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Abstract. The combined application of Carbon Fiber Reinforced Polymer
(CFRP) and recycled aggregate concrete is of great importance in conserving
resources and reducing environmental pollution. A dynamic experimental study
was conducted using a double-sided shear test method, and the bonding behavior
of CFRP sheet-recycled aggregate concrete interface was analyzed. The effects
of seven kinds of bond length, four kinds of bond width and three kinds of load
rate on the interface properties were considered. The experimental results
demonstrate that: 1) The main damage pattern of the CFRP sheet-recycled
aggregate concrete interface is stripping damage of concrete surfaces. 2) As the
bond length and bond width increase, the ultimate bearing capacity of the CFRP
sheet-recycled aggregate concrete interface increases, and the influence of
loading rate on the ultimate bearing capacity decreases. 3) It is evident that the
interfacial fracture energy and interfacial shear stress are subject to a pronounced
strain rate effect. In the bond-slip relationship of the interface, a reduction in bond
width and an increase in loading rate result in an increase in the slip
corresponding to the peak shear stress.

Keywords: CFRP sheet-concrete interaction; Recycled aggregate concrete;
Loading rates; Ultimate bearing capacity

1 Introduction

In light of the ongoing acceleration of global urbanization and the concomitant
expansion of the construction industry, reinforced concrete buildings have been
experiencing ageing, demolition and renovation. More and more construction waste is
generated in this process, causing serious pressure and impact on the resource
environment. Repair and reinforcement of damaged structures and reuse of construction
waste can effectively reduce construction waste. This has significant practical
implications for the conservation of resources and the reduction of environmental
pollution resulting from the disposal of waste concrete. [1].
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In the field of structural engineering, Carbon Fiber Reinforced Polymer (CFRP)
has been employed extensively for the reinforcement and repair of concrete building.
It has the advantages of easy construction, good durability, high strength and light
weight [2]. For end-of-life concrete, it can be broken, cleaned, graded, and mixed in a
specific proportion to create recycled aggregate. The recycled aggregate will replace
the natural aggregate in proportion to form recycled aggregate concrete, which can
realize the reuse of resources [3]. Recycled aggregate concrete exhibits lower strength
than normal aggregate concrete [4]. The use of CFRP sheets has been demonstrated to
enhance the ductility and bearing capacity of recycled aggregate concrete beams [5].
The combined application of CFRP sheet and recycled aggregate concrete has become
one of the current research hotspots in the field of concrete structure reinforcement
and repair [6]. Under dynamic loading, the mechanical properties of CFRP-concrete
interface differ significantly from those under static loading due to the strain rate
effect. Currently, the dynamic bonding performance of CFRP sheet-recycled
aggregate concrete interface is unclear. In this study, we carried out an in-depth study
by experimental means and analyzed the damage pattern, ultimate bearing capacity,
and interfacial fracture energy.

2 Experimental program

2.1 Experimental design and loading scheme

Fig. 1 shows the test device diagram of this paper, which adopts the form of
double-sided shear test. The size of the concrete specimen is 300 mm x 100 mm x
100 mm. The specimens were installed and connected to a universal testing machine
using a self-designed fixture. The CFRP sheet was applied symmetrically to both
sides of the concrete specimen at the center axis. In order to prevent wedge damage at
the load end of the concrete, a 50 mm non-bonded zone was set at the load end of the
concrete. The distance from the lower edge of the non-bonding area to the fixture is
150 mm. The strain gauges are attached to the central axis of CFRP sheets on both
sides. Because the strain gauge has a certain size, the same 30 mm spacing is used
when the strain gauge is pasted. The initial strain gauge is bonded at 5 mm from the
edge line of the unbonded area. During the test, the load sensor and the dynamic strain
acquisition instrument automatically collect data.

2.2 Experimental materials

Concrete. In the tests, P.O 42.5 ordinary silicate cement was used for cement,
medium-coarse river sand was used for fine aggregate, and tap water was used as
mixed water. The replacement rate of recycled coarse aggregate was 100%, and the
particle size was 5 - 20 mm continuous grading. According to the requirements of
JGJ55-2011 [7], the mixing ratio of recycled aggregate concrete was designed. The
proportion of constituents in concrete is as follows: water: cement: fine aggregate:
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coarse aggregate = 1: 1.34: 2.65: 4.92. The 28-day cubic compressive strength of the
concrete is 37.25 MPa, and the axial tensile strength is 3.36 MPa.

CFRP sheet. The fiber-reinforced composite used in this test was CFRP. CFRP sheets
were produced by Carbon Engineering Co., Ltd. and tensile tests were conducted in
accordance with the GB/T 3354-2014 standard [8]. The nominal thickness of the
CFRP sheet was 0.167 mm. The measured tensile strength is 3861.9 MPa, the elastic
modulus is 240 GPa, and the ultimate strain is 1.7 %.

