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Abstract

concrete beams strengthened with prestressed CFRP.

With the development of recycled aggregate concrete (RAC), the recovery rate of construction waste is improved,
and the pollution problem is alleviated. In particular, RAC beams strengthened with prestressed carbon fiber rein-
forced plastics (CFRP) can exhibit improved mechanical properties, expanding RAC application. Four groups of rein-
forced RAC beam specimens contained 0%, 40%, 70%, and 100% recycled coarse aggregate, respectively. Each group
of beams was first pre-cracked and then strengthened by prestressed CFRP with one layer and two layers respectively.
Finally, the bearing capacity tests were performed for these beams. The test results show that as the recycled coarse
aggregate content increases, the cracking moment and ultimate load capacity of the beam decrease, while its crack
width increases. As the CFRP layer increases, the deformation and crack width of the beam decreases, while the num-
ber of cracks increases. The prestressed CFRP also exhibited tensile and peeling failure. A beam deflection calcula-
tion model was established by introducing a coefficient k representing the interaction between recycled aggregate
and CFRP. The influence coefficient of concrete elongation on the crack width and average crack spacing of the beam
was modified, and the crack width analysis model of the beam was established. The calculated results are in good
agreement with the experimental observations. It can provide reference for the application and design of recycled
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1 Introduction

The rapid social and financial improvement has brought
about a significant expansion of concrete construc-
tion, which has led to the overexploitation of existing
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resources and damage to the ecological balance. Lots of
construction and demolition waste simultaneously piles
up, occupying land resources and causing environmental
pollution (Xie et al., 2018; Yehia et al., 2015). For example,
the UK generates around 110 million tonnes of construc-
tion waste each year (Medina et al., 2014); in the USA,
its annual production is about 200-300 million tonnes
(Lotfy et al., 2015). To address such problems, crushing
waste concrete for reuse as a construction material has
been proposed. This can conserve existing resources,
reduce the accumulation of construction waste, relieve
pressure on environmental pollution mitigation, and
protect the ecological environment (Toledo et al., 2013;
Wang et al,, 2021).

However, due to the weak areas at the bonding inter-
face between the recycled coarse aggregate and cement
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Table 1 The physical properties of each aggregate

Aggregate type Size (mm) Fineness Apparent density Pile-up density =~ Mud content  Water Crushed

(kg/m3) (kg/m?3) (%) absorption (%)  index

(%)

Recycled coarse 5-20 / 2490 1240 0.68 4.2 14.2

Coarse 5-20 2810 1360 047 1.0 9.0

Fine 0-4.75 29 2590 1420 1.8 13 /

mortar, the mechanical properties of RAC components
are greatly reduced (Chen, 2013; Dimitriou et al., 2018;
McNeil & Kang, 2013; Ozbakkaloglu et al., 2018). This
can seriously affect the promotion and application for
RAC. Therefore, active measures should be taken to
strengthen RAC components, improve structural safety
and thus expand the application of RAC. Many struc-
tural strengthening methods have been developed, such
as the external prestress method (Zhao et al., 2019), the
outsourcing steel method (Shakirov & Sulejmanov, 2021),
and the steel plate bonding method (GB/T 50367-2013,
2013). However, these methods exhibit many defects. For
instance, the reinforcement procedure is accompanied by
intricate steps, and the steel elements, once exposed to
the external environment, are prone to corrosion, lead-
ing to a reduction in the overall service life. Further-
more, considering the relatively higher density of steel
compared to concrete, the incorporation of steel rein-
forcement results in an increase in the structural weight.
These inherent drawbacks pose limitations on the wide-
spread adoption and application of the aforementioned
strengthening methods.

