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ABSTRACT In this study, a total of 177 flexural experimental tests of corroded reinforced concrete (CRC) beams were
collected from the published literature. The database of flexural capacity of CRC beam was established by using unified
and standardized experimental data. Through this database, the effects of various parameters on the flexural capacity of
CRC beams were discussed, including beam width, the effective height of beam section, ratio of strength between
longitudinal reinforcement and concrete, concrete compressive strength, and longitudinal reinforcement corrosion ratio.
The results indicate that the corrosion of longitudinal reinforcement has the greatest effect on the residual flexural capacity
of CRC beams, while other parameters have much less effect. In addition, six available empirical models for calculating
the residual flexural strength of CRC beams were also collected and compared with each other based on the established
database. It indicates that though five of six existing empirical models underestimate the flexural capacity of CRC beams,
there is one model overestimating the flexural capacity. Finally, a newly developed empirical model is proposed to
provide accurate and effective predictions in a large range of corrosion ratio for safety assessment of flexural failure of
CRC beams confirmed by the comparisons.
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1 Introduction reinforcement corrosion on flexural behavior of RC

slabs; Rodriguez et al. [4] tested the bending resistance

Presently, the durability problem of reinforced concrete
(RC) beams has attracted more and more attention all over
the world. Among the many causes of durability damage of
beams, premature failure of beams caused by reinforce-
ment corrosion is one of the biggest threats currently faced
by the RC industry [1]. Identifying and quantifying the
impacts of deteriorating on the residual bearing capacity of
RC beams can provide the currently used inspection
procedures with lots of strategic and cost-effective
rehabilitation methods [2]. Therefore, many researchers
have been devoted to investigate the residual strength and
performance of corroded reinforced concrete (CRC)
beams. Almusallam et al. [3] studied the effect of
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of CRC beams with different reinforcement ratios, stirrup
spacing and corrosion rate. Mangat and Elgarf [5]
conducted an experimental study on 111 CRC beams and
studied the effect of corrosion on their residual bending
strength; Hui et al. [6] conducted an experimental study on
the failure modes and residual flexural capacity of CRC
beams, in which the chloride ingression was accelerated by
sodium chloride (CaCl,) in the concrete; and Huang and
Yang [7] evaluated the effect of corrosion on RC beams
and assessed the structural behavior of CRC beams.
Meanwhile, there are still many other previous similar
studies [8—20]. The effect of reinforcement corrosion on
CRC beams mainly includes the following three aspects:
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for steel reinforcement, the cross-sectional area will be
reduced to change the mechanical properties [8,9,11-14];
for concrete, the concrete cover of the beam is long-
itudinally cracked or even peeled off because of the
volume expansion of the steel corrosion products, resulting
in a decrease in the effective area of the concrete [10,15];
for the bond performance between concrete and steel, a
loose rust layer is formed at the interface between concrete
and steel because of the steel corrosion, which reduces the
mechanical bite force between concrete and steel [16-20].
Therefore, the bond performance between concrete and
steel will degenerate as the steel corrosion increases. As
mentioned above, the flexural performance and residual
strength of CRC beams decrease due to the steel corrosion
in concrete.

For the prediction of the residual flexural strength of
CRC beams, many existing empirical models [21-27] have
been proposed. Existing empirical models include two
main calculation methods when calculating the residual
flexural strength of CRC beams. On one hand, on the basis
of the experimental data, the ultimate bending moment of
CRC beams is calculated according to the corresponding
specifications at first, and then the calculated ultimate
bending moment is multiplied by a reduction factor by
considering the influence of the corrosion [21,25-27]; on
the other hand, considering the corrosion influence, the
yield stress of the longitudinal steel reinforcement is
multiplied by a reduction factor and the effective cross-
sectional area of the steel bars is considered, and then the
ultimate bending moment of the CRC beams is calculated
according to the corresponding specifications [22-24]. To
obtain CRC beam members, there are currently three main
methods [23]: rapid corrosion member experimental
(electrochemical corrosion and chlorinated salt corrosion)
[28,29], natural exposed experiment [6,11,30] and
damaged component test removed by actual engineering.
To achieve the expected results in the short-term, most of
the current models generally utilize laboratory energization
to accelerate corrosion.

Although existing empirical models [22-27] can some-
how predict the residual flexural capacity of the CRC
beams, these existing empirical models exhibit certain
deviations in the prediction when the test data is from other
experiments and the rate of the steel corrosion varies. In
other words, most of the existing empirical models become
less accurate in different cases. Meanwhile, there is less
comparative analysis of the empirical models in the
previous studies. Therefore, the main purpose of this
study is to introduce existing empirical models for
calculating the residual flexural strength of CRC beams,
and to compare and analyze existing empirical models
through the unified and standardized experimental data-
base. In addition, based on the model of corrosion-induced
bond strength degradation [31] and existing specifications
[32,33], a new prediction model for the residual flexural
strength of CRC beams is proposed to accurately predict

the residual flexural capacity of the CRC beams through
the comparative analysis of the test database.

2 Experimental database of flexural
capacity of CRC beams

2.1 Establishment of experimental database

In this section, experimental data of 177 sets of CRC
beams subjected to concentrated loads with residual
flexural capacity are collected from published literature
[4,6,18,25,26,34-38], including Jin and Zhao [18], 17 sets;
Hui et al. [6], 24 sets; Cao et al. [34], 12 sets; Xia et al.
[35], 20 sets; Azad et al. [25], 24 sets; Azad et al. [26], 36
sets; Shang [36], 8 sets; Rodriguez et al. [4], 16 sets; Chen
[37], 7 sets; and Zhang [38], 13 sets. These collected
experimental data are integrated to establish an experi-
mental database and are listed in Table 1. The concrete
compressive strength (fcy1150 and fey1 75 correspond to the
uniaxial compressive strength determined from cylinder
tests of 150 mm x 300 mm specimens and 75 mm X
150 mm specimens, respectively; and £, 150 is the uniaxial
compressive strength determined from cube tests of 150
mm specimens), width of beam section (b), depth of beam
section (%), section ratio of longitudinal steel reinforcement
(py), shear span-to-depth ratio of beam (A), corrosion
degree of longitudinal reinforcement (7, and 7, are the
corrosion ratios which express as weight loss ratio and the
section loss ratio of longitudinal reinforcement, respec-
tively), ultimate flexural strength from tests at failure
(M exp), and ultimate concentrated load from tests at
failure Ppy ey are all summarized in Table 1. Important
characteristics of the selected experimental CRC beams are
summarized as follows.

1) The width of test beams b varies from 120 to 200 mm,
and the depth of beam /£ varies from 150 to 315 mm. The
shear span-to-depth ratio of beam A ranges from 1.35 to
4.88, including both slender (12=2.5) and deep beams
(A<2.5)[39].

2) The cube compressive strength of concrete (fc,,150) of
test beams varies from 22.13 to 62.62 MPa, which includes
ordinary concrete and high-strength concrete according to
GB50010-2002 (Design code for concrete structures) [33];
and the yield strength of the longitudinal reinforcements
varies between 297 and 593 MPa.

3) The corrosion ratio which expresses as weight loss
ratio of longitudinal reinforcement of test beams varies
between 0 and 34.8%, and the corrosion ratio which
expresses as section loss ratio of longitudinal reinforce-
ment of test beams varies between 0 and 47.77%.