Adhesive. The impregnating adhesive used in this test was the Carbone impregnating
adhesive matched with the CFRP sheet. The tensile strength of the impregnated
adhesive is 60.9 MPa, the elastic modulus is 3700 MPa, and the ultimate tensile strain
is 2.0 %.

Universal
testing
machine

CFRP sheet

Retaining
bolt
Strain gauge

» Fixed end
1

T2

Fig. 1. Diagram of the test setup

2.3  Experimental protocol

The purpose of this test is to study the interfacial properties of CFRP sheet and
recycled aggregate concrete under different loading rates. The test parameters include
CFRP sheet bond length L, bond width b and loading rate v. The test scheme is shown
in Table 1, where the loading rate is divided into 3 levels: S is quasi-static load, D I
~DII are 2 levels of dynamic load. These loads correspond to the loading rates of 0.1
mm/min, 10 mm/min, and 100 mm/min, respectively. The strain rate for each load is
10-%/s, 1073/s, and 10-%/s. Taking into account the discreteness of the test results, each
type contains three specimens. The remaining parameters in the specimen numbers
indicate the bond length and bond width of the same group.
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Table 1. Main parameters of the specimen.

Specimen number  L(mm) b(mm) v(mm/min) Strain rate (s™!)
S-40-50 0.1 107
D I -40-50 40 10 103
DI I-40-50 100 102
S-60-50 0.1 10°
D [ -60-50 60 10 107
DI 1-60-50 100 102
S-80-50 0.1 10°
D [ -80-50 80 10 103
DI I-80-50 100 102
S-100-50 0.1 107
D I -100-50 100 50 10 103
DI 1-100-50 100 102
S-120-50 0.1 10°
D [ -120-50 120 10 107
DI 1-120-50 100 102
S-160-50 0.1 10°
D I -160-50 160 10 103
DI I-160-50 100 102
S-200-50 0.1 10°
D [ -200-50 10 1073
DI 1-200-50 100 102
S-200-25 0.1 10°
D [ -200-25 25 10 1073
DI I-200-25 100 102
S-200-75 200 0.1 107
D [ -200-75 75 10 103
DI 1-200-75 100 102
S-200-100 0.1 10°
D [ -200-100 100 10 107
DI 1-200-100 100 102
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3 Experimental results and discussion

3.1 Damage pattern

Fig. 2 illustrates the main damage patterns of the tests. Most of the specimens showed
a stripping damage of the concrete surface underneath the CFRP sheet. This indicates
that for recycled aggregate concrete, the CFRP sheet can effectively transfer the
interfacial bond shear stress to the concrete surface through the adhesive layer,
resulting in “ideal and reliable” interfacial stripping damage. Some specimens
exhibited partial stripping and fracture of the CFRP sheet, potentially due to uneven
stress from manual errors during bonding. And some CFRP sheets were fractured,
primarily under high strain rates and when using longer bond lengths.

—_—_——eee— e e -

- Concrete
> surface

CFRP sheet ‘ |
fracture

Fig. 2 Damage patterns: (a) debonding in concrete; (b) concrete debonding and partial CFRP
sheet fractured; (¢) CFRP sheet fractured.

Fig. 3 shows the stripping interface of some specimens. It can be seen that the
surface layer of the peeled concrete contains broken recycled aggregates. This
indicates that the aggregate is damaged during the failure process. Given that the
strength of recycled aggregate is inferior to that of ordinary coarse aggregate, it can be
reasonably assumed that the strength of the aggregate will impact the strength of the
CFRP sheet-recycled aggregate concrete interface. This assertion is supported by the
findings of previous studies, as cited in references [9]. This may result in a reduction
in the strength at that interface between the CFRP sheet and the recycled aggregate
concrete.
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Fig. 3 Detailed view of the stripping interface.

3.2  Ultimate bearing capacity

The ultimate bearing capacity of concrete specimens with different bond lengths and
different bond widths at different loading rates is given in Fig. 4. As shown in Fig.
4(a), the ultimate bearing capacity of the specimens at identical bond lengths
demonstrates a progressive increase with the rise in loading rate. This indicates the
existence of strain rate effect at the CFRP sheet-recycled aggregate concrete interface.
The influence of load rate on ultimate bearing capacity decreases as the bond length
increases. As an illustration, an increase in the loading rate from 0.lmm/min to
100mm/min has been observed to result in a 46.9%, 35.0%, and 27.4% enhancement
in the ultimate bearing capacity, respectively, when the bond length was set at 40mm,
100mm, and 200mm. The ultimate bearing capacity of the specimen is observed to
increase in accordance with the bond length, when the loading rate remains constant.
Once the bond length reaches a specific value, the ultimate bearing capacity reaches a
point of stability and begins to exhibit no further increase with the extension of CFRP
bond length.

