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Abstract

This paper presents a numerical investigation into the bending behaviour of uncorroded and
corroded reinforced concrete (RC) continuous beams with a strengthening system. Finite element
analysis (FEA) was performed on ten RC beams considering interface performance, including five
uncorroded and five corroded beams. The cracks development, bending capacities and
load-displacement curves of the simulated RC beams in the loading process were validated against
those from tests. Then, a parametric study including 35 RC beam models, considering the effects of
carbon-fabric (CF) mesh layer, complete wrapping layer and the degree of corrosion of steel bar on
their bending capacities, was conducted. Ductility and strengthening effects of specimens were
discussed in the parametric study. It can be found that the carbon-fabric reinforced cementitious
matrix (C-FRCM) strengthening system can improve the bending capacities of the corroded RC
beams. As the layer of CF mesh increases, the ductility of the specimen decreases. The combined
use of the C-FRCM plate and the complete wrapping as the end anchorage enhanced the ultimate
loads of RC beams to a greater extent than those strengthened with C-FRCM plate only. The
applicability of current design codes for RC beams with C-FRCM strengthening system was
examined through comparisons of the bending capacity predictions of RC beams with those
obtained from tests and numerical analyses. It was found that European Code (FIB Bulletin 14)
provides more accurate predictions than American Specifications (ACI 549.4R-20, AC
434-0616-R1, ACI 440.2R-17) and Chinese Code (CECS 146-2003 (2007)). Therefore, design

modifications based on the most accurate design rule of FIB Bulletin 14 were made. By utilizing
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regression analysis on the numerical results, the formula for bending capacities of the examined RC
beams was proposed and showed improved accuracy.
Keywords: Carbon-fabric reinforced cementitious matrix (C-FRCM); Continuous beam; Corroded;

Finite element analysis (FEA); Interface performance; complete wrapping

1. Introduction

The durability of reinforced concrete (RC) has always been one of the major concerns in
construction, especially for offshore or coastal engineering where the RC structure is prone to
long-term erosion of chloride salts [1]. The survey results of Science Press Publishing showed that
in 2014, corrosion cost in China was about 2,272.8 billion RMB, accounting for 3.34% of the gross
domestic product (GDP) of the year [2]. In 2003, the Research Institute of the Fourth Navigation
Bureau of the Ministry of Communications investigated the damage of RC structures coastal port
projects in China, indicating that more than 80% of the structures experienced severe steel corrosion
damage. Extensive investigations [3-6] have documented that the corrosion of steel reinforcing bars
is one of the most important factors adversely affecting the durability of RC structures.

In recent years, a considerable number of studies have focused on the fiber reinforced polymer
(FRP) strengthening system, including FRP bonding behaviour and component performance. The
models were given to calculate the pullout strength of FRP anchors [7-9], while the effect of the
FRP anchor system on the bonding behaviour of FRP-concrete interface and the methods of
improving the FRP anchor systems were analyzed [10, 11]. Refs. [12, 13] conducted a finite
element analysis (FEA) of FRP-concrete joint system and showed that the anchor significantly
improved the strength performance of FRP sheet. Refs. [14-17] analyzed the critical parameters that
influenced the strengthening effect, which showed that the effectiveness of FRP systems and the
ductility decreased with the increase of the layer of FRP. Refs. [18, 19] indicated that polyethylene
terephthalate (PET)-FRP was able to improve structural performance, especially when RC
structures suffered from erosion, owing to its large rupture strain and low elastic modulus. Refs.
[20-23] showed that FRP can significantly improve the bending and shear capacities of the
retrofitted RC beams.

In addition to the aforementioned use of FRP to solve the problem of durability, a number of

recent investigations were dedicated to the static performance of RC beams strengthened with fabric
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reinforced cementitious matrix (FRCM). Specifically, Refs. [24, 25] used a relatively new
Near-Surface Embedded (NSE) FRCM system to examine the influence of the FRCM materials,
strengthening technique, and reinforcement ratio on the structural performance of RC beams; the
results showed that the hybrid NSE/EB-FRCM can be effectively used for the flexural
strengthening of RC beams while carbon-fabric reinforced cementitious matrix (C-FRCM)
presented a higher axial stiffness than polyparaphenylene benzobisoxazole-fabric reinforced
cementitious matrix (PBO-FRCM) and glass-fabric reinforced cementitious matrix (G-FRCM).
Hadad et al. [26] proposed design methods for RC beams strengthened by FRCM, where the
relationship between the FRCM reinforcement ratios and the ultimate capacities of RC beams was
established. Refs. [27, 28] discussed the influences of parameters on flexural performance of RC
continuous beams strengthened with FRCM system, including the type of the strengthening system,
the strengthening location and the layer of the FRCM. It revealed that RC beam strengthened with
FRCM system had perfect rotational capacity and efficient redistributed moments between their
critical sections. Wakjira et al. [29] presented a data-driven approach to determine the bending
capacities of RC beams strengthened with FRCM, which had superior predictive capability and
robustness. Su et al. [30] introduced the technique of the combined ICCP-SS for repairing RC
structures subjected to chloride-induced corrosion. The development of this technique was based on
the combination of a carbon-fabric (CF) mesh and a polymer-modified cementitious matrix to
produce a C-FRCM system. Zhu et al. [31] carried out an experimental program on ten stub
columns, and results showed that the proposed ICCP-SS technique was not only effective in
retarding the corrosion of steel bars but also capable of recovering the compression capacities of the
corroded RC columns.

Previous investigations into RC beams strengthened by FRP or FRCM have been focused on
simply-supported beam configuration, while the present study explored the C-FRCM plate
strengthened continuous beams considering the fact that, continuous beam is also widely adopted in
practical RC structures and also differs from simply-supported beam by moment redistribution. In
general, more attention has been paid to the structural performance, mainly the failure modes and
strengthening effectiveness. Meanwhile, the existing design methods have not been
comprehensively summarized except those from American Specifications. To date, there have been
rather limited research using numerical simulation to predict the failure modes and crack

development; therefore this is the focus of the present study. In order to reflect the real cases in
3
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constructions, this study examined continuous beam specimens numerically. Finite element models
(FEMs) were first established and validated with experimental data in the literature and then used to
conduct an extensive parametric study. It was noticed from previous experimental studies that the
failure generally occurred between CF mesh and cementitious matrix, and in some cases, between
concrete and cementitious matrix. Therefore, the definition and simulation of the interface between
the aforementioned components are essential to reproduce the test failure modes, and influence the
ultimate capacities. However, these interface simulations have not been thoroughly considered in
the existing FE studies on RC structures [32-36].

In this study, all the critical interfaces were simulated at the first attempts, including the
interface between CF mesh and cementitious matrix, the interface between C-FRCM plate and
concrete, and the interface between U-shaped wrapping and beam, utilising finite element program
DIANA. The development of cracks, ultimate loads, bending capacities, and load-displacement
curves were validated against experimental results, and discussions were conducted on the ductility
and strengthening effect of specimens. The effects of the CF mesh layer, complete wrapping layer
and the degree of corrosion of steel bar on the bending capacities of RC beams were investigated in
a parametric study. Then, the suitability of the current design codes for determining the bending
capacities of RC beams with C-FRCM strengthening system was evaluated. Finally, the formula for
bending capacities of RC beams with the C-FRCM strengthening system was proposed based on the

test results, numerical results and code calculations, which was validated to be accurate.