Carbon fiber reinforced plastics (CFRP) are exten-
sively used for structural reinforcement due to their high
strength, small thickness, high corrosion resistance, and
high durability (Bakar et al., 2022; ElSafty et al., 2014;
Huang et al.,, 2020; Kadhim et al., 2021). As the increase
of CERP layers, the compressive strength of concrete
increases. The strengthening effects of CFRP on con-
crete with lower strength are more significant. It has
been shown that the initial cracking load, ultimate bear-
ing capacity, fatigue limit and shear strength of concrete
beams strengthened by CFRP can increase by about
40%, 67%, 33%, and 25%-114%, respectively (Colalillo
& Sheikh, 2012; Eljufout et al., 2021; Helal et al., 2020).
Therefore, considering the advantages and good strength-
ening effect of CERD, it can be a preferred technology for
strengthening concrete structures.

In addition, it has been reported that prestressed CFRP
can fully exhibit its structural performance and enhance
strengthening effects (Gao et al., 2016; Huang et al., 2017;
Song & Hou, 2017; Xue et al,, 2010) showed an increase
in flexural bearing capacity of 35.6% and 27.5-57.4% for
beams strengthened with CFRP and prestressed CFRP

respectively. Thus, prestressed CFRP can facilitate the
effective use of CFRP strength. In terms of the reliabil-
ity of prestressed CFRP-reinforced concrete beams, (Liu
et al., 2015) established a flexural bearing capacity model,
Which provided a basis for analyzing and evaluating the
reliability and safety of concrete structures strengthened
by prestressed CFRP.

Although prestressed CFRP is effective and safe for
strengthening concrete structures, it has been rarely
used in RAC structures (Khan et al., 2021; Zhang et al.,
2019), and existing research focuses more on materials
(Chen et al., 2016). Therefore, in this paper, RAC beams
with different recycled coarse aggregate contents were
designed and strengthened with prestressed CFRP. The
effects of recycled aggregate content and the number
of prestressed CFRP layers on the deflection and crack
width of RAC beams were explored. Based on the modi-
fied equivalent area of the steel bars and the ultimate
compressive strain of concrete, a deflection calculation

‘ Waste concrete ‘

Cleaning, drying

| s i
Fig. 1 Production process of recycled coarse aggregate
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Table 2 Physical and mechanical properties of Ordinary Portland cement

Setting time (min) Compressive strength (MPa)

Flexural strength (MPa)

Fineness (%) Loss on ignition (%)

Initial Final 3 days 28 days
180 280 29.5 46.8 54

3 days

28 days 3 23
8.0

model of RAC beams strengthened by prestressed CFRP
was proposed. The influence coefficient of concrete elon-
gation on crack width and average crack spacing of the
beams was revised, and the crack width analysis model
of RAC beams strengthened by prestressed CFRP was
established. It can provide a basis for engineering design
and application of RAC.

2 Materials and Methods

2.1 Materials

Table 1 shows the physical properties of each aggregate
used in the test. Fine aggregate is natural river sand. Recy-
cled coarse aggregate was produced from concrete waste
and belonged to Category II according to the Standard
(GB/T 25177-2010, 2010). Fig. 1. shows its production
process. The cementitious material is Ordinary Portland
cement with a strength grade of 42.5 MPa. Table 2 shows
its physical and mechanical properties. UT70-30 CFRP
and adhesive resin were obtained from Japan Toray Com-
pany, in which the thickness of CFRP is 0.167 mm. Their
mechanical properties are illustrated in Table 3.

2.2 Specimen Preparation

Four groups of reinforced RAC beams were prepared
and each group included two RAC beams. The design
strength of RAC was C35. The water-cement and sand

Table 3 Mechanical properties of CFRP and adhesive resin

ratios were 0.5 and 35%, respectively. The recycled
coarse aggregate content was selected as 0%, 40%, 70%,
and 100%, respectively. The mixing ratio of RAC was
designed according to Standard (JGJ 55-2011, 2011)
(Table 4). Meanwhile, 6 concrete cubes of 100 mm? and
6 concrete prisms of 150X 150 x 300 mm?® were prepared
and cured under the same conditions as RAC beams for
28 days. According to the specification (GB/T50081-
2019, 2019), the compressive strength and splitting ten-
sile strength of the concrete cube, the axial compressive
strength and elastic modulus of the concrete prism were
tested, and the mechanical properties of RAC are dis-
played in Table 5.