25
(a) U v=0.1mm/min (b) ZZZZ v=0.1mm/min
E—]v=10mm/min 30 f —v=10mm/min i 14—7—%
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Fig. 4 Ultimate bearing capacity at different loading rates: (a) different bond lengths; (b)
different bond widths.
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From Fig. 4(b), it can be found that there is a notable enhancement in the ultimate
bearing capacity of the specimens with an increase in the bond width. At a consistent
loading rate, the bond width is essentially proportional to the ultimate bearing
capacity. It can be observed that, when the bond width remains constant, an increase
in loading rate results in a corresponding increase in the ultimate bearing capacity.
The effect of the load rate on the ultimate bearing capacity is observed to diminish
with an increase in the bond width. For example, an increase in the loading rate from
0.1 mm/min to 100 mm/min has been observed to result in a 50.8% enhancement in
the ultimate bearing capacity when the bond width is 25 mm. When the bonding
width is 100 mm, the ultimate bearing capacity exhibits a mere 14.7% increase.

3.3 Interfacial fracture energy

The interfacial fracture energy (Gry) is defined as the area enclosed by the stress-slip
curve of the interface. It determines the magnitude of the interfacial bearing capacity
and is the most important parameter in the stress-slip relationship. The study [10]
showed that the bearing capacity of the CFRP-concrete interface is proportional to the
square root of Gf, and has nothing to do with the specific form of stress-slip curve.

The Gt of the specimen can be calculated by the following relation [10]:
P
- Zb%Eftf (1)

Gt

where, Py represents the ultimate carrying capacity, br and # represent the width and
nominal thickness of CFRP sheets, respectively, and Er represents the elastic modulus
of CFRP sheets.

Fig. 5 shows the impact of strain rate on Gr under different bond length and bond
width. As illustrated in Fig. 5(a), an increase in the strain rate is observed to result in a
corresponding rise in Gt at varying bond lengths. The Gr curves under different bond
lengths are almost parallel. This shows that variations in bond length exert an
influence solely on the specific value of Gy, without affecting its growth rate in
response to an increase in the strain rate. Fig. 5(b) illustrates the impact of CFRP
sheet bond width on Gr. The Gr of concrete specimens with small bond width is
greater than that of concrete specimens with large bond width. For the specimen with
small bonding width, Gr increases more obviously with increasing strain rate. This
shows that when the bond width of CFRP sheet is small, the interface between CFRP
sheet and recycled aggregate concrete has a more significant strain rate effect.
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Fig.5 Influence of CFRP sheet on interfacial fracture energy: (a) different bond lengths; (b)
different bond widths.

3.4  Local bond stress-slip relationships

The equations for calculating the interfacial shear stress and slip are as follows [11]:

T = 2 Ete (i = 1~n) 2
s = H%Ad + Ei+1Ad + Siy1 (L = 1~Tl) (3)

where ¢&; represents the CFRP strain at Section i; €1 represents the CFRP strain at
Section i+1; s; and s;+1 represent the slip of strain measurement points 7 and i+1; and
Ad represents the interval between strain gauges (30 mm).

Fig. 6 illustrates the local stress-slip relationships under varying conditions. The
stress-slip curve shows a consistent shape, with obvious rising and falling sections.
Fig. 6(a) shows effect of bond length on the local stress-slip curve at a loading rate of
10 mm/min. It can be seen that the slopes of different curves are basically the same in
the ascending and descending segments. The peak shear stress increases with the
increase of the bonding length. Fig. 6(b) shows the stress-slip curves for different
bond widths at the same loading rate. As the bond width decreases, the area
encompassed by the interfacial bond stress-slip curve increases, which is consistent
with the observed change in Gr. As the bond width increases, the peak shear stress and
its corresponding slip decrease. In Fig. 6(c), the effect of loading rate on the local
stress-slip curve is analyzed by taking the specimen with a bonding length of 200 mm
and a bonding width of 50 mm as an example. It can be observed that the peak shear
stress and the slip at the peak shear stress increase.

8 c) 8
—a—npr40-50 | (b) —=—DI-200-25 © —=—§-200-50
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Fig.6 Local bond stress-slip relationships curve: (a) different bond lengths; (b) different bond
widths; (c¢) different strain rates.

4 Conclusion

In this study, the dynamic interfacial bonding properties of CFRP sheet-recycled
aggregate concrete under double-sided shear test were studied. The tests were
conducted at varying loading rates to evaluate the impact of loading rate on the
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interfacial bonding properties of the concrete. Some concluding remarks are as
follows.

1) The main damage pattern of the CFRP sheet-recycled aggregate concrete
interface is the stripping damage of the concrete surface.

2) The ultimate bearing capacity of the CFRP sheet-recycled aggregate concrete
interface showed an increasing trend with both bond length and bond width. The
impact of load rate on ultimate bearing capacity is observed to diminish with the
augmentation of bond length and bond width.

3) An increase in strain rate and bond length has been observed to result in an
increase in interfacial fracture energy and interfacial shear stress, while a decrease is
evident with an increase in bond width. The slip corresponding to the peak shear
stress demonstrates a decrease with an increase in bond width and an increase with an
increase in loading rate. The bond length has no discernible impact on the slip.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
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source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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