2. A brief summary of experimental work

An experimental programme was carried out by the authors to investigate the behaviour of RC
beams strengthened by C-FRCM. A brief summary is introduced herein, and a full description of
the tests is provided in Ref. [37]. A total of ten (five uncorroded and five corroded beams) RC two
equal-span continuous beams with the same cross-section dimensions and reinforcement ratios were
tested to investigate the bending capacities of C-FRCM strengthened RC continuous beams. The
total length of the beam is 2400 mm, and the cross-section dimension is 150250 mm. The details
of the dimensions, boundary conditions and steel bars of the specimens are shown in Fig. 1. The
diameter of the longitudinal steel bars is 10 mm located at the top and the bottom of RC beam; the

diameter of the stirrups is 8 mm with a space of 80 mm. One support is located at the mid-span of
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beam, and the remaining two supports are located 100 mm away from the beam ends. According to
the CF mesh layer, complete wrapping layer and the degree of corrosion of the steel bar, the details
of the specimens are summarized in Table 1. The specimen identification system (e.g. B-L0-U0)
starts with the letter ‘B’ symbolizing an uncorroded beam (‘CB’ indicating a corroded beam),
followed by ‘L’ with a number representing the layers of C-FRCM, and ends with ‘U’ with a
number designating the layers of complete wrapping. The material properties including the degrees
of corrosion of steel bars in corroded specimens are shown in Table 2. The arrangement of the
C-FRCM plates and the complete wrappings is presented in Fig. 2. The C-FRCM plates are located
in the regions with relatively large bending moments and the complete wrappings are placed 115
mm away from both ends of the C-FRCM plate. The test setup of static bending tests of RC beams
is displayed in Fig. 3 and the experimental results, including the failure modes and bending

capacities, are detailed in Ref. [37].

3. Finite element modelling

A nonlinear finite element program called DIANA (Displacement Analyzer) [38] was used in
this study to conduct a 3D nonlinear analysis of the specimens. DIANA [38] is capable of
accurately simulating the whole process of the RC structures from the initial state, cracking, the
development of cracks to the final structure damage. In the simulation process, the actual geometry
of the structure, the material properties of concrete and the crack constitutive relationship, and the
material properties of steel bar, CF mesh, cementitious matrix were considered.

In the current study, a total of ten FEMs, including one unstrengthened uncorroded beam, four
strengthened uncorroded beams, one unstrengthened corroded beam, and four strengthened
corroded beams were established and analyzed with DIANA using Regular Newton Raphson

method [38].
3.1. Material properties
3.1.1. Concrete

For modelling concrete material in the examined RC beams, particular attention was put on the
crack simulation of the concrete, which is deemed to significantly affect the structural performance

of RC beams. The smear crack model, known to be capable of simulating the development of cracks
5
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of concrete, was adopted. In general, the smeared crack model treats the crack as a directional
distribution effect, and the cracked material is then simulated as a continuous medium with
anisotropic characteristics. Among the smeared crack model categories, a total strain crack model
based on total strain was established based on the modified strain field theory, which was originally
proposed by Vecchio and Collins [39], and further employed by Selby and Vecchio [40] to extend
the theory in three dimensions. The ‘Fixed Crack Model’ with ‘fixed cracking’ for the tension
behaviour, as one of the total strain crack model categories, has been widely used [41-43] and was
adopted for concrete herein. In the fixed crack model, the crack orientation is saved as a status
parameter, which is defined as the direction of the maximum principal strain corresponding to the
tensile strength. The main stress-strain conditions are evaluated in an orthogonal coordinate system
that aligns the coordinates with the principal strain at the time of the first crack [38].

The main properties of concrete in the total strain crack model were defined as follows:

Regarding concrete tensile properties, it is assumed that the concrete is linear elastic before

cracking:

o =Ee&" ()
where " is the effective tensile stress of concrete, 2 is the effective uniaxial tensile strain, and E¢
is the initial elastic modulus of concrete.

The crack opening rule proposed by Hordijk [44] was adopted as the constitutive relationship
of concrete after cracking herein. The simplified diagram is shown in Fig. 4a, and the crack opening
function is as follows:

ftif :{H[Clv\:/vj }exp[—c2 v\:/vj_\:/vv(“ c’)exp(-c,) )

c c c

W, = 5.14% ©)
where w is the crack opening displacement, wc is the crack opening displacement when the stress is
fully released, o is the normal stress in the crack direction, constant c; is equal to 3, ¢z is equal to
6.93, Gt is the tensile fracture energy, and f; is the effective tensile strength of concrete.

The crack opening displacement (w) can be obtained according to the crack zone theory

proposed by Bazant and Oh [45]:

w=gl, (4)
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where &1 is the crack opening strain perpendicular to the direction of the crack after the cracking
stress is completely released, and L is the length of the failure zone in tension.

Concrete subjected to compressive stresses shows a pressure-dependent behaviour, indicating
that the strength and ductility increase with the increase of isotropic stress. In this study, the
compressive stress-strain relationship in DIANA [38] was represented by a predefined parabolic
function, which is based on the formulas derived from the fracture energy [46], as shown in Fig. 4b.
The parabolic curve is described by the strain corresponding to a certain compressive strength («;)
dependent on three characteristic parameters, the strain when one-third of the maximum
compressive strength is reached (oc/3), the strain corresponding to the ultimate compressive strength
(ac) and the strain at which the material is completely softened (au), which can be obtained from

Eqgs. 5-7, respectively.

1f
—_Z_c 5
[22%] 3E, 5)
5 f,
(2 :_5E25a013 (6)
a, :min[ozc —g G, ,2.5a0] (7
1'c

The parabolic compression curve in DIANA [38] can be expressed by the functions in Eq. 8. It
reveals the compressive fracture energy (Gc) and the characteristic element length (hi) only control

the softening part of the curve, as also indicated mathematically from Eq. 9.

gl if @y < @, <0
3ay,
2
_fcl 1+4[aja°/3J—2[aja°/3j if o, < a;<ay,
f = 3 Q. = Q3 O, — Oy (8)
a-a,)
_fc{l_( i CJ] ifa,< a;<aq,
a, — &
0 ifa;<q,
% 1\ —a, a, G,
'[f da; = f; aj—fg =— €)
a 3(auia0) ac hl

It is worth noting that the concrete material test can only provide the cubic compressive
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strength value (fcu), however, the concrete constitutive theory requires the axial compressive
strength (fc) and tensile strength (f;) in the simulation process. Therefore, the axial tensile strength (fy)
was calculated as 2.01 MPa and the elastic modulus (Ec) was set as 30 GPa, according to Chinese
Code (GB 50010-2010) [47]. Moreover, the cubic compressive strength of concrete was converted
into the axial compressive strength (f), as shown in Eq. 10, where aci is the strength convert ratio,
taken as 0.76 herein, and ac2 is the brittleness reduction coefficient for high strength concrete, taken

as 1.00 in this study.

f.=0.88x o, xa,, x f, (10)

The concrete strength and elastic modulus of corroded specimens were assumed not to be
deteriorated due to the limited time of the natural corrosion for the specimens. The concrete

material properties used in the simulation are summarized in Table 2.
3.1.2. Steel bar

The longitudinal steel bar and the stirrup were simulated by using the double slash constitutive
model, in which the steel materials are characterized by Von Mises yield criterion with isotropic
strain hardening. The material properties of steel bars under different degrees of corrosion were
converted from those of uncorroded specimens, following the conversion formulas in Wu and Yuan
[48], as presented in Egs. 11 and 12,

When 0 <p%< 5%,

= f,,(1-0.029p)
o = Tuo(1-0.026p) an
&, = ,,(1-0.0575p)
E, = E,(1-0.052p)

uc

When p%> 5%,

y0 (1.175—0.064,0)

1.18-0.062
uc u0( p) (12)
£y =&y (l— 0.0575p)

E,. = E,,(0.895-0.031p)

foe
f

—h =k

where p%, Euc, fyc, fuc and esc are the degree of corrosion, elastic modulus, yield strength, ultimate

strength and ultimate strain of corroded steel bars, respectively, while Eyo, fyo, fuo and eso correspond
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to those properties of the uncorroded steel bars.
The bonding behaviour between steel bar and concrete was also considered [49, 50]. For
uncorroded specimens, the bond-slip constitutive model of steel bar in the CEB-FIP Code [50] was

adopted, and the theoretical equations are presented in Eq. 13,

a
S
T= max[} 0<s<s,
sl
T = Toa §, <S<s,
(13)
S-S,
T =Tpax (z’max—z'f)( JSZ<SSS3
S35,
T=71, S;<S

where 7 is the local bonding strength, zmax is the maximum local bonding strength, s is the local slip,
a is the slip coefficient, set as 0.4, and s, S2 and sz are the critical slip parameters, taken as 0.6, 0.6
and 1.0, respectively, as shown in Table 3.

