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ABSTRACT

Reactive powder concrete is an attractive new concrete technology for structural design
applications. The technology has been used for different structures with several advantages.
Strengthening and retrofitting structures using FRP has grown rapidly in the last decades to
upgrade structures because of the gradual material degradation over time. The technique
was applied mainly for conventional normal and high-strength concrete and steel. This study
is conducted to study the performance of bonding interface among reactive powder concrete
substrate and CFRP sheets using different parameters, including bond length, bond width,
and bond-slip relations. Concrete prisms with dimensions of (25 x 25 x 75 mm) were
adopted in the experimental program. Five groups of three specimens were tested using a
single-lap shear test setup, and pull-out loading was applied for testing the specimens. Test
results indicated significant bonding properties compared to the normal concrete.
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1. INTRODUCTION

Compared to other retrofitting approaches, FRP composites have evolved in recent decades
as a highly practical, economical, and environmentally friendly solution for strengthening
aging reinforced concrete structures (De Lorenzis et al., 2001; Ezeldin and Balaguru,
1989; Ferracuti et al.,, 2007). Different strengthening techniques have been used based on
the defective members' type and the current understanding of strengthening systems
(Focacci et al., 2000; Mukhopadhyaya and Swamy, 2001; Pilakoutas et al., 2011; Daraj
and Al-Zuhairi, 2023). Carbon fiber reinforced polymers (CFRP) have become one of the
most popular reinforcing materials (Triantafillou and Plevris, 1992; Sena-Cruz and
Barros, 2002; Foster et al., 2017) because of their excellent mechanical qualities, high
strength-to-weight ratio, and unrivalled resistance to corrosion as compared with
traditional retrofitting methods. Externally bonded FRP plates or sheets, near-surface
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mounted FRP plates or bars (Tighiouart et al., 1998; De Lorenzis and Nanni, 2002; De
Lorenzis et al.,, 2002; El Meski and Harajli, 2013a; Said and Al-Ahmed, 2015; Al-
Abdwais and Al-Mahaidi, 2016) and post-tensioned FRP straps are just some
reinforcement methods. It is preferable to use FRP plates that are mounted externally since
they are less invasive and the concrete elements can be strengthened while the member is
still in use (Nguyen et al., 2018; Hoult and Lees, 2009; Lee et al., 2012; Hassan and
Rizkalla, 2004; Malvar et al., 2003; Salman et al., 2018).

Epoxy-bonded FRP reinforcement functions compositely, so the bond response is important
for transmitting bond stresses through the fiber-concrete bond connection. The type of FRP,
bonded area, surface preparation, and FRP thickness significantly affected the bond
capability of epoxy-bonded connections. Over the past two decades, extensive research was
conducted to determine the optimal bond length, FRP bar diameter, FRP composite
thickness, and concrete strength. The results showed that the bond resistance of bond joints
increased beyond a certain length of externally bonded reinforcement, while the bond
strength did not. This was commonly known as the effective bond or anchorage length
(Ezeldin and Balaguru,1989; Nguyen et al., 2001; Sena-Cruz and Barros, 2004; Novidis
and Pantazopoulou, 2008; Mohammed and Ali, 2024; Al-Zuhairi and Sahi, 2013). [t was
also noted that increasing the groove size and cover thickness of the NSM strengthening
system could improve the bond strength of the joints (De Lorenzis and Nanni, 2002;
Novidis and Pantazopoulou, 2008; Zheng and Yu, 2012).

The extraordinary strength, durability, and resistance to various environmental and physical
pressures characterize Reactive Powder Concrete (RPC) (Richard and Cheyrezy, 1994).
Dense and compact RPC combines very fine powders like silica fume, cement, and quartz
powder with steel fibers and a superplasticizer. Steel fiber is sometimes used in addition to
the superplasticiser to reduce the water/cement ratio and improve the workability of
concrete (Matte and Moranville, 1999; Parameshwar and Subhash, 2017). Having a
compressive strength several times higher than typical types of concrete, RPC is
exceptionally resistant to chemical attack and erosion because of its low porosity. Bridges,
tunnels, and precast concrete are just some of the many uses for RPC. RPC is a high-
performance material, but it is more expensive and labor-intensive to create than regular
concrete. Therefore, it is only used in niche contexts that demand it for its particular
features. The bond behavior of both regular concrete and concrete reinforced with epoxy-
bonded fibers has been extensively studied in several trials (Razaqpur and Mostafa, 2015;
Al-Ahmed and Al-Jbouri, 2016). However, there has been little focus on the bond response
of FRPs on reactive powder concrete (RPC) substrates.

Therefore, the goal of this investigation is to evaluate the bond performance of CFRP-to-RPC
bonded joining through the use of an experimental program that takes into account a variety
of parameters, such as the influence of bond length, width, and thickness of CFRP plates.