These RAC beams were 3000 mm long and had a cross-
section of 150 X 300 mm?. The concrete cover had a thick-
ness of 25 mm. As shown in Fig. 2, two 14 mm diameter
HRB400 bars were used as longitudinal stress steel bars,
the stirrups along the beam shear span were arranged
as ®6@80, and two 10 mm diameter HPB235 bars were
used as auxiliary steel bars, and the mechanical proper-
ties of steel bar as displayed in Table 6.

2.3 Test Program

The CERP, which is bonded along the entire width of the
beam’s bottom surface, was strengthened using a tension
tool (Chen et al., 2013), resulted in achieving a significantly

Tensile strength Tensile elastic Bending strength

Elongation (%)

Interlaminar shear strength Adhesive tensile

(MPa) modulus (GPa) (MPa) (MPa) shear strength
(MPa)

4059 242 822 1.71 49.6 9.08

Table 4 Mixing ratio of RAC beams (kg/m?)

Serial number Cement Water Natural coarse Natural fine Recycled coarse Additional water
aggregate aggregate aggregate

RACO 360 180 1209 651 0 0

RAC40 360 180 725 651 429 18.02

RAC70 360 180 363 651 750 31.50

RAC100 360 180 0 651 1071 44.98
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Table 5 Mechanical properties of RAC (MPa)
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Serial number

Compressive strength

Splitting tensile strength

Axial compressive strength f,  Elastic modulus E,

RACO
RAC40
RAC70
RAC100

570
544
508
44.0

384 49.7 31,920
3.54 456 29,930
3.18 440 29,840
3.13 38.7 28,250

Fig. 2 Reinforcement arrangement for RAC beams

Table 6 Mechanical properties of steel bar

Serial number Yield strength  Ultimate Elastic
(MPa) strength (MPa) modulus
(GPa)
HRB400 3706 480.8 198
HPB235 256.7 390.8 210
HPB235 2425 3563 206

high effective strain of up to 4000 pe. Three 100 mm wide
CFRP strips were pasted on each beam side for U-hoop
anchorage. The strain gauges for RAC and CFRP were
BX120-100AA and BX120-5AA, respectively. Five strain

F BX120-100AA resistance | F

gauges were arranged at the heights of 32, 82, 132, 232,
and 282 mm respectively on the mid-span side of the beam
from bottom to top to verify the plane section assumption.
Measure the mid-span deflection of the beam with a dial
gauge. The strain data were collected using a YJSA static
resistance strain instrument. Fig. 3. shows the CFRP paste,
dial indicator, and strain gauge arrangement on the beam.

The load was applied to the beam under static load-
ing. The load magnitude in each loading stage was con-
trolled by a YJSA static resistance strain gauge connected
to a transducer. The crack development in the beam was
observed with a magnifying glass, and its crack width
was measured with a microscope at 40x. To match the
actual service condition of the structures, the RAC beams
were pre-cracked according to the pre-cracking bending
moments in Table 7 until the maximum crack width on the
beams reached 0.20 mm. Upon completion of pre-crack-
ing, the RAC beams underwent a strengthening process
involving the application of one or two layers of CFRP. The
notation RACOI and RACOII indicates that the recycled
aggregate content in the beams is 0, and the CFRP rein-
forcement layers are denoted as I and II, respectively. To
effectively test the working performance of the loading
and information acquisition system, the reinforced beam
was preloaded to 15 kN before the target loading and then
loaded at a step of 10 kN. After the beam yielded, the load-
ing was controlled by the mid-span displacement. A dis-
placement of 3 mm was set as the loading level. The beam
was gradually loaded until the beam failed.