For the bond-slip behaviour of corroded steel bars and concrete, the bonding strength zc is
factored by a correction coefficient (), which was proposed by Xu [51] for considering the reduced
bonding after corrosion, as given by Eq. 14.

~ {1+ 0.5625p —0.3375p° +0.55625° — 0.003p* p% < 7% )

| 2.0786p 0% 2% > 7%

3.1.3. CF mesh and CFRP complete wrapping

The CF mesh setting adopted in this study is visualized in Fig. 5, where the transverse and the
longitudinal fiber widths are 2 and 5 mm, respectively, spaced at 10 mm in both orthogonal
directions. In the simulation, it is assumed that the nodes of the transverse and longitudinal fibers
are in good contact, and the CF mesh is a linear elastic material. The reinforcing mesh element in
DIANA [38] can be used to simulate the bidirectional CF mesh, however not the bond-slip
behaviour. Therefore, the CF mesh was simplified to be the membrane with the thickness of 0.1 mm
in order to consider the interface behaviour. The CF mesh membrane adopted a linear elastic
constitutive relationship with the elastic modulus (E:) of 132 GPa, the maximum tensile strength (fi)
of 1350 MPa, and the ultimate tensile strain (ew) of 1.15%. The CFRP complete wrapping is
unidirectional FRP, which was simulated using a linear elastic isotropic model [52, 53] with the

Poisson’s ratio of 0.2 and the modulus of elasticity (Esp) of 240 GPa.
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3.1.4. Cementitious matrix

The cementitious matrix adopted the identical compressive and tensile constitutive
relationships as those of concrete. The elastic modulus of concrete was also utilized for the
cementitious matrix. The ultimate tensile strength of cementitious matrix (femt) was obtained based
on the corresponding ultimate compressive strength (femc) according to ACI 318 [54], as given by

Eq. 15.

f.. =062F (15)

3.2. Modelling of interface performance
3.2.1. Modelling of the interface between CF mesh and cementitious matrix

The nonlinear elastic interface element in DIANA [38] was selected to simulate the interface
behaviour between CF mesh and cementitious matrix. The CF mesh was assigned as the source
surface, while the cementitious matrix was chosen as the target surface. The trilinear bond-slip
relationship for the carbon yarn-matrix interface given in Ref. [55] (as shown in Fig. 6a) was
adopted in this study, which is divided into three segments: elastic, debonding, friction, along with
four key parameters such as the slope of the elastic segment (ki), the slope of the debonding
segment (k2), maximum bonding stress between carbon yarn and cementitious matrix (zmax.cf),
bonding stress during friction segment (zo.) are included.

In the elastic segment, the relation between applied load in pullout test (P) and pullout

displacement (u) is given as follows:
P=E A4 tanh(4Lu (16)
where Ec is the Young’s modulus of carbon yarn obtained from axial tensile test, Ac is the

cross-sectional area of carbon yarn, and L is the bonding length of carbon yarn, respectively.

The relationship between the temporary variable of the elastic segment (41) and ki is given in

_ [sk 17
A=y EA (17

where c is the perimeter of a single carbon yarn.

Eq. 17.

In the debonding segment, the relation between P and u is expressed as:

10



10
11
12
13
14
15
16

17

18

19
20
21

22

23

24

P=EA4 tan(/lzL)[kL +kk2 Toocer —uj (18)

172
The relationship between the temporary variable of the debonding segment (12) and k2 is given

in Eq. 19.

A= Cerk, (19)
EA

In the friction segment, the 7o is as given by Eq. 20:
P

0
T =—
0,cf CL

where Po is applied test load corresponding to the point where the last branch of bond-slip

(20)

relationship.

3.2.2. Modelling of the interface between C-FRCM plate and concrete

The bond-slip interaction at the interface between the C-FRCM plate and concrete beam,
which has not been considered in previous numerical investigations [32, 33, 35, 36], was considered
herein to obtain the mechanical behaviour of the RC beams more accurately. The interface between
the C-FRCM plate and the concrete is essentially the interface between the cementitious matrix and
the concrete. Considering a lack of experimental data on the interface performance of the
cementitious matrix and concrete, that of engineered cementitious composites (ECC) and concrete
interface in Ref. [56] was attempted herein. Therefore, the bond-slip interaction is defined by the

shear strength of ECC to concrete interface (zcm) and the interface slip (sem), as given by Eq. 21.

S
cm
Temu 0< Scm < Scmo
ScmO
Ton = . s (21)
cmu cm
2-cmu ScmO < scm < Scmu
Semu ~ Semo

where zemu is the ultimate shear strength of ECC-to-concrete interface, scmo is the interface slip
corresponding to the ultimate shear strength, and scmy is the ultimate interface slip. These parameters
were found to be directly linked with the uniaxial compressive strength of ECC (ocm) and the

interface roughness value (y), and can be calculated by Eqgs. 22-24 given in Ref. [56].

Tony = O (267" +C) (22)

cmu

Sumo =(~0.013e°% +0.016) 5, +(—29310.74¢****** 1. 29310.8) (23)

11
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where a, b and c are the fitting parameters, and summarized in Table 4 for various roughness. It was
found in the experiments that the interface between cementitious matrix and concrete is relatively
weak. Hence, the set of constitutive data with the smallest cohesive force was used and the
constitutive relationship of the interface between cementitious matrix and concrete is shown in Fig.

6b.
3.2.3. Modelling of the interface between complete wrapping and beam

For the interface between the complete wrapping and the RC beam, the numerical analysis
employed the constitutive model in Lu et al. [57], which has been widely used and deemed suitable
for FRP strengthening RC members using epoxy resin. Lu et al. [57] suggested the use of a

segmented interface slip relationship, as given by Eq. 25.

Tumax[ ’SS—”A+ BZ—BJ S, < Sy
T, = uo (25)

,a[iuj
T, 8 ' S, >S

umax u u0

where A=(S,—S,)/Su0+ B=5,/[2(50—5.)] and sue is the elastic part of the slippage (suo) at

the interface between the complete wrapping and the beam. The relationship between zymax, Suo and

fr can be obtained from Egs. 26 and 27 given in Ref. [57].

T, =, lﬂ ft =0, 7225_bf /bc ft (26)
umax ulFw u 125+bf /bC

suO = auzﬁw ft + Sue = uzﬂw ft + Tumax/KO (27)
where S is the width influence coefficient of FRP-to-concrete, bi/bc is the width ratio, and Ko is the
initial stiffness of the bond-slip relationship, which is the series stiffness including the adhesive
layer shear stiffness and the concrete substrate shear stiffness, as given by Eq. 28.

Ko = KK /(K, +K.) (28)
where Ka is the shear stiffness of the adhesive layer and equal to Galta, in which Ga and ta are the
elastic shear modulus and thickness of the adhesive layer involved in the shear, respectively, K¢ is
the shear stiffness of the concrete substrate involved in the shear deformation and taken as Gex/tc, in

which G is the elastic shear modulus of the concrete, and tc is the effective thickness of the

12
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concrete substrate participating in the shear deformation, taken as 5 mm according to the meso-level
FEA [57]. According to the meso-level FEA results, the total interface failure energy (Gur) can be

expressed as:
Guf = u3ﬂv€\/f_tf (Ka) (29)
where f(Ka)=1 is for ordinary adhesive layer. The values of ay1, aw2 and aus were suggested to be

1.50, 0.0195 and 0.308, respectively [57]. Finally, the obtained bond-slip constitutive relationship

of the interface between the complete wrapping and beam is displayed in Fig. 6c.
3.3. Element type and mesh size

The element type in DIANA [38] is not arbitrarily specified, but is determined by the software
according to the shape of the part and the mesh accuracy required by the user. The CHX60 element
was selected for concrete and cementitious matrix due to its computational advantage, which is a
twenty-node isoparametric solid brick element based on quadratic interpolation and Gauss
integration. In order to facilitate numerical simulation, the coupling was set to convert the
distributed load into the concentrated load, so the tetrahedral CTE30 and pyramid CPY39 elements
were used at the loading point of the cushion block, and CHX60 element was still selected at the
edge of the cushion block (see Fig. 7). The CQ24GM element, which is a 3D membrane element
with 8 nodes, was selected for CF mesh and complete wrapping for more accurate simulation.

