ﬁé*ﬁ*ﬂ'i*ﬁ F38E O HESW O O5H 20214

Acta Materiae Compositae Sinica Vol.38  No.5  May 2021

DOI: 10.

ETF I XEFHEMEZRTHEIEERSY
S ARy R R kL5 &

13801/ j. enki. fhelxb. 20200804. 001

R, Bpn FRR’

(L RBUE TR GBS TR S B, :430070; 2. M TRy HARTRESHF¥, ©KIL 430070)

 E. FHENRREGYE AR (FRP) 29 S5 1R EE P00 B AR B X IR BE A b 4 4 48 52 o i1 2L
AELERTE L, A FRP G IREE T iR A ALE A BR, R — A BN AR IR B R AN [ 58 55 20 31
ARl o B TR BE A o AN ) 430 A TR OBE - R R O AR SCARE T SCIET U B 2 W 4% (GRNN) A AP i, 5T 46 4>
FRP 5& 29 45115 1R B - J7 A . 210 > FRP 58 29 55 473 1R 5 & [ 4 1 35 4~ FRP 55 20 S50 1R 5 + B A 19 10 56
i, @57 T GRNN PUEGREERIRY, Xt FRP 24 5845 TR E - s B2 AT 00000, O 5 A A TR0 1y T ) 45 SR i
TR AT, S5FREREH, BiHES Y GRNN AR AL REAE 0 M T FRP 29 54513 TR 468 = 998 B

K T RERIZEZ (GRNN); FRP A iG5iRE +; PURIREE; SRISAR; AREREIZR

FE4r2S: TU375 XEAFRRERES: A XEHS:  1000-3851(2021)05-1623-06

Strength prediction of fiber reinforced polymer composite confined damaged concrete

using general regression neural network
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Abstract: The compressive strength of damaged concrete reinforced with fiber reinforced polymer composite

(FRP) has an important guiding significance in repairing of concrete columns. However, the existing model cannot

capture the compressive strength of FRP hardening and softening confined damaged concrete with circular and

square cross section. In order to fill this gap, an experimental database of 46 FRP hardening confined square dam-

aged concrete, 210 FRP hardening confined circular damaged concrete and 35 FRP softening confined circular dam-

aged concrete was established. Based on the characteristics of generalized regression neural network (GRNN) and

database, the GRNN compressive strength model of FRP confined damaged concrete was developed. The GRNN

model was compared with the existing model. The results show that the GRNN model can accurately predict the

strength of FRP confined damaged concrete columns.

Keywords: generalized regression neural network (GRNN); FRP confined damaged concrete; compressive

strength; hardening and softening confinement; different cross sections
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Table 1 Database of fiber reinforced polymer composite (FRP) confined damaged concrete

Number of

Confinement

i MP MP. MP
Reference specimen FRP type Crosssection 2r/b Jfi/MPa 6/% Jeo/MPa Jee/MPa
wu™ 102 CFRP Circle Hard 3.74-21.7  0-58 29.3-53.6  12.8-121.1
Li®! 46 CFRP Square Hard 0.2-0.6 3.7-14.1 0-35 43.8 39.0-49.2
Guo!! 60 CFRP Circle Hard 5.6-25.8 0-32.7 34.2-70.2  57.6-146.4
Cao® 12 CERP Circle Hard 10.1-20.3  0.68-29.5  25.0-29.0  54.0-78.0
Mal® 12 BEFRP Circle Hard 3.0-15.0 0-26.9 38.0 45.7-172.3
- 6 GFRP
:(27) .

Cui 18 CFRP Circle Hard 5.3-33.4 2.28 46.0-48.0 56.3-157
Owndata 35 CERP Circle Soft 0.4-2.9 0-67.8 22.7-56.8  10.8-56.9

Notes: 2r/b—Ratio of corner radius ratio; fi—Confinement pressure; 6—Degree of damage; f.,—Compressive strength of plain concrete;

Jfee—Compressive strength of FRP confined damaged concrete; CFRP—Carbon fiber reinforced polymer composite; GFRP—Glass fiber

reinforced polymer composite; BFRP—Basalt fiber reinforced polymer composite.