2. EXPERIMENTAL WORK
2.1. Materials
2.1.1. Reactive Powder Concrete

For the compressive testing, cubes were cast from a single batch of the reactive powder
concrete mixture. Table 1 depicts the mix design. Compressive strength was measured using
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(AS 1012.9, 1999), and tensile strength was measured using (AS 1012.10, 2010) splitting
tensile tests. Test outcomes are shown in Table 2.

Table 1. Mix ratios of reactive powder concrete (kg/m3)
Mix type FS C w SF SP
Mortar Mix 1070 963 214 107 32
FS: Fine Sand, C: Cement, W: Water, SF: Silica Fume, SP: Super Plasticizer

2.1.2. Fine Sand

The fine sand was used in this study with a maximum particle size (450 um) passing from
sieve N0.40, and a minimum size (150 um) remaining on sieve No.100. The properties of the
fine sand are: The Specific gravity is 2.75, the sulfate content is 0.47%, and absorption is
0.63%.

2.1.3. Silica fume

The use of silica fume was to enhance the bonding properties of the cementitious mortar.
The material was supplied from Tasmania.

2.1.4. Superplasticizer

The superplasticizer was used to provide the workability required for the adhesive in this
project. The material was supplied by Sika Co.

2.1.5. CFRP laminate strips

The CFRP laminate strips are 1.4 mm thick and have two widths of 25 and 50 mm, which
commercial manufacturers use. The mechanical properties were measured using (ASTM
D3039, 2008).

2.1.6. Epoxy adhesive

Seka is a commercial manufacturer of epoxy resin. The manufacturer provides details on the
product's mechanical qualities in Table 2.

Table 2. Materials properties

Material Compressive Strength | Tensile Strength | Elastic Modulus
(MPa) (MPa) (MPa)
Reactive powder concrete | 82 6.3 36200
Sika Epoxy adhesive 60 30 4500
CFRP laminate 1200 2500 165,000

2.2 Specimen Details

Fifteen concrete samples measuring 75 mm x 75 mm x 250 mm were used in the experiment.

Using epoxy adhesive, CFRP sheets were adhered to the outside of the specimens along the

lengthwise axis of the surface. CFRP laminate came in two widths, 25 and 50 mm, and a

thickness of 1.2 mm. Four different bond lengths (100, 150, 200, and 250 mm) were used,

with three same specimens of each bond length signified as "a," "b," and "c," respectively.
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The specifics of the samples are shown in Table 3. The samples were evaluated using a
single-lap shear test arrangement.

Table 3. Specimen’s details

Specimen Bond length | Fiber width | Compressive strength | Number of
Designation (mm) (mm) (MPa) specimens
L100W25 100 25 82 3
L100W50 100 50 82 3
L150W25-SG 150 25 82 3
L150W50 150 50 82 3
L200W50 200 50 82 3

L: Length, W: Width, SG: Strain Gauges

2.3 Specimens Preparation

The concrete prisms were allowed to cure for 28 days before the CFRP was bonded to the
face of the prisms using adhesive. To prevent premature concrete failure caused by excessive
stress concentration, bonding began 50 mm from the left edge of the prism. After 2 weeks of
curing, the samples were put through their paces. Fig. 1 depicts the specimen preparation
process.

(b)

Figure 1. Specimens preparation (a) Bonding of CFRP to the concrete substrate (b) Fixing
the Aluminum gripping plate

2.4. Testing Set-up

One shear-lap shear test rig was used for all of the specimen testing. Fig. 2 depicts the
arrangement in detail, including its dimensions. The load was applied using displacement-

control rate of 0.2 mm/min.
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(a) Side view. (b) Top view.

Figure 2. Configuration of set-up
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With the use of a laser level, we were able to perfectly align the specimens with the loading
direction, eliminating any chance of bending moment on the fiber strips and ensuring a pure
axial load. Loading cells and extensometers were used to determine the force and distance
traveled. Displacement at uniform distances from the bonding end was measured using
extensometers placed at the gripping locations. The loading configuration is shown in Fig. 3.

Figure 3. Test set-up
3. RESULTS AND DISCUSSION

The consequences of the tests on the specimens with various bonding lengths and widths
are presented in Table 4. The outcomes were just as effective at bonding as CFRP laminate
strips. It has been shown that as bond length increases, average bond stresses drop.