Prior to the parametric study, a sensitivity study of mesh size was conducted. Three mesh sizes
of 20, 30 and 40 mm were utilized for the beam model to examine the effect of mesh size on the
FEA results. The results are presented in Table 5, where the accuracy and efficiency of the
numerical analyses are compared for the specimen B-L2-U3 with different mesh sizes. From the
comparisons, a mesh size of 30 mm was chosen for the numerical analyses, as it achieved an

acceptable accuracy while retaining the computational efficiency.
3.4. Loading and boundary conditions

In DIANA [38], it is necessary to set constraints on the coupling points and restrict the
horizontal, vertical, and out-of-plane displacements when a displacement-controlled loading system
is adopted for the coupling point. The vertical and out-of-plane displacements are constrained at

supports of the west (W) side and the east (E) side of the beam, while the horizontal, vertical and

13
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out-of-plane displacements are constrained at the mid-support of the beam. These settings mirrored

the boundary condition in the experiments.

4. Validation of FEMs

4.1. General

Upon establishing the models in DIANA [38], the FEA results, such as crack strain
development, ultimate load and load-displacement curve, were obtained and compared with the test

results in the literature [37], as detailed in the following subsections.

4.2, Comparison of failure modes

The test failure modes of continuous beams are compared with results from numerical analyses,
as shown in Fig. 8. It can be observed that the locations of the cracks of concrete are in good
agreement with those of the tests, which indicates that FEA can effectively predict the crack
development of the test beams. Specifically, the crack of concrete and fracture of C-FRCM plate is
captured by FEA, as shown in Figs. 8a and 8b, respectively. The failure of complete wrapping and
delamination of C-RFCM from the concrete substrate is revealed by the corresponding interface
performance, as shown in Figs. 8c and 8d, respectively. It can be concluded that once the interface

bond reaches the maximum value, the corresponding interface fails.

4.3. Comparison of bending capacities

Table 6 shows the comparison of the ultimate loads between test and FEA results. It is evident
that the test results (Put) are in great agreement with the FEA results (Pyf), with the mean ratio of
Pu/Pyt equal to 0.99 and the coefficient of variation (COV) of 0.037. Moreover, the ultimate
bending moments obtained from the tests (Mu) are in line with those determined by the FEA (M),
achieving a mean ratio Mu/Myr of 1.07 and a COV of 0.059.

The comparisons of load-displacement curves are presented in Fig. 9. The specimens B-L0-UO
and CB-L0-UQ are set as the benchmark models of the strengthened uncorroded and strengthened
corroded RC beams, respectively. The disparities between Py and Pyt of the specimens B-L0-UO
and CB-L0-UO0 are only 0.99% and 1.00%, respectively. For the specimens B-L2-U0 and B-L3-U0,

the ultimate loads of FEA are consistent with the test results, and the differences between the
14



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30

simulated ultimate loads and the experimental ultimate loads of the specimens B-L2-UO and
B-L3-U0 are only 1.00% and 5.00%, respectively. The shapes of the numerical load-displacement
curves are generally consistent with the testing curves. After reaching the peak, the numerical curve
and the testing curve levelled off with no obvious descending part. For the specimen B-L2-U3, the
differences are only 1.00% and the numerical curves are in good agreement with the testing curves.
However, the failure of RC continuous beam in the tests occurred in one span, the displacement gap
between the two spans in the test gradually increased with the applied loads, which cannot be
replicated under symmetrical loading in FEA. For the specimen CB-L2-U0, the difference between
the simulated ultimate capacity and the experimental ultimate capacity is 7.00%. However, the
overall numerical curve appears to be rather different from those from the tests for the initial stage,
while the differences were significantly reduced once the displacement exceeded 3 mm. This is
believed that the differences at the initial stiffness were essentially owing to the inaccuracy of
experimental results, which might be triggered by the inevitable human errors in the test. For the
specimen CB-L3-UQ, the initial stiffnesses of the numerical and experimental curves are close, yet
the peak value of the numerical curve is higher than that of test curve by approximately 8%. For the
specimen CB-L3-U2, the difference in ultimate loads is only 2.00%, while the development of the
full load-displacement curve can be simulated well, but the descending stage of the numerical curve
is slightly different from the test results. It is owing to the reason that a linear elastic material
constitutive relationship of the complete wrapping was used in the numerical analyses for simplicity,
therefore the sharp drop of the curves due to the failure of the material beyond the peak load in the
test cannot be simulated by the numerical analyses.

Generally speaking, it was found in Fig. 9 that, for some specimens, the FE curves differed
greatly from the experimental counterparts. The primary reason attributed to the large discrepancy
is the fact that the experimental results involved unintentional human error and inconsistency in the
corroded RC continuous beam. In the experiments, one span always failed first, however, in FE
simulation, both spans failed simultaneously. This can be observed from Fig. 9 that, FE curves are
identical for both west side span and east side span, whist, test curves on both spans showed great
difference. Overall, it was found that the FE curves generally matched well with one of the test

curve from the two spans.

5. Parametric study
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5.1. General

In this study, two key structural parameters were investigated, i.e., the layer of C-FRCM plate
and complete wrapping and the degree of corrosion of steel bar. It was found that the layer of CF
mesh has a great influence on the ultimate load of beam according to Feng et al. [37]. Extensive
studies [3-7] have also shown that the degree of corrosion of steel bar has an impact on the ultimate
load and force mechanism of RC beams. Therefore, these two parameters, together with the layer of
complete wrapping, were selected as the variables herein.

The parametric study comprising 35 numerical models was carried out. The models employed
the same mesh size and boundary conditions as the benchmark validated models, and also
considered the interface performance. The specific parameters, the ultimate loads (Pur) and ultimate
bending moments (My) of the validated numerical models and parametric models are presented in
Table 7, where iy, iz, i3, is and is as suffix in the labelling system represent the corrosion degree of

2%, 4%, 6%, 8% and 10%, respectively.
5.2. Ductility analysis

The ductility of the RC beams was investigated by comparing the ductility index (du), as
defined by Eqg. 30,
5= (30)
Uy
where uy represents the displacement corresponding to the ultimate load, and uy represents the
displacement at which the longitudinal bar starts to yield, yield strain of longitudinal bars can be
captured by the strain gauges embedded at longitudinal bars of RC beams.

Typical comparisons of the ductility index are illustrated in Fig. 10. The effects of CF mesh
layers on the uncorroded and corroded specimens are shown in Figs. 10a and 10b, respectively. The
values of dy for uncorroded beams are found to be 4.56%, 4.59% and 3.08% for B-L1-U0, B-L2-U0,
and B-L3-U0, respectively, which are 28.3-51.6% lower than the unstrengthened uncorroded beam
(B-L0-U0) and the ductility retention reaches 71.7%-72.2% of that of specimen B-L0-UO. While
values of d, for corroded beams are 3.41%, 3.21% and 2.43% for specimens CB-L1-U0, CB-L2-U0,
and CB-L3-U0, respectively, which are 26.3-47.5% lower than the unstrengthened corroded beam
(CB-L0-U0) and still 69.3-73.7% of the ductility relative to the specimen CB-L0-UO is retained. It
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is evident that the ductility of the specimens decreases significantly with the increase of the CF
mesh layers from none to one and from two to three, however, less so for the layers change from
one to two. The trend is consistent with Ref. [58] using the same mix proportion of C-FRCM, where
the values of dy are 4.78% for the strengthened uncorroded beam with one-layer CF mesh and
4.75% for the strengthened uncorroded beam with two-layer CF mesh.