/dial gauge strain gau\g‘e (100mmx3mm) U-hoop

i TN
[ |
\ =/
\—rd

qD CFRP

RTI TR
150 100 300 100 300 100 900 100 300 100 300 100 150

Fig. 3 RAC beam strengthened by prestressed CFRP (Unit: mm)
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Table 7 Pre-cracking bending moment of reinforced RAC
beams

Pre-cracking bending moment RACO RAC40 RAC70 RAC100

M (kN-m) 32 32 31 30

3 Results

3.1 Failure Modes of RAC Beams

For the RAC beams strengthened by one layer of pre-
stressed CFRP, small CFRP strips near the lateral edge of
the beam first fractured before the load approached the
ultimate value. Then, as the load increased, the CFRP
suddenly broke, producing a loud cracking sound. The
failure mode was therefore referred to as CFRP tensile
failure, as illustrated in Fig. 4.

Fig. 4 Failure mode of RAC beams strengthened by one layer CFRP

Fig. 5 Failure mode of RAC beams strengthened by two layers CFRP

Page 5 of 14

For the RAC beams strengthened by two layers of pre-
stressed CFRP, the beams were partially crushed when
the applied load approached the yield load, accompa-
nied by a slight brittle sound during the loading. When
approaching the ultimate load, the CFRP and concrete
protection layer began to peel away from the main crack.
Peel damage progressed towards the beam ends, and the
peeling rate decreased near the U-hoop. As the increas-
ing load, the CFRP at the U-hoop peeled off together
with the protective concrete layer. Finally, the reinforced
RAC beams were damaged. The beam failure is displayed
in Fig. 5.

From Fig. 6, the stress process in beams has three
stages, i.e, OA, AB, and BC. Stage OA was approximately
regarded as the stage before beam cracking, i.e., the elas-
tic stage. Stage AB was the crack development stage. In
Stage BC, the beam was damaged. The concrete and steel
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Fig. 6 Bending moment-deflection of RAC beams strengthened by different layers CFRP: a one layer; b two layers

bars reached their limit states, with significant cracks in the
beam. The beam stiffness in these three stages (i.e., OA, AB,
and BC) was expressed as Bg_,, B, and By , respectively.
It is found that the average strains of the beams along the
mid-span height showed an approximately linear relation-
ship with the load from loading initiation to near-failure
states. Thus, the beam strains along the height direction
generally conform to the plane section assumption.

Fig. 6 shows that the bending moments of reinforced
RAC beams strengthened by one layer and two layers of
prestressed CFRP at yield were about 80 and 110 kN m,
respectively. This indicates that CFRP further improved the
beam stiffness. Furthermore, many microcracks derived
from recycled coarse aggregate reduced the mechanical
properties of beams. Therefore, strengthening beams with
CFRP can restrain the beam displacement to a certain
extent, and the suppression of beam deflection tends to
decrease. This indicates that incorporating recycled aggre-
gates reduced the beams’ elastic modulus and deformation
capacity and increased deflection.

3.2 Calculation of Beam Deflection
3.2.1 Elastic Stage
Two RAC beams with 40% recycled aggregate were taken
as examples for analysis. The measured and Standard (GB
50010-2010, 2010) stiffness for the RAC beams strength-
ened by CFRP was significantly different (Fig. 7). Therefore,
the stiffness calculation formula from the Standard was not
suitable for this study.

Thus, based on the Standard (GB 50010-2010, 2010) and
the crack development stage in reinforced RAC beams,
a new stiffness calculation method was proposed for

prestressed concrete flexural members in the stage without
cracks:

Boa = 0.85KE I 1)

k = (0.9463 — 0.1046p)e* 1024 2)

1 h 2
Ip= —bl® +bh( - — sAs(ho — x0)?
0= b+ h(2 xo> + asAs(ho — x0) 3)