2.2 Conversion relations of compressive strength of
concrete

When calculating the flexural capacity of CRC beams, the
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Table 1 Experimental data of flexural tests for CRC beams

literature specimen concrete b h o) &y A Nwt Msn My exp P exp
strength (mm) (mm) (%) (MPa) (%) (%) (kKN-m) (kN)
(MPa)

Jin and Zhao  BDI 22.13 150 150 133 427 2.65 0.47 1.76 10.27 34.23
Hg]tests) BD2 2.13 150 150 133 427 2.65 0.54 1.83 9.53 31.77
BD3 22.13 150 150 133 427 2.65 121 249 9.92 33.07

BD4 22.13 150 150 1.33 427 2.65 1.24 2.52 9.32 31.07

BD5 22.13 150 150 1.33 427 2.65 1.24 2.52 10.27 34.23

BD6 22.13 150 150 1.33 427 2.65 1.27 2.55 9.53 31.77

BD7 22.13 150 150 1.33 427 2.65 2.15 342 9.53 31.77

BDS 22.13 150 150 133 427 2.65 2.82 4.08 9.07 30.23

BD9 22.13 150 150 1.33 427 2.65 2.83 4.09 9.53 31.77

BDI10 22.13 150 150 1.33 427 2.65 2.88 4.14 8.69 28.97

BDII 22.13 150 150 1.33 427 2.65 345 471 9.53 31.77

BDI12 22.13 150 150 1.33 427 2.65 4.14 539 8.20 27.33

BDI13 22.13 150 150 133 427 2.65 5.20 6.43 8.69 28.97

BD14 22.13 150 150 1.33 427 2.65 6.05 727 7.89 26.30

BDUI 22.13 150 150 1.33 427 2.65 0.47 1.76 9.91 33.03

BDU2 22.13 150 150 133 427 2.65 4.85 6.09 8.56 28.53

BDU3  22.13(fuiso) 150 150 133 427 2.65 5.58 6.81 8.32 27.73

Huiectal [6]  AOI 394 151 252 0.90 397 3.1 0.00 0.00 26.14 37.34
(24 tests) A02 394 158 251 0.89 397 32 0.00 0.00 26.49 37.84
A21 39.6 154 255 0.92 383 32 7.11 8.32 21.84 31.20

A22 39.6 158 257 0.87 378 3.1 10.17 15.65 22.19 31.70

A31 38.1 176 250 0.79 381 32 4.60 5.84 22.40 32.00

A32 38.1 176 253 0.80 382 32 8.49 9.68 2421 34.59

BOI 394 153 251 1.19 402 32 0.00 0.00 33.70 48.14

B02 39.4 156 253 1.15 402 3.1 0.00 0.00 33.74 48.20

Bl 35.0 160 254 1.14 495 32 3.60 4.85 30.20 43.14

BI2 35.0 156 252 1.20 410 3.3 2.20 3.47 30.90 44.14

B21 36.6 173 250 1.10 395 33 4.49 5.73 28.45 40.64

B22 36.6 154 254 1.20 396 32 3.99 5.24 29.78 42.54

B31 314 166 253 1.12 396 32 5.40 6.63 30.55 43.64

B32 314 158 251 1.18 393 32 4.20 5.45 29.50 42.14

co1 39.4 168 252 1.40 381 33 0.00 0.00 38.95 55.64

co2 34.6 159 254 1.45 381 32 2.33 3.60 36.85 52.64

c21 344 156 253 1.52 376 33 3.33 4.59 31.95 45.64

22 344 166 256 1.40 380 32 4.65 5.89 35.45 50.64

DOl 394 163 251 0.85 297 32 0.00 0.00 23.20 33.14

D02 39.4 164 250 0.83 297 3.1 0.00 0.00 23.20 33.14

D21 34.4 172 252 0.80 293 3.1 10.99 16.42 17.74 25.34

D22 344 158 252 0.90 303 32 9.68 10.85 17.95 25.64

EO1 35.6 155 249 0.63 494 3.0 0.00 0.00 26.00 37.14

E02 34.4(feu150) 172 255 0.58 494 3.1 8.82 10.01 21.45 30.64
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(Continued)
literature specimen  concrete b h e &y A Twt Tsn My exp P exp
strength (mm) (mm) (%) (MPa) (%) (%) (kN-m) (kN)
(MPa)
Caoetal. RCBDI2(1) 34.4 120 200 1.08 470 2.78 0.00 0.00 20.53 41.06
E?‘z‘]tests) RCBDI2(2) 344 120 200 1.08 470 278 2.16 3.43 18.50 37.00
RCBDI12(3) 344 120 200 1.08 470 2.78 4.19 5.44 17.34 34.68
RCBD12(4) 344 120 200 1.08 470 2.78 6.72 7.93 15.18 30.36
RCBDI12(5) 344 120 200 1.08 470 2.78 9.31 10.49 14.50 29.00
RCBDI12(6) 34.4 120 200 1.08 470 2.78 13.05 18.35 12.90 25.80
RCBDI14(1) 34.4 120 200 1.48 500 2.78 0.00 0.00 26.73 53.46
RCBD14(2) 34.4 120 200 1.48 500 2.78 2.36 3.63 24.60 49.20
RCBD14(3) 344 120 200 1.48 500 2.78 4.47 5.71 22.40 44.80
RCBD14(4) 344 120 200 1.48 500 2.78 6.29 7.51 20.70 41.40
RCBDI14(5) 34.4 120 200 1.48 500 2.78 9.58 10.76 19.50 39.00
RCBD14(6) 34.4 (fou.150) 120 200 1.48 500 2.78 12.34 17.69 18.10 36.20
Xia et al. BAI-0 259 150 200 1.49 425 2.06 0.00 0.00 22.68 64.80
E;(S)]tests) BAI-1 259 150 200 1.49 425 2.06 1.80 3.25 22.24 63.54
BAI-2 259 150 200 1.49 425 2.06 3.09 4.5 21.63 61.80
BAI-3 259 150 200 1.49 425 2.06 3.80 5.19 20.65 59.00
BAI-4 259 150 200 1.49 425 2.06 5.64 6.97 20.84 59.54
BAI-5 259 150 200 1.49 425 2.06 6.07 7.39 21.37 61.06
BAI-6 259 150 200 1.49 425 2.06 7.08 8.37 20.00 57.14
BAI-7 259 150 200 1.49 425 2.06 8.67 9.91 20.84 59.54
BAI-8 259 150 200 1.49 425 2.06 8.85 10.08 19.22 54.91
BAI-9 259 150 200 1.49 425 2.06 10.36 11.55 18.34 52.40
BBII-0 35.6 150 200 1.72 575 2.06 0.00 0.00 38.50 110.00
BBII-1 35.6 150 200 1.72 575 2.06 1.45 291 36.75 105.00
BBII-2 35.6 150 200 1.72 575 2.06 1.84 3.28 35.00 100.00
BBII-3 35.6 150 200 1.72 575 2.06 2.64 4.06 34.48 98.51
BBII-4 35.6 150 200 1.72 575 2.06 3.75 5.14 35.04 100.11
BBII-5 35.6 150 200 1.72 575 2.06 5.26 6.6 35.88 102.51
BBII-6 35.6 150 200 1.72 575 2.06 5.84 7.16 33.08 94.51
BBII-7 35.6 150 200 1.72 575 2.06 7.37 8.65 34.39 98.26
BBII-8 35.6 150 200 1.72 575 2.06 7.76 9.03 34.48 98.51
BBII9  35.6 (fuis0) 150 200 1.72 575 2.06 8.98 10.21 32.13 91.80
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(Continued)
literature specimen  concrete b h el &y A Tt sn M exp P exp
strength (mm) (mm) (%) (MPa) (%) (%) (KN-m) (kN)
(MPa)