The influence of the corrosion degree of steel bar is shown in Fig. 10c. It can be seen that the
ductility of the specimens (CB-L3-UO series) strengthened with three-layer C-FRCM plates is
11.6-48.7% lower than that of the RC beams (CB-L2-UOQ series) strengthened with two-layer
C-FRCM plates. Yet, the ductility index of the component will increase slightly with the increase of
corrosion degree, owing to the reduction of the corresponding displacement when the steel bar
yields (i.e., uy is reduced). Furthermore, the ductility of the member strengthened with C-FRCM is
not weakened by the corrosion of the longitudinal bars, which explains the superiority of the
C-FRCM strengthening system. The ductility comparison of specimens with different layers of
complete wrappings is shown in Fig. 10d. Compared with strengthened beams with one layer of
complete wrapping, ductility increases by no more than 2.3% (for B-L1 series), 16% (for B-L2
series) and 3.0% (for B-L3 series), respectively. It can be seen that the layer of complete wrapping,
compared to the layer of CF mesh, appears to be less influential to the ductility of the RC beam.

Overall, it can be concluded that the ductility of RC beam retained well with one or two layers
of C-FRCM nplate was not affected by the corrosion degree of specimens strengthened with
C-FRCM plates, indicating that the C-FRCM strengthening system is feasible for corroded RC

specimens.

5.3. Strengthening effect

The strengthening effect (i.e. of C-FRCM strengthened RC beams is discussed in Fig. 11,
where the increased strengths are normalized by the strength of the specimen B-L0-UO. The
parameters investigated herein are the layer of CF mesh, with or without complete wrapping, the
layer of complete wrapping, and the corrosion degree of steel bar, as shown in Figs. 11a-11d. It can
be seen from Fig. 11a that the values of the strengthening effect of specimens B-L1-U0, B-L2-U0
and B-L3-UO considering the influence of the layer of CF mesh are 1.13%, 4.97%, 10.74%,
respectively, while those of simply-supported beams S-B-L1 and S-B-L2 are 1.34%, 6.73%,

respectively, as per [58]; indicating that the strengthening effect of two layers of CF mesh is over
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4.40 times of the strengthening effect of one layer of CF mesh and the layer of CF mesh has a
crucial impact on the strengthening effect. Fig. 11b shows the strengthening effect of three series,
CB-L1 series (CB-L1-U0 and CB-L1-U3), CB-L2 series (CB-L2-U0 and CB-L2-U3) and CB-L3
series (CB-L3-U0 and CB-L3-U3), are 1.13%, 1.93, 4.97%, 8.26%, 10.74%, 11.34%, respectively;
demonstrating that the use of three-layer complete wrapping has a considerable impact on the
strengthening effect, but the difference in strengthening effect is less than 3.29%. Fig. 11c displays
two opposing trends as the number of complete wrapping layers increases; for specimens with two
layers of CF mesh, the values of strengthening effect of two layers of CF mesh are 5.19%, 7.58%,
8.26%, respectively, showing slightly increase with the use of more layers of complete wrapping.
However, decreased from 14.03% to 11.34% for specimens with three layers of CF mesh. This
might be owing to the reason that the overuse of complete wrappings cannot effectively exert the
strengthening effect, and adversely influence the strength performance of RC specimens. The
results with respect to anchorage systems are not conclusive, further research is needed to further
understand the influences of anchorage systems [59], yet that the use of anchorage systems to
impede the FRCM debonding and enhance the flexural performance of the strengthened beams was
fully recognised [60-62]. Fig. 11d shows evidently that corrosion degree of steel bar reduced on the
strengthening effect of the specimen, however, this can be slightly compensated by the increased
number of CF mesh layers.

Based on the discussion about Sections 5.2 and 5.3, it can be seen that the ductility of the
two-layer CF mesh is basically the same as that of the one-layer CF mesh while that of the
three-layer is lthe poorestl. But the strengthening effect of three-layer CF mesh is better than that of
one-layer and two-layer CF mesh. Moreover, debonding phenomenon is effectively prevented with
the increase of ductility using complete wrappings. In order to ensure sufficient ductility of the
component, it is recommended to adopt the two-layer CF mesh with three-layer complete wrappings

to prevent debonding and obtain enough ductility.
6. Design guidelines

6.1. General

Currently, there is no design code available for corroded RC continuous beam with C-FRCM

strengthening system. Therefore, to predict the bending capacity of corroded RC continuous beam
18
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with C-FRCM strengthening system, the relevant design methods for RC beams with the FRCM
strengthening system or the FRP strengthening system were first assessed for their applicability to
RC beams with C-FRCM strengthening system, including American Specifications (ACI 549.4R-20
[63], AC 434-0616-R1 [64], ACI 440.2R-17 [65]), European Code (FIB Bulletin 14) [66], and
Chinese Code (CECS 146-2003 (2007)) [67]. In the assessment, the bending capacities of
specimens were calculated using these design specifications and then compared with the bending
capacities obtained from the available experimental results in the literature and FEA simulations in

this study.
6.2. Assessment of current design rules

It is worth noting that ACI 549.4R-20 [63] and AC 434-0616-R1 [64] are referenced for
FRCM strengthening, while ACI 440.2R-17 [65], FIB Bulletin 14 [66] and CECS 146-2003 (2007)
[67] are specified for FRP strengthening. For the design prediction of the bending capacities of RC
beams, the above design codes [63-67] are derived from the theory of elasticity, which are based on
the following basic assumptions: (a) Plane sections remain plane after loading; (b) Bonding
between FRCM (FRP) and concrete substrate remains effective; (c) There is no relative slip
between external FRCM (FRP) strengthening and the concrete; (d) FRCM has a bilinear behaviour
to failure where only the second linear part of the curve is used in analysis and design; and (e) The
linear elastic stress-strain relationship is adopted for FRP.

The bending capacities predicted from ACI 549.4R-20 [63] and AC 434-0616-R1 [64] should
be reduced by multiplying strength reduction factor (&m) detailed in ACI 318 [54]. The bending
capacity contributed by FRP predicted from ACI 440.2R-17 [65] should be reduced by multiplying
an additional reduction factor (yr) for FRP, taken as 0.85 herein. In the FIB Bulletin 14 [66], stress
block centroid coefficient (dc) and stress block area coefficient () are defined according to the
failure modes. Bending capacity formulas in CECS 146-2003 (2007) [67] are given in accordance

with the relative compressive height. Detailed calculation theories and formulas for the examined

design specifications are provided by Feng et al. [37], while a brief summary is presented in Table 8.

It is worth noting that the calculation formulas of ACI 549.4R-20 [63] and AC 434-0616-R1 [64]
are essentially identical.
The comparisons of the bending capacities between all FEA results and the design code

calculation results are shown in Table 7. It can be found that the bending capacities obtained from
19
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FEA (Mu) are greater than those calculated by the design formulas from ACI 549.4R-20 [63] and
AC 434-0616-R1 [64] (Mu1), ACI 440.2R-17 [65] (My2), FIB Bulletin 14 [66] (Mus), and CECS
146-2003 (2007) [67] (Mus). The mean values of the Mu/Myz, the Mu/My2, the My/Mys and the
Mu/Muas ratios are 1.32, 1.40, 1.22 and 1.44, respectively, and the corresponding COVs are 0.068,
0.061, 0.075, 0.078, respectively. The bending capacities calculated by ACI 549.4R-20 [63], AC
434-0616-R1 [64], ACI 440.2R-17 [65] are more conservative than those obtained from FIB
Bulletin 14 [66] and CECS 146-2003 (2007) [67]. The conservatism in all the examined design
codes may be attributed to the fact that the design codes [63-67] adopt the elastic modulus after
FRCM cracking that is much smaller than the elastic modulus before FRCM cracking, which leads
to conservative calculations. In addition, a reduction factor is introduced to further reduce the

bending capacity of the beam, resulting in extremely conservative results.
6.3. Proposed design formula

A new design formula for RC beam with C-FRCM strengthening system was proposed in this
study. The proposed design moment prediction (Myp) was obtained essentially by modifying current
moment prediction (Myz) in FIB Bulletin 14 [66] by a correction factor (©), as shown in Eq. 31,

Mup=OMus (31)
where the correction factor (@) is proposed to consider the layer of CF mesh and complete
wrapping as well as degree of corrosion of steel bar, by calibration through comparisons with the

test and numerical results, as given in Eq. 32,

O=b, +hl +bLee +hLy, +b,L] +hp+byp? (32)
where Lcr and Ly are the layers of CF mesh and complete wrapping, respectively, and the values of
both ranged from 1 to 3; p% is the degree of corrosion of steel bar, and p ranged from 0 to 10; while
bo, b1, b2, bs, bsa, bs and bs are the coefficients determined by the multivariate regression analysis
based on the FEA and test results in the parametric study.