+ Ol;A;(x() - asl)z + OICfACf(h — x0)2

1 1
beo + ol AL(xo — ) = Eb(h — x0)? @
+ asAs(ho — x0) + agrAgp(h — x0)

where k is a coefficient introduced to incorporate the role
of recycled aggregate and CEFRP; E, represents the elas-
tic modulus for RAC; I, represents the inertial moment
of the converted section; p represents the recycled aggre-
gate content; A represents the actual bonding area for
CERP; A, is the area of compression reinforcement; a
indicates the distance from the resultant point of the
compressed reinforcement to the compressed edge of
the sectionjas’ = Egl/Ec, a5 = Es/ E; and o = Eg / Eg;
E, and E represent the elastic modulus of compressed
steel bars and CFRP, respectively. The meanings of other
parameters are shown in the Standard (GB 50010-2010,
2010). x, represents the height of the compression zone
of the concrete, which can be determined by using the
principle that the compression and tension zones of the
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Fig. 7 Stiffness of RAC beams: a RAC40l; b RAC40I
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30 50 100

Recycled aggregate content (%)

Fig. 8 Comparison between calculated and measured stiffness
of RAC beams

concrete are equal to the bending section and axial area
moment of the beam.

The coeflicient k introduced in this paper was verified
using the data from two references (Han et al., 2019)
and (Tan et al., 2019). The calculation results were con-
sistent with the measurement (Fig. 8). This indicates
that it was reasonable to consider the coefficient k at
the recycled aggregate content p.

To further verify the rationality of coefficient &, the data
from references (Xie et al., 2019) and (Zhao et al., 2017)
were used. The calculated and measured stiffness values
were compared and analyzed (Fig. 9). The calculated and
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measured stiffness showed slight differences. This indi-
cates that it was reasonable and feasible to incorporate
the coefficient k into the stiffness calculation equation of
RAC beams strengthened with CFRP.

Above all, in the elastic stage of RAC beams strength-
ened with prestressed CFRD, it is reasonable to introduce
coeflicient k when calculating stiffness, which can fully
show the influence of recycled aggregate content and
prestressed CERP on the stiffness of concrete beams.

The deflection of RAC beams can be obtained using

_ Mig
~ 8Boa

(5)

where M represents the mid-span bending moment for
the beam, M =PL/3; [, is the net span.

3.2.2 Crack Stage
Figs. 10 and 11 show the cross-sectional strain and stress
distribution for reinforced RAC beams strengthened by
prestressed CFRP under load.

According to the Standard (GB/T 50367-2013, 2013),
the stiffness calculation of the RAC beams in this stage is
expressed as

_ 085KEd ©
AR Ker + (1 — Kker)w
M
Ker = A/;r (7)
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Fig.10 Cross-sectional strain and stress distribution of reinforced RAC beams strengthened by one layer of prestressed CFRP under loading
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Ate

where «,, represents the ratio of cracking moment M, to
cracking moment M in the normal section of prestressed
concrete flexural members, and when «,>1.0, k, was
taken as 1.0; y,, is the plastic influence coefficient of sec-
tion resistance moment, which is 1.55; p,, represents the
reinforcement ratio for longitudinal tensile reinforce-
ment; y; represents the ratio of the section area of the
tensioned flange to the effective section area of the web;
A, is the effective tensile concrete section area; A rep-
resents the area of prestressed CFRP and can be obtained
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according to the plane section assumption, as shown in
Eq. (11).

ch z + ag ho — x1 + ag
Af_s = — A
o=s E; x z ho — x1 g (11)
z =y + (ho — x1) (12)

where z represents the distance from the centroid of the
tensile reinforcement to the pressure resultant point of
concrete in the compression area; x; is the relative height
for the compression zone, x,=3(1-n)h, where n is the
internal force arm coefficient (about 0.87 (Jiang et al.,
2015)); y, denotes the distance from the resultant force C
of reinforcement and concrete in the compression zone
to the neutral axis, as shown in Eq. (13).

oqfcbx? + oA (h — 2a4)
2(ayfebx? + oAL)

Ye = (13)
where x, represents the height of the equivalent rectan-
gular compression zone, x,=f3,x;, where j3, is the equiva-
lent rectangular stress diagram coefficient and was taken
as 0.8.

