(Pmax)
associated to the peak load Prmax, as measured by LVDT_BL,
and LVDT_BR, respectively, are presented in Table 3. Fig.

9 presents the average readings of BL(Pmax) and BR(Pmax)
(termed Ave_B), with respect to loading rate ratios, for each

group of specimens with MD and MHD fibre.
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For both MD and MHD fibre, it is observed that the
Ave B displacements at peak load rises with the
intensification of rate ratio. As all out-of-plane
displacements at peak load were noted to be below 1 mm,
the Mode-I parameter could have been overlooked in the
recordings of BL(Pmax) and BR(Pmax) in Table 3.

4.5 Effect of measurement type

Fig. 10 presents the load responses of representative
specimens with different fibre densities tested at varying
rates. The responses are charted with reference to axial load
versus the average readings of the two front LVDTs (Slip)
and axial load versus the displacement measured by upper
grips (UG) at machine head.
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It is evident in Fig. 10 that the initial stiffness readings
of load versus upper grips (UG) are relatively lower to those
of load versus average front facing LVDTs (Slip). Readings
for the former test vary throughout the measurements due to
the deformation of exposed fibres beyond the bonded area.
The longitudinal strain ¢ in bare fibers for any load P can be
calculated using Eg. (2)

&= P )
nAcord E f

By which E; denotes the elastic modulus of fibers (as
reported in Table 1 and was considered equal to 200 GPa in
Eq. (2)). |" is defined as the distance between the grips
and onset of the composite at the bonded area where the U-
shaped plate was administered. In this work, it measures
330 mm. The difference between the upper grip
displacement reading (UG) and the average front LDVTs
measured and controlled displacement (Slip) can be
approximated using Eq. (3)

UG-Slip=4’ ®)

As the transducers are secured to the machine head, a
new term should be included in Eqg. (3) to enumerate
deformation of the machine heads.

Fig. 11 showcases the difference in UG-Slip of the load

responses of every specimens versus £l’ . ¢ can be
computed using Eq. (2). Readings corresponding to peak
load Pmax are featured as points for every specimen, with the
exception to specimens of low fibre density (S LD _R1
series). This is due to the non-linear behaviour exhibited by
the bare fibres prior to rupture. On the contrary, a fair level
of agreement between the left and right sides of Eq. (3) up
till peak load is noted for other specimens of different
densities. Nevertheless, the occurrence of local debonding
could affect the efficiency of Eq. (3).

5. Conclusions

The outcomes of an investigation into the interfacial
characteristics of steel reinforced grout (SRG) composite
strips adhered to concrete prisms was reported. Direct-shear
tests were conducted at three different loading rates. Three
varying densities of SRG composite strips and two
categories of measurement, slip and machine grips,
respectively, were examined. The ensuing commentary
concludes this investigative work:

» Rupture of the fibres was noted in the SRG-concrete

joints samples with low density steel fibres. The
modes of failures observed for samples of medium
density (MD) and medium-high density (MHD),
include fibre slippage and fracture of matrix at the
interfacial region of the internal matrix and fibre. In
contrast to alternative FRCM systems, post-peak
softening responses were not recorded.

« It was observed that peak load Pmax and corresponding
peak stress omax increased as the slip rate was raised.

This trend was analogous for both MD and MHD steel
fibres. As expected, the measured value of peak
stresses are greater in lower density of fibre series
with respect to higher density of fibre series for all
loading rates.

« Slip correlative to the peak load decreased as the

loading rate increased for both MD and MHD fibre
series. For all loading rates, the slip at peak load
observed in MD fibre series were higher than MHD
fibre series. This was attributed to the nature of their
failure modes.

» There was no distinct trend for UG displacement

responses correlative to peak load, with reference to
changes in loading rate.

» The average value of the out-of-plane displacements

at peak load increased with increments in load rates,
independent of specimen fibre densities. Despite the
increase, values remained small. Therefore, the Mode-
I component for all specimens (with composite bond
length of 200 mm and 450 mm) could be overlooked.

« Initial stiffness is affected by the type of measurement

variables. In consequence of the deformation of bare
fibres beyond the bonded region, initial stiffness of
load versus UG measurements were lower compared
to those of initial stiffness of load versus slip
measurements.
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