It is worth noting that the design form of Eq. 32 was based on observations of the test and FEA
results, rather than a random mathematical form. From the strengthening effect analysis in Section
5.3, it can be seen that the relationships between the layer of CF mesh, the layer of complete
wrapping or the corrosion degree of steel bars and the strengthening effect are nonlinear, with at

least two order function. From the perspective of constructing a relatively simple and feasible fitting

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

formula, each of the above parameters and correction factor (©) should be constructed with at least
quadratic terms.
Finally, the bending capacity formula of the RC beam with C-FRCM strengthening system is
given as follows:
M,, =6OM,,
=(1.477-0.151L, —0.010L%; +0.052L,, —0.013L, —0.003p+0.001p2) (34)
x[ A, (d=5,C)+AE & (h-5,C)+AEz(5,C-a’)]

It is shown in Table 7 that the mean value of the Mu/Myp ratio is 1.00, with the COV of 0.037.
Therefore, the proposed design formula can accurately predict the bending capacity of RC beam

with the C-FRCM strengthening system.
7. Conclusions

This paper presents the effect of C-FRCM strengthening system on the bending behaviour of
uncorroded and corroded RC beams. A parametric study comprising 35 supplementary RC beam
models was conducted, highlighting the effects of the layer of CF mesh and complete wrapping and
the degree of corrosion of steel bar on the bending capacity. The following conclusions can still be
drawn:
® FEA can effectively predict the failure mode and strengthening performance of RC specimens

with appropriate interface elements and interface constitutive theory. As for strengthened

corroded RC members, the slip between CF mesh and cementitious matrix determines the
stress response of RC members with C-FRCM system beyond the peak bending capacity and
thus interface simulation is particularly critical.

® The ductility of RC beam retained well with one or two layers of CF mesh, yet the
combination of the C-FRCM plate and the complete wrapping as the end anchorage is more
effective than the C-FRCM plate only. The increase of the layer of CF mesh in the C-FRCM
plate or complete wrapping will enhance the strengthening effect. Considering the optimum
strengthening effect and maximum ductility retention using C-FRCM strengthening system,
integration of the two-layer of C-FRCM plate and the three-layer complete wrapping is
recommended.

® The current design codes, including ACI 549.4R-20 [63], AC 434-0616-R1 [64], ACI
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440.2R-17 [65] and CECS 146-2003 (2007) [67], generally provide more conservative
estimations on the bending capacities of corroded RC beams with C-FRCM strengthening
system, compared with FIB Bulletin 14 [66]. It can result in inaccurate prediction of bending
capacity for the examined strengthened beam.

The modified calculation method in Bulletin 14 [66] can provide a more accurate estimation
on RC beams fully considering the effects of the layer of CF mesh and complete wrapping, and
the degree of corrosion of steel bar, which can be adopted for predicting flexural capacity of

strengthened RC beam with C-FRCM strengthening system.
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a1 Ratio of prismatic compressive strength to cubic compressive strength
az Brittleness reduction coefficient of high-strength concrete
a Distance from top of beam to centroid of longitudinal compressive bar
Act Cross-sectional area of carbon yarn

As Avrea of longitudinal tensile bar

As Area of longitudinal compressive bar

Cof Perimeter of a single carbon yarn

C Compression force provided by concrete

Ect Elastic modulus of CF mesh

Ecm Elastic modulus of cementitious matrix

Ew Elastic modulus of longitudinal bar

Esu Elastic modulus of stirrup

Eu Elastic modulus of complete wrapping

Euc Elastic modulus of corroded steel bar

Euwo Elastic modulus of uncorroded steel bar

fc Axial compressive strength of concrete

fo Compressive strength of concrete cylinder

feme Compressive strength of cementitious matrix

femt Tensile strength of cementitious matrix

feu Compressive strength of concrete cube

fiu Ultimate strength of longitudinal bar

fiy Yield strength of longitudinal bar

fsu Ultimate strength of stirrup

fsy Yield strength of stirrup

fi Axial tensile strength of concrete

fiof Effective tensile strength of concrete

fuc Ultimate strength of corroded steel bar

fuo Ultimate strength of uncorroded steel bar

fye Yield strength of corroded steel bar
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hy
ho
ki
k2
Ka
Kec
Ko

Lt
Mef1
Mef2

Yield strength of uncorroded steel bar

Elastic shear modulus of epoxy resin layer involved in shear
Compressive fracture energy of concrete

Elastic shear modulus of concrete

Fracture energy in creating a fracture surface of unit area of concrete
Total interface failure energy

Height of beam

Characteristic element length

Effective height of beam section

Slope of elastic segment

Slope of debonding segment

Shear stiffness of epoxy resin layer

Shear stiffness of concrete substrate involved in shear deformation
Initial stiffness of bond-slip relationship of complete wrapping and concrete
Bonding length of carbon yarn

Length of failure zone of concrete in tension

Elastic moment at mid-support obtained from FEA

Elastic moment at mid-span obtained from FEA

Moment contribution of FRCM reinforcement to bending capacity
Moment contribution of longitudinal bar to bending capacity
Ultimate bending capacity determined by FEA

Ultimate moment at mid-support determined by FEA

Ultimate moment at mid-span determined by FEA

Ultimate bending capacity calculated by proposed formula
Ultimate bending capacity obtained from test

Ultimate bending capacity calculated by ACI 549.4R-20 and AC 434-0616-R1
Ultimate bending capacity calculated by ACI 440.2R-17

Ultimate bending capacity calculated by FIB Bulletin 14

Ultimate bending capacity calculated by CECS 146-2003 (2007)
Applied load in pullout test

Ultimate load obtained from FEA
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Put
S
Scm
Scmu
Scmo
Sue
ta

te

Pt
Eeq
Elu
&s

&sc
&su

&tu

[ecr]

Tem

Temu

Ultimate load obtained from test

Local slip between steel and concrete

Interface slip of ECC-to-concrete interface

Ultimate interface slip of ECC-to-concrete interface

Interface slip corresponding to ultimate shear strength

Elastic part of slippage at interface between complete wrapping and beam
Thickness of epoxy resin layer involved in shear

Effective thickness of concrete substrate participating in shear deformation under
interface

Pullout displacement

Displacement corresponding to the ultimate load

Corresponding displacement when the longitudinal bar yields

Concrete strain at which the maximum compressive strength is reached

Concrete strain at which one-third of the maximum compressive strength is reached
Concrete ultimate strain at which material is completely softened in compression
Correction coefficient of bonding strength between steel bar and concrete

Width influence coefficient of FRP-concrete

Moment redistribution at mid-support determined by FEA

Moment redistribution at mid-support obtained from test

Moment redistribution at mid-span determined by FEA

Moment redistribution at mid-span obtained from test

Effective uniaxial tensile strain of concrete

Ultimate strain of longitudinal bar

Ultimate strain of corroded steel bar

Ultimate strain of uncorroded steel bar

Ultimate strain of stirrup

Ultimate tensile strain of CF mesh

Allowable tensile strain of FRP

Local bonding strength between concrete and steel bar

Shear stress of ECC-to-concrete interface

Ultimate shear strength of ECC-to-concrete interface
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Tmax The maximum local bonding strength between concrete and steel bar