The deflections are expressed as

fAB :Jigmax _fymax (14)
Mi?
=0 1
fgmax 8Bap ( 5)
Noeol%
fymax = 8Bag (16)

where f,,,,, is the deflection under constant load; f,,,,,
is the camber deflection caused by prestressed CFRP;
N, is the total tension of the CFRP when the tensile
stress is removed, N0/= k/ACf_sfy; due to the external
force, the coefficient k was introduced for reduction,
K= (0.0036P+0.2694)x1073, where P is the force; e, rep-
resents the distance from the neutral axis of the conver-
sion section to the CFRP.

For the beam strengthened by two layers of CFRP, the
strain of the second layer was less than that of the first
layer when the beam was damaged. Thus, the reinforce-
ment effect of the CFRP was not fully exerted. Therefore,
the stress of single layer reinforcement is still considered
to solve the beam deflection caused by prestressed CFRP.

3.2.3 Failure Stage
3.2.3.1 Tensile Failure of CFRP The test results show
that CFRP was broken when the RAC beam strengthened
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with prestressed CFRP was subjected to the ultimate load.
The ultimate stiffness of the beam is written as

BBC :M/go (17)
o—gpt M o) 18)
Y Mu_My u Y
Xc—1

My = fyrA (ho - ) +EyAgey (h - xc;)

(19)
Xc—1 / Xe—1
M, = [f;tkAS<h0_ 5 >+ECfACf(ecf+£)(h— 5 )}m
(20)
@y = My/Bap (21)
8/
= 22
o= (22)
X _ Biecu 23
c—1 Eon + e ( )
Eeu = 0.0033 — [fyx (1 +p) —50] x 107°  (24)
/ /
& =¢eg—g, (25)
h—
£ = g (26)

where ¢ is the limit curvature; M, is the yield moment;
M, represents the ultimate bending moment; ¢, is the
section curvature at yield; ¢, represents the ultimate cur-
vature corresponding to the ultimate bending moment;
Jyi represents the yield strength for the steel bar; x,.; rep-
resents the height of the compression zone; £, is the ulti-
mate strength for the steel bar; ¢, represents the ultimate
compressive strain of the concrete under non-uniform
compression; & represents the strain of the concrete at
the lower section edge after tensioning; f,, , represents
the compressive strength of the concrete; ¢, is the lead-
ing strain of prestressed CFRP; g, represents the com-
pressive strain when the compressive stress of concrete
reaches f,, which is 0.002.

3.2.3.2 Peeling Failure of CFRP The height of the
cross-section compression zone can be expressed as

h
14 Jo _eg-0

chacu Ecu

Fe—2 = (27)
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where &, represents the initial effective strain of CFRP,
i.e., 4000ue¢ in the test; x, , denotes the height of the com-
pression zone in the rectangular stress diagram. The
calculation of rigidity followed Egs. (17-26) and the cal-
culation of deflection followed Eq. (5).

The stiffness of RAC beams strengthened with pre-
stressed CFRP at different stages is expressed as

0.85kE.ly M < M,y
0.85kE Iy

B={ ——"— M, <M<M 28
Ker + (1 — Ker)w ¢ Y 28)
Mo My <M <M,
140
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f :fgmax

_fy max

3.3 Comparison Between Calculated and Measured
Deflection

The comparison between the calculated and test beam

deflection in Fig. 12 shows that the fitting degree of the

two datasets was greater than 0.868. This indicates that

the proposed stiffness calculation equation was rational

and applicable.

3.4 Analysis of Model Applicability
The data from the reference (Gao et al., 2017) were used
to prove the applicability of the proposed deflection
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Fig. 13 Bending moment-deflection curves of the mid-span section
of the reinforced RAC beams

calculation model. The comparative analysis of the cal-
culated and measured deflection values is displayed in
Fig. 13. The average ratio between the calculated and test
deflection values is 1.008, with a fit of 0.920. The con-
sistency between the calculated and test deflection indi-
cates that the proposed deflection calculation model can
be used to calculate the deflection of RAC strengthened
with prestressed CFRP.