Azad et al. Bl-1 28 200 215 1.26 593 2.20 3.50 4.75 31.50 90.00
gg]tests) B12 28 200 215 126 593 2.20 6.00 722 2818 8051
B1-3 28 200 215 1.26 593 2.20 4.13 5.38 18.38 52.51
B1-4 28 200 215 1.26 593 2.20 15.85 20.98 22.40 64.00
B1-5 28 200 215 1.26 593 2.20 2.95 421 30.98 88.51
B1-6 28 200 215 1.26 593 2.20 15.83 20.96 17.33 49.51
B2-1 28 200 265 0.96 593 1.67 11.82 17.20 36.58 104.51
B2-2 28 200 265 0.96 593 1.67 9.86 11.03 40.95 117.00
B2-3 28 200 265 0.96 593 1.67 18.74 23.70 24.33 69.51
B2-4 28 200 265 0.96 593 1.67 17.53 22.56 26.95 77.00
B2-5 28 200 265 0.96 593 1.67 25.53 35.14 26.60 76.00
B2-6 28 200 265 0.96 593 1.67 25.81 35.38 20.48 58.51
B3-1 28 200 315 0.78 593 1.35 13.34 18.63 37.63 107.51
B3-2 28 200 315 0.78 593 1.35 17.85 22.86 36.05 103.00
B3-3 28 200 315 0.78 593 1.35 6.02 7.24 52.50 150.00
B3-4 28 200 315 0.78 593 1.35 5.84 7.06 55.30 158.00
B3-5 28 200 315 0.78 593 1.35 26.29 35.80 35.70 102.00
B3-6 28 200 315 0.78 593 1.35 4.63 5.87 57.58 164.51
B4-1 28 200 215 1.61 575 2.20 5.28 6.51 33.60 96.00
B4-2 28 200 215 1.61 575 2.20 9.40 10.58 22.23 63.51
B4-3 28 200 215 1.61 575 2.20 11.27 16.68 22.75 65.00
B4-4 28 200 215 1.61 575 2.20 12.26 17.61 23.10 66.00
B4-5 28 200 215 1.61 575 2.20 20.09 30.40 18.73 53.51
B4-6 28 200 215 1.61 575 2.20 21.06 31.24 16.10 46.00
B5-1 28 200 265 1.22 575 1.68 9.10 10.28 31.15 89.00
B5-2 28 200 265 1.22 575 1.68 9.53 10.71 38.15 109.00
B5-3 28 200 265 1.22 575 1.68 9.53 10.71 29.75 85.00
B5-4 28 200 265 1.22 575 1.68 5.76 6.99 40.95 117.00
B5-5 28 200 265 1.22 575 1.68 14.18 19.42 25.55 73.00
B5-6 28 200 265 1.22 575 1.68 17.80 22.81 25.20 72.00
B6-1 28 200 315 0.99 575 1.36 5.67 6.90 58.98 168.51
B6-2 28 200 315 0.99 575 1.36 1.39 2.67 65.98 188.51
B6-3 28 200 315 0.99 575 1.36 4.69 5.93 57.40 164.00
Bo6-4 28 200 315 0.99 575 1.36 10.08 15.57 36.93 105.51
B6-5 28 200 315 0.99 575 1.36 3.37 4.63 48.48 138.51
B6-6 28(fey1,75) 200 315 0.99 575 1.36 20.02 30.34 35.00 100.00




Zhao-Hui LU et al. Prediction of residual flexural capacity 893
(Continued)
literature specimen  concrete b h o &y A Twt Tsn My exp P exp
strength (mm) (mm) (%) (MPa) (%) (%) (kN-m) (kN)
(MPa)
Azad et al. BT1-2-4 38.91 150 150 0.92 520 3.10 5.40 6.63 10.68 30.51
gi]tests) BT1-3-4 36.89 150 150 0.92 520 3.10 14.20 19.43 10.15 29.00
BT1-2-6 45.77 150 150 0.92 520 3.10 15.20 20.37 10.46 29.89
BT1-3-6 46.45 150 150 0.92 520 3.10 21.40 31.54 9.15 26.14
BT1-2-8 33.40 150 150 0.92 520 3.10 21.50 31.63 7.82 22.34
BT1-3-8 46.45 150 150 0.92 520 3.10 31.00 44.73 6.48 18.51
BT2-2-4 39.94 150 150 1.33 590 3.10 5.50 6.73 12.76 36.46
BT2-3-4 35.68 150 150 1.33 590 3.10 8.80 9.99 11.97 34.20
BT2-2-6 44 .45 150 150 1.33 590 3.10 21.10 31.28 10.43 29.80
BT2-3-6 4421 150 150 1.33 590 3.10 14.00 19.25 10.55 30.14
BT2-2-8 44.69 150 150 1.33 590 3.10 22.90 32.85 8.88 25.37
BT2-3-8 37.66 150 150 1.33 590 3.10 25.50 35.11 8.49 24.26
BT3-2-4 40.18 150 150 1.06 520 3.54 8.00 9.20 10.92 31.20
BT3-3-4 35.68 150 150 1.06 520 3.54 9.10 10.28 10.19 29.11
BT3-2-6 33.40 150 150 1.06 520 3.54 10.10 15.58 9.88 28.23
BT3-3-6 44.21 150 150 1.06 520 3.54 17.60 22.63 9.28 26.51
BT3-2-8 33.40 150 150 1.06 520 3.54 21.40 31.54 9.12 26.06
BT3-3-8 33.40 150 150 1.06 520 3.54 34.80 47.77 6.60 18.86
BT4-2-4 36.89 150 150 1.54 590 3.57 7.90 9.10 12.03 34.37
BT4-3-4 46.49 150 150 1.54 590 3.57 10.90 16.34 10.93 31.23
BT4-2-6 46.49 150 150 1.54 590 3.57 13.40 18.68 10.02 28.63
BT4-3-6 40.94 150 150 1.54 590 3.57 18.60 23.57 8.98 25.66
BT4-2-8 40.94 150 150 1.54 590 3.57 18.00 23.00 9.00 25.71
BT4-3-8  37.66 (fey1,75) 150 150 1.54 590 3.57 20.70 30.93 7.57 21.63
Shang [36] L10 42.78 151 200 1.61 321 3.64 0.00 0.00 21.37 35.62
(8 tests) Lil 4278 150 200 1.61 321 3.59 721 8.42 17.82 29.70
L12 42.78 150 200 1.61 321 3.61 9.63 10.80 17.51 29.18
L13 42.78 152 200 1.61 321 3.57 16.23 21.34 14.98 24.97
L20 44.90 151 200 0.89 313 3.57 0.00 0.00 11.21 18.68
L21 44.90 151 200 0.89 313 3.53 6.47 7.69 11.53 19.22
L22 44.90 150 200 0.89 313 3.59 12.42 13.56 11.26 18.77
L23 44.90 151 200 0.89 313 3.55 19.32 29.73 9.21 15.35