Tmax,cf The maximum bonding stress between carbon yarn and cementitious matrix
70,cf Bonding stress during friction segment

A Temporary variable of elastic segment

A2 Temporary variable of debonding segment

p% Degree of corrosion of steel bar

w Crack opening displacement

We Crack opening displacement when stress is fully released

Dcf Poisson's ratio of CF mesh

o Poisson's ratio of complete wrapping

oG Stress block centroid coefficient

Ou Ductility index

o Normal stress of concrete in crack direction

Ocm Uniaxial compressive strength of ECC

x Interface roughness value of ECC-to-concrete interface

o Relative compressive height coefficient of longitudinal rebar

et Limit relative compression height when FRP reaches its allowable tensile strain

and concrete is crushed at the same time
D Strength reduction factor
¥ Stress block area coefficient
7 Reduction coefficient of additional capacity of FRP

2] Correction coefficient of bending capacity formula
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. Layer of CF Layer of Dggree of
Group Specimen complete corrosion of steel
mesh .
wrapping bar (%)
B-L0-UO 0 0 0.00
B-L2-U0 2 0 0.00
Uncorroded beam B-L3-U0 3 0 0.00
B-L2-U3 2 3 0.00
B-L3-U2 3 2 0.00
CB-L0-U0 0 0 5.96
CB-L2-U0 2 0 4.00
Corroded beam CB-L3-U0 3 0 5.79
CB-L2-U3 2 3 6.93
CB-L3-U2 3 2 2.22
Table 1. Group setting of RC continuous beams
Material | Maerial jUncorroded oo | oyl gL 900 [CB-L3-UO|CB-L2-U3|CB-L3-U2
property | specimen
fiy (MPa) 480.00 380.91 424.32 386.13 351.11 449.10
Longitudinal | fiu (MPa) 602.00 487.91 539.39 494.25 451.70 567.25
rebar e (%) 7.14 4,70 5.50 4.80 4.29 6.23
Ei, (GPa) 200.00 142.03 158.40 143.10 136.03 176.91
fsy (MPa) 412.00 326.95 364.21 331.43 301.37 385.98
Stirrup fsu (MPa) 572.00 463.59 512.51 469.62 429.19 538.98
&su (%) 12.00 7.90 9.20 8.00 7.22 10.47
Esu (GPa) 200.00 142.03 158.40 143.10 136.03 176.91
fi (MPa) 2.01
Concrete fc (MPa) 34.50
feu (MPa) 52.00
E. (GPa) 30.00
... femt (Mpa) 5.50
Cementl_tlous fome (MPa) 78.80
matrix
Ecm (GPa) 30.00
Ee (GPa) 132.00
CF mesh o 0.20
Complete E. (GPa) 240.00
wrapping vy 0.20

Table 2. Summary of material properties in FEA
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Parameter Ribbed steel bar
s1 (mm) 0.60
S2 (mm) 0.60
S3 (mm) 1.00
a 0.40
tmax (MPa) 2.0,
Tf (M Pa) 0.15Tmax

Table 3. Parameters of steel bar bond-slip constitutive theory

Roughness feme Semo Scmu a b c Temu

0.57 78.8 0.765 0.981 | -0.04334 | -1.69877 | 0.04589 1.17

0.57 78.8 0.765 0.981 | -0.08155 | -0.84199 | 0.06987 2.24

0.57 78.8 0.765 0.981 -0.09284 | -0.80271 | 0.06067 1.18

0.57 78.8 0.765 0.981 | -0.07562 | -1.21648 | 0.07555 2.22

0.57 78.8 0.765 0.981 | -0.10478 | -0.95987 | 0.08487 2.13

1.33 78.8 1.055 1.105 | -0.04334 | -1.69877 | 0.04589 2.06

1.33 78.8 1.055 1.105 | -0.08155 | -0.84199 | 0.06987 4.18

1.33 78.8 1.055 1.105 | -0.09284 | -0.80271 | 0.06067 3.39

1.33 78.8 1.055 1.105 | -0.07562 | -1.21648 | 0.07555 3.96

1.33 78.8 1.055 1.105 | -0.10478 | -0.95987 | 0.08487 4.62

3.33 78.8 1.206 1.164 | -0.04334 | -1.69877 | 0.04589 3.14

3.33 78.8 1.206 1.164 | -0.08155 | -0.84199 | 0.06987 5.38

3.33 78.8 1.206 1.164 | -0.09284 | -0.80271 | 0.06067 4.67

3.33 78.8 1.206 1.164 | -0.07562 | -1.21648 | 0.07555 5.57

3.33 78.8 1.206 1.164 -0.10478 | -0.95987 | 0.08487 6.43

9 Table 4. Parameters of bonding strength between cementitious matrix and

10 concrete

11
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Mesh size (mm) 30 40
Calculation time 48 hours 4 hours 2 hours
Ultimate capacity obtain from test (kN) 275.19 275.19 275.19
Ultimate capacity obtain from FEA (kN) 265.18 273.73 299.21
Difference (%) -3.64 -0.53 8.73
Table 5. Mesh sensitivity analysis
SDECImen Put Puf Put/Puf Mut Muf Mut/Muf
B-L0-U0 250.03 252.52 0.99 23.47 24.09 0.97
B-L2-U0 268.26 265.06 1.01 26.00 22.74 1.14
B-L3-U0 265.31 279.63 0.95 25.87 24.49 1.06
B-L2-U3 275.19 273.37 1.01 27.72 24.26 1.14
B-L3-U2 285.14 285.00 1.04 28.24 25.63 1.10
CB-L0-U0 | 218.82 216.61 1.01 20.33 20.58 0.99
CB-L2-U0 | 225.35 242.58 0.93 23.01 22.01 1.05
CB-L3-U0 | 224.05 241.61 0.93 22.23 21.63 1.03
CB-L2-U3 | 238.18 235.10 1.01 24.12 21.17 1.14
CB-L3-U2 282.93 278.29 1.02 28.20 25.88 1.09
Mean 0.99 1.07
cov 0.037 0.059

Table 6. Comparison of ultimate loads obtained from tests and FE




ACI 549.4R-20 [63]