Table 4. Test results

Specimen Bond length bond Fiber width | Av. Ultimate Number of
Designation length (mm) (mm) force (kN) specimens
L100W25 100 25 7.2 3
L150W25-SG 150 25 11.9 3
L200W25 200 25 12.2 3
L100W50 100 50 13.9 3
L150W50 150 50 18.1 3

L: Bond Length, W: CFRP Width, SG: Strain Gauges

The significant effect of the bond length on ultimate load capacity can be indicated in Fig. 4
with load-displacement curves for three different bonding lengths 100, 150 and 200 mm.
The typical ultimate load for three specimens of the L100W25 series with a bond length of
25 mm was 7.2 kN. The load and displacement behavior were linear, which indicates full
bonding strength up to 4.5 kN, and beyond this, bonding stiffness reduced gradually, and the
behavior became nonlinear until sudden failure. The typical bond stress was 2.88 MPa at this
load. Fig. 4 shows that the bonding stiffness peaked at 4.5 kN before gradually decreasing to
failure at the ultimate load. The failure occurred due to delamination at the
concrete/adhesive interface, as depicted in Fig. 5. This type of failure is typical and mainly

occurs in conventional concrete strengthened externally with FRP (De Lorenzis et al.,
2001).
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With a typical ultimate load of 11.9 kN across all three test specimens, the LI50W25 series
demonstrated a 65% increase in load compared to the L1I00W25 series. The average bonding
stress at the ultimate load was determined to be 3.17 MPa, representing an increase of 28%.
The peeling of the concrete surface is depicted as the failure mode typically occurred at the
interface between the concrete and adhesive due to the detachment in the concrete surface
as shown in Fig. 6. Fig. 4 shows a load-displacement plot with linear bonding stiffness until
about 5.3 kN and then shows nonlinear fluctuation until reaching the ultimate load.

The load-displacement curve (Fig. 4) shows that the mediocre ultimate load for the
L200W25 specimens was 12.2 kN, with a bonding stress of 2.4 MPa. The bonding stiffness
was linear until 5.5 kN and the started to fluctuate reduction until the failure at the ultimate
load. The failure was typical of previously tested specimens with delamination at the
interface between concrete and CFRP (Fig. 7). The ultimate load showed no significant rise
with only around 2.5% when the bond length was raised from 150 mm to 200 mm. As the
effective bond length is the length beyond which no significant increase in strength is
achieved. Therefore, the bond length of 200 mm can be considered as an effective bond
length for reactive powder concrete externally bonded with CFRP.
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Figure 4. Load-displacement curves of L100,150 and 200W25

Figure 5. The failure mode of L100W25
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Figure 7. The failure mode of the L2Z00W25 specimen

Increasing the width from 25 to 50 mm has significant effect on the bond strength as
indicated in Fig. 8. With a bonding length of 100 mm and an average ultimate load of 13.9
kN, the average bond stress for 3 Series L100W50 specimens was 2.7 MPa. Compared to the
L50W50 series, the increased load is over 95%., which indicates the significant effect of fiber
width on the full capacity of the bonding. The failure occurred in a specific pattern because
of the interface between the glue and the concrete (see Fig. 9). The connections between
load and displacement (Fig. 8) revealed a steady loosening of the bond's rigidity beyond the
loading value of 4.4 kN up to the ultimate stress.
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Figure 8. Load-displacement curves of L10&1500W50 specimens
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The L150W50 series, as shown in Fig. 8, had a mediocre ultimate load of 18.1 kN, achieving
an increase of about 30% of the L100W50 specimen with a corresponding average bond
stress of 2.41 MPa over three specimens. The bonding stiffness continued linearly up to
about 7.6 kN. Fig. 10 demonstrates that the mode of failure was consistent in the interface
region between the concrete and glue.

."41'_

Figure 10. The failure mode of the L1I00W25 specimen

4. CONCLUSIONS

Extensive research was conducted to learn more about the interfacial bond reaction between

RPC substrates and FRPs. Using single-lap shear test configurations, the properties of the

bond joints were investigated while taking into account the impact of CFRP bond length and

width in samples cast using RPC. The following are the distinguished conclusions drawn

from the experimental test results:

¢ This study examined how the use of reactive powder concrete affected the maximum bond
resistance and failure slip. When retrofitting concrete structures cast with RG aggregates,
the performance of CFRP reinforcement is significantly impacted by the RPC specimens’
poorer aggregates interlocking and lowers concrete surface tensile strength along the
bond agent.

¢ The increase in bond capacity was observed by increasing the width of the CFRP plates
from 25 to 50 mm. This resulted from the increase in the bonding area, which consequently
acquired greater inter-facial bonding stresses.
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e The maximum bond resistance is significantly increased by 65% by increasing the bond
length of the CFRP plates from 50 to 150 mm, while the increase in bond strength between
150 to 200 mm was only 2.5%. Hence, the effective bonding length of the PRC molded
samples was approximately 150 mm, as confirmed by the fact that using 200 mm bonding
of FRP plates did not significantly increase the bonding strength.
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