(fcu, 1 50)
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(Continued)
literature specimen concrete b h 2 &y A Nwt Msn My exp P exp
strength (mm) (mm) (%) (MPa) (%) (%) (kKN-m) (kN)
(MPa)
Rodriguez 1 52.60 150 200 0.92 585 488 11.81 17.19 17.8 2225
?;glie[s‘t‘i) 111 62.62 150 200 0.63 575 485 0.00 0.00 15.1 18.88
112 62.62 150 200 0.63 575 485 0.00 0.00 15.7 19.63
115 42.58 150 200 0.63 575 485 8.29 13.88 11.6 14.50
114 42.58 150 200 0.63 575 485 11.81 17.19 10.5 13.13
113 42.58 150 200 0.63 575 485 13.35 18.64 10.1 12.63
121 60.11 150 200 1.84 585 4.88 0.00 0.00 36.1 45.13
122 60.11 150 200 1.84 585 4.88 0.00 0.00 383 47.88
126 43.82 150 200 1.84 585 4.88 9.2 10.38 29 36.25
211 62.62 150 200 1.84 585 4.88 0.00 0.00 38.4 48.00
212 62.62 150 200 1.84 585 4.88 0.00 0.00 39.4 49.25
311 61.36 150 200 1.84 585 4.88 0.00 0.00 38.1 47.63
312 61.36 150 200 1.84 585 488 0.00 0.00 38.8 48.50
313 4634 150 200 1.84 585 488 8.56 9.75 282 3525
314 4634 150 200 1.84 585 4.88 9.86 15.36 28.5 35.63
316 4634 150 200 1.84 585 4.88 7.89 13.51 275 34.38
(feyL150)
Chen [37] 1 30 120 200 0.83 335 2.55 0.00 0.00 7.88 19.70
(7 tests) 2 30 120 200 0.83 335 2.55 0.5 1.79 8.82 22.05
3 30 120 200 0.83 335 2.55 1 2.29 8.02 20.05
4 30 120 200 0.83 335 2.55 3 426 7.23 18.08
5 30 120 200 0.83 335 2.55 6 7.22 5.78 14.45
6 30 120 200 0.83 335 2.55 12 17.37 5.11 12.78
7 30(fou.150) 120 200 0.83 335 2.55 24 33.80 2.84 7.10
Zhang [38] 1 23.56 120 180 0.87 335 3.44 0.00 0.00 6.40 1230
(13 tests) 2 2356 120 180 0.87 335 3.44 0.00 0.00 6.84 13.15
3 2356 120 180 0.87 335 3.44 0.00 0.00 6.68 12.85
4 2356 120 180 0.87 335 3.44 0.00 0.00 6.55 12.60
5 23.56 120 180 0.87 335 3.44 1.23 251 6.97 13.40
6 23.56 120 180 0.87 335 3.44 1.77 3.05 7.05 13.55
7 23.56 120 180 0.87 335 3.44 243 3.70 7.10 13.65
8 23.56 120 180 0.87 335 3.44 2.92 4.18 6.99 13.45
9 2356 120 180 0.87 335 3.44 357 4.82 6.08 11.70
10 23.56 120 180 0.87 335 3.44 5.08 6.31 6.44 12.39
11 23.56 120 180 0.87 335 3.44 5.94 7.16 6.34 12.20
12 23.56 120 180 0.87 335 3.44 6.72 7.93 6.47 12.45
13 23.56(fuiso) 120 180 0.87 335 3.44 6.91 8.12 6.53 12.55
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strength of concrete is required. As shown in Table 1,
different researchers defined the compressive strength of
concrete by using different testing standards. For com-
parative analysis, different concrete strengths require
uniform standards [40]. Eurocode 2 [41] proposed the
conversion relationship among f.1 150, f; (concrete axis
tensile strength) and fc, 150, which can be observed from
Table 2. GB50010-2002 [33] gives the conversion
relationship between f. (concrete prism compressive
strength with specimens of 150 mm x 150 mm X
300 mm) and fg, 150, Which is also listed in Table 2.
According to Refs. [42,43], foy1150 = 0.96 foy1 75 is adopted
in this study.

2.3 Conversion relations between the section loss ratio and
the weight loss ratio

Different researchers characterized the corrosion degree of
the steel bars by using different methods in the published
literature, such as the section loss ratio (ys,) and the weight
loss ratio (#7:) presented in Table 1. The calculation of 7,
and 7, can be expressed as Egs. (1) and (2), respectively:

Nyt = (mo—m)/my x 100% , 1)
Hsn = (AO 7Amin)/A() x 100%

= (dg—duin) /d5 x 100%, )

where my, Ay, and d, are the initial mass, cross-sectional
area, and diameter of the steel reinforcement, respectively;
m corresponds to the remaining mass of the steel
reinforcement after corrosion; and 4,,;, and d,;, are the
minimum remaining cross-sectional area and diameter of
the steel reinforcement after corrosion, respectively.

For comparative analysis, different corrosion degree
requires uniform standards. According to the experimental
investigation [44], the conversion relationship between 77,
and 7, can be obtained by:

0.013 + 0.987u  7ux < 10%,
0.061 +0.939,, 10%<n,, < 20%,

=3 0129 £ 0871 20% <, < 30%, )
0.199 + 0.8017,,  30% <1, <40%.

3 Influencing parameters on residual
flexural strength of CRC beam

Using the experimental database established, this section
compared and analyzed the influence of some important
parameters on the residual flexural strength of CRC beams.
The main parameters include the width of beam section
(b), the effective height of beam section (%), the concrete
cylinder compressive strength with specimens of 150 mm
X 300 mm (fey1,150), and the weight loss ratio of the
longitudinal reinforcement (7). Taking the influence of
the cross-sectional dimensions of the experimental beam
members and the strength of the concrete into account, this
section defined the ultimate flexural stress of CRC beams
aS Ofexp = Prxexp/bho and normalized ultimate flexural
Stress as Opyn.exp = Mix exp/feyl,150- The calculation method
for the effective height of the test beam (%) [33] can be
expressed as:

hy = h-as, “4)

where a; denotes the distance from the point of application
of the longitudinal reinforcement to the tensioned edge of
the beam section. This section draws graphs of the
relationship between various the ultimate flexural stress,
the normalized ultimate flexural stress of CRC beams
(Tfxexp AN Open exp) and parameters, respectively.

3.1 Longitudinal reinforcement corrosion ratio

The ultimate flexural stress of CRC beams (0 exp) Varied
with the corrosion ratio of the longitudinal reinforcement
(represented by the weight loss ratio 7, and the trend
lines obtained using regression analysis are illustrated in
Fig. 1, where the three trend lines represent the experi-
mental results of Xia et al. [35], Azad et al. [25], and Chen
[37], respectively. From the Fig. 1, it can be seen that the
defined ultimate flexural stress of test beams as a whole
decreases with the increase of the longitudinal reinforce-
ment corrosion ratio. When the corrosion ratio of the
longitudinal reinforcement 7 is not larger than 10%, the
downward trend is not obvious. However, when the
corrosion ratio of the longitudinal reinforcement 7, is
larger than 10%, the downward trend is obvious. Figure 1
also displays their corresponding coefficients of determi-
nation R? of Xia et al. [35], Azad et al. [25], and Chen [37],

Table 2 The conversion relationship among fey1,150, /1, feu, 150 and fo [41,33]

different strength of concrete

strength values (MPa)

Jeyl. 150 12 16 20 25 30
fi 1.6 1.9 22 2.6 29
Jeu, 150 15 20 25 30 37

Jex 100 134 167 20.1 248

35 40 45 50 55 60 70 80 90
32 3.5 3.8 4.1 42 4.4 4.6 4.8 5.0
45 50 55 60 67 75 85 95 105
302 335 369 402 449 503 569 634 704
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with the minimum value 0.106 of Xia et al. [35] and the
maximum value 0.959 of Chen [37].
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© Jin and Zhao [18]
® Huietal. [6]

© Caoetal. [34]
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Fig. 1 Ultimate flexural stress (Opexp) With respect to the
corrosion ratio of longitudinal reinforcement (77,).