B EXZEPRAEFEREFROME, #idiRA
EFEEXETERETF o WELE, LIiRETE
bR Rpmse TEAE M VEMARUE, THEWF .

n

Rrmse= Ze,-z/” 9)
i=1
€ = fei— Jpi (10)
X n WA R RS 5 f,; v FRP & 451 45
TR BE 9 LA f,; o4 FRP I &1 452 45 TR € £ 9t
JE 5 £ (1) GRNN AR T3 I AE . AN Wi i) 8 ~F- 3 1A 1
o {H, 4% GRNN &R BUNIE £, 515 AE £, 15
INE T 25X N R o it 2 U

WAL B M [0.02, 0.2],
73 51 2 GRNN {4 ;

Kl 2 S~ R o S5 T 1R 22 48 A% Rpyise
AR R . ATLLE S, MF T o=0.11,
Rpnise A 5% /IME, h 7.78 MPa, I EHRE 78 i LIS 4%
U B T 45

(4) GRNN B AU gt vy, 2 A DR (2) g I 2k
FEA TN A B (3) P 1 F- i I F I (H 0=0.1, MM
AN T FRP 24 3451 47 R 5 + 1) GRNN A&7
2.3 GRNN #i[E5R EHR B M A

¥ 2.2 71 508 (2) MK FEA 1 A2 S8
(R BE+ 58 f.,. FRP AUZYSR Iy . K [ 35 i 2] £

T8 0 DX 1) _E 8] B 0.02 M (L



- 1626 -

EAaMEER

—_ [ —_
el (=] —_ 5]

Error index Ryyse/MPa

o]

\./

~
T

0 0.05 0.10 0.15 0.20
Smooth factor o

F 2 SFERET o5 GRNN BT 22548 Rpyse UK FR

Fig.2 Relationship between smooth factor o value and GRNN model

prediction error index Ryysg

AR 2r/b . TR EE T 0 FE B 6) FIOF- R o
M 0=0.1 A 2.2 77 # 37 [ GRNN W45 A7, |
A THE Y FRP 24 A48 43 R 5 1 B e o 2

GRNN #2825 5L an 14 3 o . Hirpr, A
M E MR ZEPFARFEFR, AT

Z Jee Theo.i (1 1)
ﬁ:c Expe.i
n

E= n Z |fcc.Theoj - fcc.Expe.i| (12)
Z]: fcc.Expe.i 1

HH s foerneos F AT 1B B FE K 55 E GRNN A
RUTRIAE 3 S pxpe.s 505 1A 9 05 50 B 3 40
{H; n BRI R Y A EBGET 1, BBk
0, WIS (R IR AR, B
0235 2R TR

M 3T LI i, GRNN R F 25 31 5 4t
4
A=1.02
E=0.07
=] 3 I L) p ..
= .
S - u
g e
-‘é o b
h
1 @
LIz
" ® Hardening confinement
> @ Softening confinement
0 1 2 3 4

Experimental £, /f.,
K13 GRNN IR N2,

Fig.3 GRNN model prediction results

WAH LB e, IR 2ZE VRN TS AR 09 A B EAEL 5350k
1.02 F1 0.07. [H Y, GRNN # % ] L A 3k i FRP
5 555 24 R 405 TR EE - IR AR RN R I BT R 5

3 ENEREEEREEITL

B B 5 R AR 32 2058 ] T FRP 29 3R 5
iR e+, 5 2 % Lam Al Teng £ 7Y 2629
J Ozbakkaloglu %5 ™ 3t F 3 000 £ 4~ i 5 54 4% 42
YT R 5 AR A L FRP 24 SR 55 TR B B
JEog ARV D HRZECHE N T — MR EE+
o ", B LSRR R AL BB A5 [ B 155 FRP
YA O TR EE IR AR A O A BRSO OCHT
5 AR A (19 pR B R IR AN F

(1) #5791y FRP 29 SR B4 1R B 1AL, Lam
2 F Ozbakkaloglu %523 ¢ 57 T FRP 25 R %E 1 [
JE AR T R TR VR BB - P R A, AR

AT j:— - 1+2.2J% (13)
ﬁﬁ&ﬁ:ﬁ_rwsgi (14)

A, kg IR R B

(2) BLA 1) FRP 2y b1 1 6 4540, Li %)
kPR FRP 29 g 461 13 i 26t = (50 A4 A9 Bie e o 3 A
RIS R FRP 24 o 46 403 T 5 = 1504 A0 O B 1 Bt
FESR ALY, R

1.13 0.67
Coneftf B o

2 2r/b=1 Bf, X (15) AT LU T 15 FRP 25 3 5 4
IREE B Y 2r/bz1 ), X (15) 7 LU T334
FRP 2y g1 iR 8k + b