4 Calculation of Beam Crack Width

The developed crack width is shown in Table 8. At the
same recycled aggregate content, prestressed CFRP of
two layers can effectively reduce the beam crack width
in the later loading stage. The reason is that prestressed
CERP reduced the stress of steel bars and the strain gra-
dient of the protective layer, and enhanced the bond
between tensile material and concrete, thereby reducing
the crack width. Under the same CFRP reinforcement
layer, an observed trend indicates that the crack width
in RAC beams increases proportionally with the incre-
ment of recycled aggregate admixture. This phenom-
enon can be attributed to two primary factors. Firstly,
the increase in recycled aggregate admixture results in
a reduction in the mechanical properties of the recycled

Table 8 Comparative analysis of crack width
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aggregate. Secondly, the production process of recy-
cled aggregate introduces micro-cracks on its surface.
These micro-cracks act as stress concentrators, acceler-
ating the initiation and propagation of cracks within the
beams. Consequently, the combined effect of decreased
mechanical properties and the presence of micro-cracks
contributes to the accelerated generation and expansion
of cracks within the RAC beams.

It is the equivalent stress of the steel bar and the non-
uniform coefficient of steel bar strain in the tension zone
of RAC components that determine the crack width of
RAC beams strengthened by prestressed CFRP. Accord-
ing to the Standard (GB/T 50367-2013, 2013), the maxi-
mum crack width is calculated using

o d
Omax = acrw% (1.9cs + 0.086‘1) (30)

s Pte

Due to prestressing, Eq. (30) can be converted into Egs.
(31-35) to calculate the crack width:

[oF
Wmax = Qer Y Eiklcr (31)
s
Qer = @ TsP (32)
g =11 06505 (33)
PteOsk
My — Ere’Ar(z + ay)
osk = &sEs = I-d > (34)
(As + Acf,S)Z
d
ley = B 1.9¢5s + 0.08— (35)
Pte

where a,, is the characteristic coefficient of the compo-
nent; 7, is the nonuniform coefficient of the crack width
under the short-term loading. Due to the discrete crack
width, the maximum crack width requires an additional
expansion coefficient compared with the average crack
width. The expansion coefficient was 1.66 for the flexural
reinforced concrete beam; a, is the influence coefficient

Bending moment Crack width (mm)

(kN-m)
RAC40I1 RAC40lI RAC70I RAC70II RAC100I RAC100II
27 0.03 0.02 0.04 0.03 0.08 0.04
36 0.06 0.03 0.06 0.04 0.12 0.05
45 0.09 0.05 0.12 0.06 0.17 0.09
54 0.13 0.08 0.15 0.14 0.21 0.15
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of concrete self-elongation between cracks on crack
width. With one-layer strengthening, a,=0.85. With
two-layer strengthening, a,=¢,, /¢, where g, repre-
sents the average tensile strain of side concrete when it
is in the same horizontal plane as the longitudinal ten-
sile steel bar; ¢, represents the equivalent average tensile
strain of longitudinal steel bars, ¢,,=ye =yo,/E; ¥ is
the strain non-uniformity coefficient between cracks of
ordinary steel bars under longitudinal tension; oy is the
equivalent stress for longitudinal steel bars in the tensile
zone of prestressed RAC components; /,, is the average
crack spacing; d represents the diameter of steel bars;
represents the coefficient related to the stress character-
istics for the RAC member: f=1.0 for flexural, eccentric
compression and eccentric tension members, and f=1.1
for axial tension members.