3.2 Width and effective depth of beam section

Figures 2 and 3 show the relationship between the beam
width b, the effective height of the test beams (%), and the
ultimate flexural stress (Ogexp) 0f CRC beams, respec-
tively, in which the trend lines are also obtained from
regression analysis. To simultaneously consider the
influence of the weight loss ratio of the longitudinal
reinforcement, all experimental data are divided into four
groups according to the value of 7, i.e., My < 10%,
10% < 14yt < 20%, 20% < 1yt < 30%, and 1. =>30%. As
observed from Figs. 2 and 3, the ultimate flexural stress of
CRC beams has a tendency to increase gradually when b
and h, are increasing, while the increasing trend is not
obvious with low value of R?, the value of which are 0.094
and 0.010, respectively. This shows that the cross-section
parameters of the test beams (b and /) are less correlated
with the ultimate flexural stress of CRC beams.

3.3 Compressive strength of cylindrical concrete

The normalized ultimate flexural stress (O exp) Varied
with the concrete strength, represented by the concrete
cylinder compressive strength (foy1150), is illustrated in
Fig. 4. Regression analysis also gives the trend lines in
Fig. 4, which includes the lines that the range of the weight
loss ratio of the longitudinal reinforcement are 10% <
Nwt <20%, and 17, < 10%, respectively. As can be
observed from the Fig. 4 that the defined normalized
ultimate flexural stress of the test beams as a whole
decreases with the increase of the concrete cylinder
compressive strength (fey1150). When the corrosion ratio

S [
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4L g regression analysis (R*=0.094) 7
oV 20%<1,<30% o 1
| o 7y=30% g 1
[ ) 8 ,
:f 8 ; 8
S o R Q |
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L 3 b _
$ _
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Fig. 2 Ultimate flexural stress (Opcxp) With respect to
width of beam section (b).
5 ————————————————————————
o i
o 17,<10% g 1
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Fig. 3 Ultimate flexural stress (Op exp) With respect to effective
depth of beam section (%).

of the longitudinal reinforcement varies between 10% and
20%, the downward trend is more obvious, in which the
value of R*> is 0.507. When the corrosion ratio of the
longitudinal reinforcement is different, the correlation
between the concrete cylinder compressive strength of the
test beams and its normalized ultimate flexural stress is
different as well.

3.4 Ratio of strength between longitudinal reinforcement
and concrete

Figure 5 shows the relationship between the defined
normalized ultimate flexural stress (Ogxn exp) and the ratio
of strength between longitudinal reinforcement and
concrete, which is defined as pyfy/fey1.150, in Which £ is
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Fig. 5 Ultimate flexural stress (O cxp) With respect to ratio
of strength between longitudinal reinforcement and concrete

(Pfy/feyi,150)-

the yield strength of longitudinal reinforcements and p is
the section ratio between longitudinal reinforcements and
concrete, together with their regression line. It can be
observed from Fig. 5 that the defined normalized ultimate
flexural stress of the test beams Oy exp increases with the
increase of the ratio of strength between longitudinal
reinforcement and concrete (poyfy/fey1,150), Which demon-
strates that the flexural strength of CRC beams will also
increase within a reasonable range with the increasing of
normalized strength of longitudinal reinforcement.
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4 Empirical models for predicting residual
flexural strength of CRC beam

In this part, six existing empirical models are selected for
the predictions of the residual flexural capacity of CRC
beams [22-27]. A brief introduction for the calculation
process of each model is given as follows.

4.1 Zhang et al.’s model [22]

The calculation model of Zhang et al. [22] considered that
the deformation coordination between longitudinal rein-
forcement and concrete after corrosion was no longer
established, which means that the plane section assumption
is no longer valid after corrosion. This model defined the
relationship of strain between the concrete and the steel bar
under the action of the ultimate bending moment. The
experimental data were used to obtain the result of strain
relationship between the concrete and steel bars, in which
the steel bar included the deformed steel bar and the plain
bar. The corrosion effect on the yield strength of
longitudinal reinforcements was considered. The calcula-
tion formula for the height of the concrete compression
zone of the beam with different corrosion ratios under the
ultimate bending moment was given. Considering the
influence of corrosion, the test beams were divided into
two types of failure modes. According to different types of
failure modes, the formula for calculating the flexural
capacity of the beam with different failure modes was
obtained.

4.2  Xu’s model [23]

The combination of finite element analysis and experi-
mental data was one of the characteristics of Xu’s model
[23]. Xu [23] pointed out that steel corrosion would cause
the bond performance between concrete and steel bars to
degrade, and the strain coordination relationship between
them would change. It was first proposed that the strain
relationship between steel and concrete after corrosion was
no longer satisfied with the plain section assumption.
Through the analysis of finite element and experimental
study, the relationship of the strain ratio between concrete
and steel bar under the action of ultimate bending strength
was defined. The criterion for the ultimate flexural capacity
of the test beam is that the maximum compressive strain of
the concrete at the edge of the compression zone reaches
the ultimate compressive strain. Based on the bending
experiment and nonlinear finite element analysis of test
beams, the calculation model of the residual flexural
capacity of CRC beams is established by using the
modified limit equilibrium theory.
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4.3  Sun’s model [24]

This model first studied and analyzed the beam members
with perfect bond and the unbonded beam members. Based
on this, the causes and mechanisms of the reduction of RC
beams’ flexural capacity caused by corrosion were
analyzed. This model defined the concept of section
reinforcement index and reinforcement strength utilization
coefficient of unbonded beam members, and simulated the
relationship between section reinforcement index and
reinforcement strength utilization coefficient through finite
element analysis. On this basis, considering the influence
of corrosion, this model defined the section reinforcement
index of the corroded beams. The linear interpolation
method was used to construct the relationship between the
section reinforcement index and the reinforcement coeffi-
cient of CRC beams in the two extreme states of the perfect
bonded and unbonded situation. Ultimately, the flexural
strength of CRC beams was calculated according to the
reinforcement coefficient.

4.4 Azad et al.’s model [25]

As for Azad et al.’s model [25], the corrosion activity
index was considered to be the most critical factor which
affects the flexural capacity of CRC beams according to
this model’s experiment. This model calculated the
ultimate flexural strength of CRC beam members in two
steps. In the first step, only the influence of corrosion on
the section of the steel bar was considered, and the ultimate
flexural capacity of the corroded reinforced concrete beam
members was calculated according to the existing
specifications; and in the second step, the effect of
corrosion on the bond strength between concrete and
steel was taken into account, and a collaborative work
coefficient was fitted through the experiment and multi-
plied by the result calculated in the first step to obtain the
final calculation result.