3K 4 % 09 5 B T Griffith B 55 B8 09 LR 1,
ST FRP 2 U043 TR I 1 150 s () 470 3 P A
mr:

fec 2.02 f&z" fi (2 0279 29)
Y]
fCO \/ fco +

-0.015°80

CO

(16)
8. OSfO .29 ﬁ

"o feo
Ma 25084 7 SCiik [15] H 102 D BHE, #Ear
T I {5 4K (BP) Bt 28 ) 25 #5541 1] T 1l FRP 24 3
055 TR 45 - (B AR A T R 5 B . 7R T U R
Z M A A Z S 2 Z I EEE RN

3
y= Zkixl-+c (17)
i=1



R T S AR 2 ) 4% 114 2T Ak 1 50 R ) S B R 24 SR 495 9 U5 L 5 - 1627 -

Kb x A AR, 30RR x=[ffiols kA
il BP #2825 45 Y R AL, k=[0.5966 2.6165
-0.3803]; ¢ NHEL, ¢=13.974,

H T 5K 47 25 A6 0 09 1 Mia 45 455 50 090 4y 5% T
T FRP 2 53 481 495 B0 0% 1R 6+ (0 B R R B, T
GRNN £ B 0] D[] s 7030 FRP 24 o 468 473 TR 8¢ 1[5
R AE B PTHESRE o A X oM B2 HH B GRNIN
P iR AR () v B 1, R X R A8 [ B
FRP £ o463 40 TR 6 & [0 A 0 ek i S i B A A6
P4 .

4 AR A1 b a6 SR EUE (BD 2.2 45
4 3 B AR ) X B A A TR TR S5 S T, L
SRR AU (1 1R 22 VAL 8 AR E A R E 43 5 2 0.93 il
0.22; Lam #il Teng 55 8 1) 15 22 PEAL $5 45 fH A A E
4351R 0.97 F10.36, 7 B Li S5 B0 AL i) o o M o T
Lam Fl Teng £ %Y , HJF A J& Lam Fl Teng £ 7l j&
FF FRP 2 o & 101 405 TR 45 1 1% 3 00 BB 42 1
ANIE T FRP 24 )45 47 TR B - 0 o 3 %) T

Xt EC 3 R 4 A1, GRNN AR 1 A off: g
T Li SR, LR R AT RE S T Li SRR R

4

(a) Li et al. model

3 | A=0.93
2 E=0.22 .
e [
) .
g [ | | L]
é " -:'-.

1 o o [ ] "

Q o ®

® Hardening confinement

©  Softening confinement

0 1 2 3 4

Experimental . /1.,
4
(b) Lam and Teng model
3 | A=0.97
<3 E=0.36
3
=
S 2t
2 .
Q L] -
= u Bm g fl. [ "y, "mm
= 1 b ooww ° LI L s -
® Hardening confinement
© Softening confinement
0 1 2 3 4

Experimental £, ./f;,
Bl 4 A PR AT 025

Fig.4 Prediction results of existing compressive strength models

% & FRP 5924 it +, HI%H % E A FRP
RIS, FE— A E W, GRNN 8 R AE W% [ iif
%8 FRP AP 2 . FRP Y UIRES | TR EE + A0 #kim
TEAR AR B + A B A F2 5E , H AT DA AERS 7 FRP
LY TR EE - PR SR

4 Z5if

(1) TR EE R B o X AP iR m R G W R
A R RL (FRP) 8 24 SRR BE 1 09 B FE o A I 35 5
Wi, FRP 24 o oK 363 405 TR B8 = 179 B i B8 A RE o
TN FRP 2 o 4 5 TR - A BT R 5 BE

(2) A SCUE W 7~ SCIRT I 4 22 9 4% (GRNN) ] LA
T FRP 24 31 45 473 1R Bk 1 A9 e s oo B Fa 0 o o 2
1Y) GRNN $T F 5 J3 B 78 5 2 %5 j& FRP (1) Fp 2 |
FRP ZJFOIRZS | TR BE 4 0% 48 T T bR R R 95 £ i) 43
15 B 25 TR Y 5% W AT DL VE B 5000 FRP 24 3463 473
TREE PR SRE .

o E

[1] WUY, ZHOU Y. Unified strength model based on Hoek-
Brown failure criterion for circular and square concrete
columns confined by FRP[J]. Journal of Composites for
Construction, 2010, 14(2): 175-184.

[2] PELED A. Confinement of damaged and nondamaged
structural concrete with FRP and TRC sleeves[]]. Journal
of Composites for Construction, 2007, 11(5): 514-522.

[3] THERMOU G E, PANTAZOPOULOU S J. Fiber-reinforced
polymer retrofitting of predamaged substandard RC pris-
matic members[J]. Journal of Composites for Construc-
tion, 2009, 13(6): 535-546.