CECS 146-2003

_ P, Degreg of M, |AC434-0616-R1 [64] ACI 440.2R-17 [65] |FIB Bulletin 14 [66] (2007) [67] Mup
Specimen (kN) corrosion (KN-m) Mus Mu/Myp
(%) (KN-m) Muo/Muz | My2 (KN-m) | My/My2 | Myz (KN-m) | Mu/Myz |Mus (KN-m)| My/Mya |(KN-m)
B-L0-UO | 250.03 0.00 24.09 — — — — — — — — — —
B-L1-U0 | 255.38 0.00 21.91 15.62 1.40 15.25 1.44 16.59 1.32 15.39 142 | 2216 | 0.99
B-L2-U0 | 268.62 0.00 22.74 17.52 1.30 16.75 1.36 18.83 1.21 16.92 1.34 | 2285 | 1.00
B-L3-U0 | 265.31 0.00 24.49 19.34 1.27 18.20 1.35 20.99 1.17 18.44 133 | 2331 | 1.05
B-L1-Ul | 267.63 0.00 22.96 15.62 1.47 15.25 1.51 16.59 1.38 15.39 149 | 2279 | 1.01
B-L1-U2 | 254.73 0.00 21.86 17.52 1.25 16.75 1.30 18.83 1.16 16.92 129 | 23.79 | 0.92
B-L1-U3 | 257.40 0.00 22.08 19.34 1.14 18.20 1.21 20.99 1.05 18.44 1.20 | 24.05| 0.92
B-L2-Ul | 265.62 0.00 22.79 17.52 1.30 16.75 1.36 18.83 1.21 16.92 1.35 | 2357 | 0.97
B-L2-U2 | 271.68 0.00 23.31 17.52 1.33 16.75 1.39 18.83 1.24 16.92 1.38 | 23.79 | 0.98
B-L2-U3 | 275.19 0.00 24.26 17.52 1.38 16.75 1.45 18.83 1.29 16.92 143 | 2351 | 1.03
B-L3-Ul | 287.95 0.00 24.71 19.34 1.28 18.20 1.36 20.99 1.18 18.44 134 | 2411 | 1.02
B-L3-U2 | 285.14 0.00 25.63 19.34 1.32 18.20 1.41 20.99 1.22 18.44 139 | 2436 | 1.05
B-L3-U3 | 281.16 0.00 24.12 19.34 1.25 18.20 1.33 20.99 1.15 18.44 1.31 | 2405 | 1.00
CB-L0-U0 | 218.82 5.96 20.58 — — — — — — — — — —
CB-L1-U0 | 246.16 4.00 21.12 14.35 1.47 13.92 1.52 15.37 1.37 13.79 1.53 | 20.50 | 1.03
CB-L2-U0-i1| 225.35 2.00 22.45 16.97 1.32 16.16 1.39 18.32 1.23 16.11 139 | 2215 | 1.01
CB-L2-U0 | 242.58 4.00 22.01 16.46 1.34 15.59 1.41 17.85 1.23 15.31 144 | 21.62 | 1.02
CB-L2-U0-i3| 234.07 6.00 20.08 15.45 1.30 14.54 1.38 16.81 1.19 14.02 143 | 2049 | 0.98
CB-L2-U0-i4| 221.58 8.00 19.01 13.93 1.36 12.98 1.47 15.19 1.25 12.24 155 |18.71 | 1.02
CB-L2-U0-is| 206.58 10.00 17.72 12.43 1.43 11.43 1.55 13.58 1.30 10.46 1.69 | 16.99 | 1.04
CB-L3-U0-iy| 264.73 2.00 22.71 18.89 1.20 17.68 1.28 20.57 1.10 17.63 129 | 22.76 | 1.00
CB-L3-U0-i2| 252.80 4.00 21.69 18.47 1.17 17.19 1.26 20.22 1.07 16.83 1.29 | 2240 | 0.97
CB-L3-U0 | 224.05 5.79 21.63 17.71 1.22 16.37 1.32 19.45 1.11 15.72 1.38 | 21.68 | 1.00
CB-L3-U0-i3| 237.32 6.00 20.36 17.56 1.16 16.21 1.26 19.28 1.06 15.54 131 | 2152 | 0.95
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CB-L3-U0-i4| 231.32 8.00 19.85 16.12 1.23 14.71 1.35 17.75 1.12 13.76 1.44 | 20.04 | 0.99
CB-L3-U0-is| 206.08 10.00 17.68 14.71 1.20 13.24 1.34 16.24 1.09 11.99 1.48 | 18.65 | 0.95
CB-L1-Ul | 254.48 2.00 21.83 14.98 1.46 14.58 1.50 15.97 1.37 14.59 150 |21.87 | 1.00
CB-L1-U2 | 253.32 2.00 21.74 14.98 1.45 14.58 1.49 15.97 1.36 14.59 1.49 | 22.06 | 0.99
CB-L1-U3 | 251.93 2.00 21.62 14.98 1.44 14.58 1.48 15.97 1.35 14.59 1.48 | 21.82 | 0.99
CB-L2-Ul | 237.36 6.93 20.37 14.74 1.38 13.81 1.48 16.05 1.27 13.19 154 | 20.27 | 1.01
CB-L2-U2 | 231.68 6.93 19.88 14.74 1.35 13.81 1.44 16.05 1.24 13.19 151 | 20.46 | 0.97
CB-L2-U3-i1| 260.37 2.00 22.34 16.97 1.32 16.16 1.38 18.32 1.22 16.11 1.39 | 22.80 | 0.98
CB-L2-U3-ip| 255.54 4.00 21.93 16.46 1.33 15.59 1.41 17.85 1.23 15.31 143 | 22.25 | 0.99
CB-L2-U3-i3| 240.44 6.00 20.63 15.45 1.34 14.54 1.42 16.81 1.23 14.02 1.47 | 21.08 | 0.98
CB-L2-U3 | 238.18 6.93 21.17 14.74 1.44 13.81 1.53 16.05 1.32 13.19 1.60 | 20.22 | 1.05
CB-L2-U3-i4| 229.04 8.00 19.65 13.93 1.41 12.98 151 15.19 1.29 12.24 161 | 19.24 | 1.02
CB-L2-U3-is| 213.15 10.00 18.29 12.43 1.47 11.43 1.60 13.58 1.35 10.46 1.75 | 1747 | 1.05
CB-L3-Ul1 | 278.56 2.22 23.90 18.84 1.27 17.62 1.36 20.53 1.16 17.54 1.36 | 23.50 | 1.02
CB-L3-U2-i| 279.90 2.00 26.00 18.89 1.38 17.68 1.47 20.57 1.26 17.63 1.47 | 23.79 | 1.09
CB-L3-U2 | 282.93 2.22 25.88 18.84 1.37 17.62 1.47 20.53 1.26 17.54 148 | 23.74 | 1.09
CB-L3-U2-iy| 266.78 4.00 22.89 18.47 1.24 17.19 1.33 20.22 1.13 16.83 1.36 | 23.42 | 0.98
CB-L3-U2-i3| 257.07 6.00 22.06 17.56 1.26 16.21 1.36 19.28 1.14 15.54 142 | 2248 | 0.98
CB-L3-U2-i4| 236.96 8.00 20.33 16.12 1.26 14.71 1.38 17.75 1.15 13.76 1.48 | 20.92 | 0.97
CB-L3-U2-i5| 221.70 10.00 19.02 14.71 1.29 13.24 1.44 16.24 1.17 11.99 159 | 19.46 | 0.98
CB-L3-U3 | 271.40 2.22 23.29 18.84 1.24 17.62 1.32 20.53 1.13 17.54 1.33 | 23.44 | 0.99
Mean 1.32 1.40 1.22 1.44 1.00

Ccov 0.068 0.061 0.075 0.078 0.037

Table 7. Comparison of bending capacities obtained from tests, FEA and design codes
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Design code

Design formulas

ACI 549.4R-20 [63]
AC 434-0616-R1 [64]

_ B e By _PBe
Mul_dym{&fs(d 2 j+p¥fs( 2 a]+Afffe( f 2 ):|

ACI 440.2R-17 [65]

M, :Agfs(d —%}L%Af (df _%)

FIB Bulletin 14 [66]

M= &lfyd (d '§GX)+ AE; & (h '5GX)+ AEe, (5GX'd2)

CECS 146-2003 (2007)
[67]

: - XY e .
SN <x<ghy M, < fcbfx(ho _Ej*’ f,A(hy—a')+ 0 A (hfe _ho)
x<Eeph: M, < fcbx(ho —g}r f,A (hy—a')+Eye,A, (h—h,)

x<2a: M,, < f A (h—a)+E,[&, |A(h-2)

Proposed formula

M,, =(1.477-0.151L, —0.010L%, +0.052L,, —0.013L, —0.003p+0.001,°)
x[ AT, (d-6.C)+AE & (h-5,C)+AEe(5,C-a')]

Table 8. Summary of design formulas for bending capacity
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Figure 6. Interface constitutive relationship
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Figure 8. Comparison of failure modes between tests and FEA
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Figure 9. Comparison of load-deflection curves for RC continuous beams
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Figure 10. Comparison of ductility of specimens
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Figure 11. Influence of a single factor in the layers of CF mesh, complete

wrapping and degree of corrosion on the strengthening effect
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Figure 12. Coupling influence of layers of CF mesh and degree of corrosion,

complete wrapping and degree of corrosion on the strengthening effect
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