4.5 Azad et al.’s modified model [26]

This model was a new modified model of Azad et al. [26]
by considering the size effect of the test beam section. The
modified model [26] was consistent with the previously
proposed model calculation, and was also divided into two
steps. The difference was that the new modified model
took the influence of the cross-section dimensions of the
test beam into account and three sets of test beams with
different cross-section dimensions were produced. A new
collaborative work coefficient considering the influence of
the cross-section dimensions was proposed.

4.6 Torres-Acosta et al.’s model [27]

The model indicated that the maximum pitting corrosion

depth of longitudinal reinforcement caused by corrosion
was the most important parameter affecting the flexural
capacity of CRC beams. Based on the regression analysis
of the experimental results, this model gave the relation-
ship between the average corrosion depth and the
maximum corrosion depth. The relationship between the
maximum corrosion depth of the corroded steel bar and the
residual flexural strength of test beams was fitted.

5 Comparison between test results and
predictions of existing models

Figures 6(a)—-6(f) show the calculation results of 177 sets of
experimental data in experimental database by each model
[22-27]. The abscissa of the graph represents the weight
loss ratio of the longitudinal reinforcement, and the
ordinate represents the ratio between the test results of
ultimate flexural capacity of the CRC beam members and
the models’ predicted values (M exp/Mix ca)- To conduct a
comprehensive comparative analysis of each model, Table
3 lists the mean, standard deviation, maximum and
minimum values, and the difference between the maximum
and minimum values for each model of all 177 experi-
mental data. From Figs. 6(a)-6(f) and Table 3, the
following can be obtained.

1) From the calculation results of Zhang et al. [22], it can
be observed that the ratios of 137 (about 77.4% of all)
experimental specimens are more than 1.0, indicating that
the experimental value of the ultimate flexural moment is
larger than the predicted value of the model, which shows
that the calculation result of this model is conservative. It
can also be seen from Fig. 6(a) that when the weight loss
ratio of the steel (77y:) is between 0 and 10%, the
calculation result is closer to 1.0, which means that the
prediction result is more accurate. When the weight loss
ratio of the longitudinal reinforcement (7, becomes
large, the prediction error of this model will increase. This
model has the average and standard deviation of the ratio
with 1.118 and 0.246 for the 177 sets of data in the
experimental database, respectively. The maximum value
of the calculation result is 2.221 and the minimum value is
0.564.

2) It can be observed from the model calculation
results of Xu [23] that more than 87% of the ratios of
My exp/ M car are greater than 1.0 and only a small part of
the calculation results are less than 1.0 indicating that the
calculation result of this model is conservative. At the same
time, a clear trend can be found from the Fig. 6(b) that as
the weight loss ratio of the longitudinal reinforcement
increasing, the calculation result will also increase. This
means that the greater the corrosion rates of the long-
itudinal reinforcement, the larger the calculation error of
this model and the more conservative of this model’s
calculation result. The mean value of the model calculation
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Table 3 Comparisons on residual flexural capacity of CRC beams from tests and predictions of existing empirical models and the new proposal

literature the ratios of test results to the predictions of existing models and new model
mean standard deviation maximum minimum maximum-minimum

Zhang et al. [22] 1.118 0.246 2221 0.564 1.657
Xu [23] 1.250 0.310 2.682 0.597 2.085
Sun [24] 0.998 0.208 1.895 0.497 1.398
Azad et al. [25] 1.394 0.375 3.197 0.824 2.373
Azad et al. [26] 1.294 0.329 2.979 0.722 2257
Torres-Acosta et al. [27] 1.509 0.917 5.501 0.683 4.818
The new proposal 1.030 0.171 1.653 0.626 1.027

is 1.250, and the standard deviation is 0.310. The
maximum value of the calculation result is 2.682 and the
minimum value is 0.597.

3) Sun’s [24] model has better calculation results among
the existing empirical models. In the results of 177 sets of
experimental data, the average value of the model is 0.998
and the standard deviation is 0.208. Moreover, compared
with other models [23,27], the calculation results of Sun’s
model are more accurate when the weight loss ratio of
longitudinal reinforcements is large. However, according to
the experimental data of the model calculation results, it is
found that nearly 50% of the data results are less than 1.0.
In other words, the model overestimates the ultimate
flexural capacity of CRC beams and the calculation results
may be unsafe for engineering applications.

4) It can be observed from the model calculation results
of Azad et al. [25] that about 92% of the ratios of
My exp/Miy car are greater than 1.0. The calculation results
of this model are conservative and underestimate the
ultimate flexural capacity of CRC beams. Additionally,
when the test beam specimens come from the test beam
members made by this model itself, the model’s calcula-
tion results will be more accurate. But when the test beam
specimens come from other literatures, the calculation
error of this model is relatively large indicting that this
model has poor universality when calculating the ultimate
flexural moment of CRC beams with the mean and
standard deviation of the ratios of 1.394 and 0.375,
respectively.

5) It can be observed from the calculation results that the
modified model of Azad et al. [26] is better than the
previous model of Azad et al. [25]. The mean of the
calculated results was reduced to 1.294 and the standard
deviation was reduced to 0.329. However, the modified
model still has the problems that the calculation results are
conservative and the generality of the model calculation is
poor with the values of maximum of 2.979 and the values
of minimum of 0.722, respectively.

6) As can be observed from the Fig. 6(f), more than 90%
of the calculation results are greater than 1.0 in the Torres-
Acosta et al.’s model [27]. The calculation results of the
model are conservative and underestimate the ultimate
bending capacity of CRC beams. Figure 6(f) also shows

that as the weight loss ratio of the steel increases, the
calculation error increases continuously; and when the
weight loss ratio of steel is greater than 20%, the
calculation result of the model is too high. The mean of
this model’s result is 1.509, and the value of the standard
deviation is 0.917.

The experimental flexural capacity of CRC beam
specimens in Table 1 corresponding with those predicted
by the six empirical models [22-27] are illustrated in
Figs. 7(a)-7(f), respectively. The mean square errors
(MSE) and coefficients of determination (R?) are also
shown in Figs. 7(a)-7(f). The abscissa of the graphs
represents the predicted flexural capacity, and the ordinate
represents the experimental flexural capacity. From these
figures we can observed that six collected models [22-27]
generally give underestimated experimental results of
Azad et al. [26] except for the model of Zhang et al. [22]
and Sun [24] which generally overestimate test results of
Azad et al. [26]. Overall, Azad et al.’s model [25] gives the
values of R? around 0.65 and the values of MSE about 57,
which are the worst predictions among these models. It can
be observed that almost all the predicted flexural capacity
is less than the experimental flexural capacity including
themselves experimental data. Azad et al.’s modified
model [26] improves the calculation accuracy (R* = 0.78,
MSE =~ 36) but still have the aforementioned problem.
Sun’s model [24] gave worse predictions when calculating
the experimental data from Azad et al. [26] with the values
of R? around 0.75 and the values of MSE about 40. Zhang
et al.’s model [22] also has the same problem like Sun’s
model [24] but generally provides better predictions with
R*>=0.85 and MSE = 20. Xu’s model [23] underestimates
the ultimate flexural strength of CRC beams like Azad
et al.’s model [25], which gives the values of R* around
0.81 and the values of MSE about 30. These conclusions
are generally consistent with previous comparison study,
which is shown in Fig. 6.