(4] BREAFRIZE, Vrig, RES. ZRALF AR R IR 55 S AR

R A R BE R A RE (). A AR AR, 2018,
35(8): 2002-2013.
OUYANG L J, XU F, LU Z D. Axial compressive behavior of
basalt fiber reinforced polymer confined damaged con-
crete after exposed to elevated temperatures[J]. Acta Ma-
teriae Compositae Sinica, 2018, 35(8): 2002-2013(in
Chinese).

(5] fEZEEA, ZEM, 8 i, 55, CFRPAFMA - 18 Mk AR TR+ 0

A ERE (], S A PRIER, 2021, 38(2): 439-448.
JIAO CJ, LIS, CUILS, et al. Axial compression behaviour
of CFRP confined reactive power concrete filled steel tube
stub columns[J]. Acta Materiae Compositae Sinica, 2021,
38(2): 439-448(in Chinese).

(6] Zkle, TER, WITR, 5. RIS T FRPAA I E &5k
AR B L I AT Al 0 2 TR R (7. B A 241, 2020, 37(8):
2015-2028.

LICC,YUAM, GAO DY, et al. Experimental study on axial
compression of corroded reinforced concrete columns

strengthened with FRP strips under erosion environ-


https://doi.org/10.1061/(ASCE)CC.1943-5614.0000062
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000062
https://doi.org/10.1061/(ASCE)1090-0268(2007)11:5(514)
https://doi.org/10.1061/(ASCE)1090-0268(2007)11:5(514)
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000062
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000062
https://doi.org/10.1061/(ASCE)1090-0268(2007)11:5(514)
https://doi.org/10.1061/(ASCE)1090-0268(2007)11:5(514)
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000057

- 1628 -

EAaMEER

(7]

[8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

ment[J]. Acta Materiae Compositae Sinica, 2020, 37(8):
2015-2028(in Chinese).

iR, X TCus, M, 55, B AR AR R AT AR IR S W A
BHE R TR BE T AR A AL e i e (7. A0k
2447, 2020, 37(4): 775-785.

GAO P, ZHAO Y H, HONG L, et al. Effect of corner radius on
axial compressive performance of steel reinforced con-
crete rectangular short columns confined by carbon fiber
reinforced polymer composite[J]. Acta Materiae Compo-
sitae Sinica, 2020, 37(4): 775-785(in Chinese).

MA G, LI H, DUAN Z. Repair effects and acoustic emission
technique-based fracture evaluation for predamaged con-
crete columns confined with fiber-reinforced polymers[J].
Journal of Composites for Construction, 2012, 16(6):
626-639.

LIY, LIN Y, CHEN C, et al. Theoretical and experimental
studies on repaired and rehabilitated reinforced concrete
frames[J]. Canadian Journal of Civil Engineering, 2007,
34(8): 923-933.

LENWARI A, RUNGAMORNRAT J, WOONPRASERT S. Axial
compression behavior of fire-damaged concrete cylinders
confined with CFRP sheets[]]. Journal of Composites for
Construction, 2016, 20(5): 04016027.

CAOQY, LIX, HUJ. Compressive strength estimation for the
fiber-reinforced polymer (FRP)-confined concrete co-
lumns with different shapes using artificial neural net-
works [J]. Journal of Donghua University (English Edition),
2015, 32(3): 395-400.

SAADATMANESH H, EHSANI M R, JIN L. Repair of earth-
quake-damaged RC columns with FRP wraps [J]. ACI Struc-
tural Journal, 1997, 94(2): 206-214.

MA C K, LEE Y H, AWANG A Z, et al. Artificial neural net-
work models for FRP-repaired concrete subjected to pre-
damaged effects[J]. Neural Computing and Applications,
2019, 31(3): 711-717.

JEAR, B4k, ARk, T BRI 19 2% () A S ST 5 ok BE
T[], SRS TR, 2011, 28(1): 70-75.

YOU J, CHE Y, ZHONG W Q. Predition of concrete strength
of existing buildings based on BP neural networks[]J].
Journal of Architecture and Civil Engineering, 2011,
28(1): 70-75(in Chinese).

WU Y, YUN Y, WEI Y, et al. Effect of predamage on the
stress-strain relationship of confined concrete under mono-
tonic loading[J]. Journal of Structural Engineering, 2014,
140(12): 4014093.

OZTAS A, PALA M, OZBAY E, et al. Predicting the com-
pressive strength and slump of high strength concrete
using neural network[J]. Construction and Building Ma-
terials, 2006, 20(9): 769-775.