Table 8 shows that the crack width of RAC beams
strengthened with two layers of prestressed CFRP was
significantly reduced compared with that of one layer.
In addition, the coefficient ac was related to (e.g.) the
reinforcement ratio, the section shape and concrete
cover thickness. Since strengthening with two layers of
prestressed CFRP reinforcement, a, cannot be taken as
about 0.85, and the influence of various factors should be
fully considered.

The crack width was calculated using Egs. (31-35) and
compared with the test results, as displayed in Tables 9
and 10.

The average ratios of calculated to tested values for
the crack widths of RAC40I and RAC40II were 1.11 and
1.13 respectively. For RAC70I and RAC70II, the average

Table 9 Crack width of beams strengthened with one layer of CFRP
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ratios were 1.13 and 1.16, respectively. For RAC100I and
RAC100I], the average ratios were 1.06 and 1.11, respec-
tively. These results indicate that the crack width calcu-
lation model proposed in this paper showed excellent
performance.

5 Conclusions

In this paper, calculation models of deflection and crack
width of RAC beams strengthened by prestressed CEFRP
under normal service loads were established. Compared
with the test data, the established models showed high
accuracy. Thus, this study can provide references for
engineering applications.

(1) The increase in the recycled coarse aggregate content
drives down the cracking moment and ultimate load
capacity of the beam, while the crack width increases.
The increase in the prestressed CERP strengthening
layer reduces the deformation and crack width of the
beam, while the number of cracks increases, in addi-
tion, it also changes the failure mode of the beam.

(2)Based on the assumption of plane section and the
force balance on the section, a deflection calcula-
tion model of the RAC beam strengthened with
prestressed CFRP is proposed by using the modi-
fied equivalent area of steel bars and the ultimate
compressive strain of concrete. Moreover, the fit-
ting degree between the deflection calculated value
and the test value of the cited data is as high as 0.92,

Bending moment RAC40I RAC70I1 RAC100I
(kN-m)

C(mm) T (mm) (@4) C(mm) T (mm) (@2} C(mm) T (mm) (@2)
27 0.036 0.03 1.20 0.050 0.04 1.25 0.089 0.08 .11
36 0.068 0.06 1.13 0.070 0.06 1.17 0.124 0.12 1.03
45 0.100 0.09 1.11 0122 0.12 1.02 0.175 0.17 1.03
54 0.130 0.13 1.00 0.160 0.15 1.07 0.225 0.21 1.07
CandT represent the calculated and test values, respectively
Table 10 Crack width of beams strengthened with two layers of CFRP
Bending RAC4o0II RAC70II RAC100II
moment
(kN-m) C(mm) T (mm) /T C (mm) T (mm) T C (mm) T (mm) /T
27 0.024 0.02 1.20 0.035 0.03 1.17 0.042 0.04 1.05
36 0.033 0.03 1.10 0.043 0.04 1.07 0.053 0.05 1.06
45 0.061 0.05 1.22 0.074 0.06 1.23 0.095 0.09 1.05
54 0.087 0.08 1.01 0.162 0.14 1.16 0.190 0.15 1.27
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which indicates that the deflection model established
by introducing the coefficient k is reasonable and fea-
sible.

(3)Considering the influence of prestressed CFRP and
RAC, the influence coefficient of concrete elongation
on crack width and average crack spacing of beams
is revised. A crack width calculation model of RAC
beams strengthened with prestressed CFRP is put
forward, similar to that for ordinary reinforced con-
crete beams. The calculated and test values of crack
width of RAC beams strengthened with prestressed
CERP are greater than or equal to 1, which proves
that the model is accurate.

(4) The model proposed in this study does not incorpo-
rate various influential factors, including temperature
fluctuations, shrinkage, RAC creep, and initial load-
ing conditions. As a result, further investigations are
necessary to enhance the accuracy and comprehen-
siveness of this model. By considering these addi-
tional parameters, future research endeavors can
refine the model and provide a more comprehensive
understanding of the behavior and performance of
RAC structures. This will ultimately contribute to the
advancement of knowledge in the field and enable
more reliable predictions and assessments of RAC
structural response.
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