In summary, among the six empirical models [22-27]
for calculating the ultimate flexural capacity of CRC
beams, five models [22,23,25-27] underestimate the
ultimate flexural capacity of CRC beams, and Sun’s
model [24] gives an overestimated result. Although these
models can predict the ultimate flexural capacity of CRC
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beams to a certain extent, it is necessary to propose a new
model considering the existing problems and engineering
safety issues, which can provide more accurate and
effective results.

6 A new proposed model for flexural
capacity of CRC beams

6.1 A new empirical model

The failure mode of the appropriate reinforcement beam is
that when the tensile reinforcement reaches yield and
compressed concrete reaches ultimate compressive strain
simultaneously. However, the failure mode of CRC beams
may be altered in consideration of the corrosion impacts
[4,18,22]. On one hand, due to the decreasing of the cross-
sectional area and yield strength of the longitudinal
reinforcement, the failure mode will be similar to the
rare-reinforced beam, which express that when the tensile
reinforcement reaching yield strength but the compressed
concrete doesn’t reach ultimate compressive strain. On the
other hand, the bond slip between longitudinal reinforce-
ment and concrete may increase after corrosion and cause
uniform strain distribution on the steel. The failure mode is
more like the over-reinforced beam, in which the
compressed concrete reaches the ultimate compressive
strain and meanwhile the tensile reinforcement doesn’t
reach yield strength. In real progress, the effect of
corrosion on the strain of steel bars is dominant, resulting
in little probability of the occurrence of the rare-reinforced
beam. Thus, CRC beams have two main failure modes: the
failure mode of the under-reinforced beam and the failure
mode of the over-reinforced beam [18,22,25,26]. In other
words, concrete in the compression zone can reach the
ultimate compressive strain under the limited state of
flexural capacity of CRC beams. Also, the load does not
directly transfer through the tensile reinforcement, but the
bond between the concrete and the steel. Under the limited
state of flexural capacity, the bond force provided by the
longitudinal reinforcement (F;) can be expressed as [31]:

Fi=nxnxDXxI, XT,(nw), %)

where 7 is number of the longitudinal reinforcement; D is
diameter of the reinforcement; /, is the anchorage length of
the longitudinal reinforcement; and 7,,(7,) is the average
ultimate bond strength at the corrosion level 7.
According to Bhargava et al. [31], 7,(7,) (ultimate bond
strength at the corrosion level 7,,) can be expressed as:

7,(0), Tt <1.5%, 0
Tu\lwt) =
e 1,192~ 017, (0),  foq > 1.5%,

where 7,(0) is initial ultimate bond strength without
corrosion, which can be expressed as follows according to
Xu [45]:

7,(0) = (0.82 +0.9D/1,) x (1.9 + 0.8¢/D + 20p,,) f.,

™)

where c is concrete cover; ps, is the stirrup reinforcement

ratio; and f; is the tensile strength of the concrete.
According to Woo and White [46], for uncorroded

beams, the value of the average ultimate bond strength

1
7,(0) can be taken as ETU(O). Considering the influence of

corrosion, the relationship between 7, (#,;) and 7, (#,,;) can
be presented as:

?u(’//wt) = Tu(”/wt)/mnwla 3

where m,_is a correction factor considering the influence
of corrosion. Linear interpolation method is adopted when
calculating the value of m,,  considering corrosion in this
study:

Hw

=2.0-

m Hwt— nwt,l (9)

N )
" 7]wt,2 7;7Wt,1

1) when 74:< 7,1, the calculation result of m, is
taken as 2.0. In this situation, the relationship between
Tu(fwt) and 7,(ny) can be expressed as: T,(#yi) =

1
Eru (nwt);

2) when 7= 142, the calculation result of m, is
taken as 1.0. In this case, the relationship between 7, (7,
and 7,(77,) can be expressed as: T,(1y) = Tu(Mwt);

3) when 7411 < 7wt < Nwt2, the linear interpolation is
adopted to calculate the value of m, . That is, the
relationship between 7, (7,) and 7,(#,) can be expressed
as: %u(nwt) = 77Wt,27’7Wt,1 7'-u(nwt)'

(znwt,Z “Nwt1 — nwt)

In engineering practice, with the value of corrosion ratio
Nwt < 5%, the influence of corrosion is ignorable and the
average ultimate bond strength is equal to half of the
ultimate bond strength. When the value of corrosion 7, is
not less than 15%), it can be approximated that the stress in
the tensile reinforcement tends to be uniform, so the ratio
between the ultimate bond strength and the average
ultimate bond strength in the corroded beam is 1.0.
Therefore in this study, the values of 7y, and 7., are
taken as 5% and 15%, respectively.

When calculating the ultimate flexural capacity of CRC
beams, the tensile force (7) generated in the corroded
longitudinal reinforcement with the weight loss ratio 77,
can be expressed as:

Fo=nXxnXxDXI,x fu(”/wt)a Ftlgfyn'As’
T:
fyn'As> Ftl >fyn'As>
(10)

where f;,, is nominal yield strength of the longitudinal
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reinforcement after corrosion. According to Lee et al. [47],
Jyn can be expressed as:
ye A

fyn =X = (17124’7wt)fy7

. (1

where f. and A, are the yield strength and the effective
cross-sectional area of the longitudinal reinforcement after
corrosion, respectively.

Conditions of equilibrium of forces must be satisfied,
which can be expressed as follows:

Equilibrium of forces : ZF =0, oyf..bx=T. (12)

The ultimate flexural capacity of the CRC beam can be
determined based on the obtained height of the compres-
sion zone x:

My = arfube(ho—3) = T(h=3),  (13)

where My, ., is the ultimate flexural strength at failure of
CRC beams; f.. is the experimental value of concrete prism
compressive strength f,; and & is coefficient and its value
is taken according to GB50010-2002 [33]:

fcu,lSO < 50 MPa,

1.0,
a1 =
1.0—0.1(fy.150/50— 1),
(14)

This model considers the comprehensive effect of
corrosion on flexural capacity of CRC beams, which is
developed from the variation of the bond strength between
steel and concrete due to the corrosion of steel reinforce-
ment. In the same time, the model comprehensively
considers the influence of corrosion on the cross-sectional
area, the yield strength of steel bars, and the effect on the
bond strength between steel bars and concrete. What’s
more, the effect of corrosion on beam failure modes has
also been considered. The new proposal directly deter-
mines the stress of the steel bar under the bending limit
state escaping from the cumbersome calculation proce-
dures for obtaining the stress of the steel bar through the
deformation coordination condition. Among the six
available empirical models listed in this paper, both the
models of Zhang et al. [22] and Xu [23] require complex
deformation coordination conditions to determine the
stress of the steel bar. The calculation result of Sun’s
model [24] is slightly larger, which may be unsafe for
engineering applications. The models of Azad et al.
[25,26] and Torres-Acosta et al. [27] consider that the
influence of corrosion on the beams is not comprehensive,
and does not consider the influence of corrosion from the
influence mechanism, but mainly relies on regression
analysis, so the calculation results are relatively poor. In
summary, the advantage and innovation point of this model
is that we can directly determine the stress of the

50 MPa <f,, 150 < 80 MPa,

longitudinal reinforcement under the limited state accord-
ing to the bond of CRC beams. It is unnecessary to use the
compatibility of deformations to get the stress of the
longitudinal reinforcement at failure of CRC beams like
Xu [23], Zhang et al. [22] and Wang and Liu [1].