LI P, WU Y, GRAVINA R. Cyclic response of FRP-confined
concrete with post-peak strain softening behavior[J]. Con-
struction and Building Materials, 2016, 123: 814-828.
WANG L, WU Y. Effect of corner radius on the performance

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

of CFRP confined square concrete columns: Test[J]. Engi-
neering Structures, 2008, 30(2): 493-505.

k4, WE 5%, $1 AL, 5T Griffith B PR i A9 FRPZY A
PR BE A5 IR B 1 PSR B —RERL [T, SRR
1%, 2020, 37(9): 2358-2366.

ZHANG Y, CAO Y G, HU Z L. Unified strength model based
on Griffith failure criterion for FRP-confined undamaged
and damaged concrete[J]. Acta Materiae Compositae Si-
nica, 2020, 37(9): 2358-2366(in Chinese).

REN S, YANG D, JI F, et al. Application of generalized re-
gression neural network in prediction of cement proper-
ties[C]//2010 International Conference On Computer De-
sign and Applications. Qinhuangdao: IEEE, 2010.

] 1IE K. MATLAB R2015b#1 22 25 £ R [M]. dL 5T i e K2
th ikt 2016.

HE Z F. MATLAB R2015b neural network technology[M].
Beijing: Tsinghua University Press, 2016(in Chinese).

PR, SF T, W, AF. T ST A i o 2% 114 i i JEE 4
FEOTIMELRL[]]. A, 2014, 59(6): 1-6.

CHEN T, GUO W W, MENG L Z, et al. Prediction model of
road friction coefficient based on GRNN network[]]. High
Way, 2014, 59(6): 1-6(in Chinese).

LI P, SUI L, XING F, et al. Stress-strain relation of FRP-con-
fined predamaged concrete prisms with square sections of
different corner radii subjected to monotonic axial com-
pression[J].Journal of Composites for Construction, 2019,
23(2): 04019001.

GUOY, XIE J, XIE Z, et al. Experimental study on compres-
sive behavior of damaged normal and high strength con-
crete confined with CFRP laminates[J]. Construction and
Building Materials, 2016, 107: 411-425.

CAO Y G, LIU M, ZHANG Y, et al. Effect of strain rates on
the stress-strain behavior of FRP-confined pre-damaged
concrete[J]. Materials, 2020, 13(5): 1078.

MA G, LI H, YAN L, et al. Testing and analysis of basalt FRP-
confined damaged concrete cylinders under axial compres-
sion loading[J]. Construction and Building Materials,
2018, 169: 762-774.

CUI C. Behaviour of normal and high strength concrete
confined with fibre reinforced polymers (FRP)[D].
Toronto: University of Toronto, 2009.

LAM L, TENG J G. Design-oriented stress-strain model for
FRP-confined concrete in rectangular columns[J]. Journal
of Reinforced Plastics and Composites, 2003, 22(13):
1149-1186.

LAM L, TENG J G. Strength models for fiber-reinforced
plastic-confined concrete[J]. Journal of Structural Engi-
neering, 2002, 128(5): 612-623.

OZBAKKALOGLU T, LIM J C. Axial compressive behavior
of FRP-confined concrete: Experimental test database and
a new design-oriented model[J]. Composites Part B: En-
gineering, 2013, 55: 607-634.


https://doi.org/10.1061/(ASCE)CC.1943-5614.0000309
https://doi.org/10.1139/l07-012
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1007/s00521-017-3104-7
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001015
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000921
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.3390/ma13051078
https://doi.org/10.1016/j.conbuildmat.2018.02.172
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000309
https://doi.org/10.1139/l07-012
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1007/s00521-017-3104-7
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001015
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000921
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.3390/ma13051078
https://doi.org/10.1016/j.conbuildmat.2018.02.172
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000309
https://doi.org/10.1139/l07-012
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1007/s00521-017-3104-7
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001015
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000309
https://doi.org/10.1139/l07-012
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000683
https://doi.org/10.1007/s00521-017-3104-7
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001015
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2005.01.054
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.conbuildmat.2016.07.065
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000921
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.3390/ma13051078
https://doi.org/10.1016/j.conbuildmat.2018.02.172
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1016/j.engstruct.2007.04.016
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000921
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.1016/j.conbuildmat.2016.01.010
https://doi.org/10.3390/ma13051078
https://doi.org/10.1016/j.conbuildmat.2018.02.172
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1177/0731684403035429
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1061/(ASCE)0733-9445(2002)128:5(612)
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025
https://doi.org/10.1016/j.compositesb.2013.07.025