6.2 Verification of the newly proposed model

For verifying the newly proposed calculation model,
Fig. 8(a) shows the calculation results of 177 sets of
experimental data in experimental database by the newly
proposed model. The abscissa of the graph represents the
weight loss ratio of the longitudinal reinforcement, and the
ordinate represents the ratio between the test results of
ultimate flexural capacity of the CRC beam members and
the models’ predicted values (M exp/Mix cal)- The average,
standard deviation, minimum and maximum values, and

6.0 e
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5.0 standard deviation = 0.171 ]
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Fig. 8 Comparisons between experimental results and the
predictions of the new proposal. (a) The relationship between
My exp/Miy a1 and 7,¢; (b) The test results versus the predictions.
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the difference between maximum and minimum values of
the ratio of all 177 test data are also listed in Table 3. From
Fig. 8(a) and Table 3, it is observed that the new proposal
can provide an accurate, effective and direct representation
of the residual flexural strength of CRC beams, with mean
and standard deviation of the ratio of 1.030 and 0.171,
respectively. In addition, Fig. 8 (b) shows the comparison
between ultimate flexural capacity of experimental results
and the predicted flexural capacity of the calculation
model, which includes the values of MSE and coefficient of
determination (R?). It can also be observed from Fig. 8(b)
and Figs. 7(a)-7(f) that the newly proposed model can
provide better result of prediction for the residual flexural
strength of CRC beams than the six empirical models with
R?> = 0.908 (the highest one) and MSE = 14.95 (the lowest
one).

Additionally, a sensitivity analysis is conducted to see
how the input parameters considered in the new empirical
model would affect the models predicted output. For a
specific beam, the specific details are marked in the Fig. 9.
From Fig. 9 we can observe that when the average ultimate
bond strength 7, (7,,) varies between +50% and —60%, the
flexural capacity of the beam will remain unchanged. This
is because the force that the bond strength provides to the
steel bar in this state is greater than the yield force of the
steel bar, the steel bar can reach its yield strength, and the
flexural capacity of the beam is controlled by the yield
strength of the steel bar. When the average ultimate bond
strength is reduced to —70%, the flexural capacity of the
beam decreases with the decrease of the bond strength, and
in this case, when the bond strength is reduced by 10%, the
flexural capacity of the beam is reduced by about 20%.
This is because in this case, the force that the bond strength
provides to the steel bar is less than the yield strength of the
steel bar, and the flexural capacity of the beam is controlled
by the bond strength. What’s more, when the nominal yield
strength of the steel bar f,,, decreases by 10%, the flexural

? 10—+

é’ I b=300 mm, 4,=557.5mm,/=5.0m

2 L fie =30 MPa, f;, = 335 MPa, 4, =1963.5 mm’

© F 1= 1.09%, 5, = 10%,7,(1,) = 1.87 MPg
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Fig. 9 Sensitivity analysis of the new empirical model.
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capacity of the beam decreases by about 9%. Because in
such a case, the steel bar can reach its yield strength under
the limit state, and the flexural capacity of the beam is
controlled by the yield strength of the steel bar, which has
been mentioned above. If the concrete strength f.
decreases by 10%, the flexural capacity of the beam
decreases by 0.6%. Compared with the concrete strength,
the beam width b has the same effect on the flexural
capacity of the beam because their status is consistent
according to Egs. (12) and (13). If the effective height of
the test beam /1 decreases by 10%, the flexural capacity of
the beam decreases by about 11%. The decrease trend is
close to linear, which can be explained by Eq. (13). Thus, it
can be seen that under the premise of the same cross-
sectional area, increasing the beam height can significantly
increase the flexural capacity of the beam, which is
consistent with the actual project.

6.3 The limitations of the new proposal

As observed from the investigation above, only strength of
the concrete is considered as the indicator of concrete’s
quality and utilized in the new proposal for the prediction
of the residual flexural capacity of corroded reinforced
concrete beams. Nowadays, the UHPC, HPC, SCC, and
other innovations in concrete mix designs are widely
applied to the construction of RC structures, and the
influence of concrete mixes on the structural behavior of
CRC beams may be different due to the difference in bond
strength, permeability and so on. However, the effect of
concrete mixes was not considered in this study. Moreover,
in the engineering practice, most beam structures work
with cracks, and the residual flexural capacity of beams is
also affected by the long-term creep of concrete [48,49].
However, this study did not consider the coupling effect of
long-term load, crack and corrosion.

In addition, for prestressed reinforced concrete (PRC)
beams, the situation is different from ordinary RC beam.
First, most of the longitudinal reinforcement material of
PRC beams is steel strand. The mechanical properties and
surface conditions of steel strands are different from those
of ordinary steel bars, which lead to different effects of
corrosion on steel bars. Additionally, in the pre-tensioned
PRC beams, the force between steel strands and the
concrete is in a state of high bond stress for a long time and
the distribution of bond stress along steel strands is
different and complex [50]. For post-tensioned PRC beam,
the bonding mechanism between steel strands and cement
paste is different from ordinary RC beams. And the
presence of the bellows also complicates the bond between
steel strands and the cement paste. In addition, for all PRC
beams, the coupling effect between corrosion and prestress
needs to be considered. The effect of corrosion on PRC
beam is more complicated. Therefore, the new model
proposed at present may not be directly applied to PRC
beams. However, this study still provides an insight into
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the flexural capacity of corroded prestressed concrete
beams.

7 Conclusions

In this study, total 177 sets of experimental data for CRC
beams of flexural tests were collected in the published
literatures. The influence of several parameters on the
residual flexural strength of CRC beam was analyzed, and
six available empirical models [22-27] proposed by
various studies are evaluated to investigate their applic-
ability and accuracy for predicting the residual flexural
capacity of CRC beams. Based on the investigations, a new
empirical model is proposed. The main conclusions and
contributions are summarized as follows.

1) Compared to other parameters (beam section size,
ratio of strength between longitudinal reinforcement and
concrete, and concrete compressive strength), longitudinal
reinforcement corrosion ratio exhibit the highest effect on
the residual flexural strength of CRC beams.

2) According to the results of established database of
flexural tests, five of the six empirical models [22,23,25—
27] underestimate the ultimate flexural capacity of CRC
beams ranging from 77.4% to 92% lower than the flexural
test results, while Sun’s model [24] provides the over-
estimated results.

3) A new model for calculating the residual flexural
strength of ordinary CRC beams is proposed in this study,
which considers the effect of failure modes. Based on the
bonding degradation model, the ultimate flexural capacity
of CRC beams can be obtained when the tensile force of
steel bar in limited state is confirmed.

4) The comparisons between the experimental results
and the predictions of the new proposal demonstrate that
the proposed empirical model can provide an accurate and
effective prediction for the residual flexural strength of
CRC beams within a large range of corrosion degree.

5) The new proposed model can be applied to predict the
flexural capacity of CRC beams with acceptable accuracy,
providing an insight into the way for the service life
prediction and safety assessment of corrosion-induced
flexural failure of RC structures.

6) It should be noted that the new empirical model has
some limitations: the effect of concrete mixes on the
behavior of CRC beams was not considered; moreover,
this study did not consider the coupling effect of long-term
load, crack and corrosion. Further study is needed with the
consideration of these effects on the modeling of the
residual flexural capacity of CRC beams.
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