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Table 1 Comparison of bond performance test methods!!3!
Test method Schematic diagram Characteristics

Pull-out test[®7!

Beam test!®]

Concrete specimen

Advantage: Simple operation, low cost; clear
presentation of pull-out curve.

Disadvantage: Inconsistent with actual working stress;
large difference from real bonding, limited

practicability

- Reaction frame

Advantage: Relatively accurate simulation of FRP bars'

actual bonding in concrete.
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2 “Sfodl skembar * ;
LVDT|:.%. RASH J" s VDT high cost
: SSALIES SRR
!£ _;'_::r:}':‘:__;':_’;'_:_:;iz
Half-beam test!!0-11] Bond breaker Advantage: Small specimen size; focus on single-side

Applied load
P

tension zone interface behavior, avoid complex stress

=

Concrete block

interference in beam test.

FRP bar Disadvantage: Lack of unified design and loading

standards; poor comparability of test results
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Fig. 1 Bond stress components of ribbed FRP bar and concretel™
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Fig. 5 Influence of bond length on bond strength*>—#]

WU, AS[E 4R AR VR I - B R B T R
WERCPE, FRP G S GFRP 7ERRIE RS R AELE
JRAK X2, 3X 32 B 5 GFRP i AR RS 2% o
GFRP i /2 FH PN 51 3% B 41 4 1 s AH A A R SR A ) 2
R EAEL. ZiRE T+ 5 GFRP 45,
TREE L FLBRR P Naty KRR RS 2 S50
FHE AR VB T 2T 24 o f 3% 1 e R 2B Bk [ Y2 (ASR),
T R 2 2 B SR 5 A U KV P ) (B B ),
T 3R BEIZ BB ALIS), N T ARBR I R IR
&t GFRP Fiftiit AERE, 12 3 0 I
1 751%, ¥4 GFRP i LR NSRRI 3 R AT
W 5T - Wang ZE54iH % GFRP /i % 2 T4 [A pH {E
(7.0~13.6)IEWF, RILE pH B T B £F 4 fig ™
#H, MK pH 1B FHM R GFEE R, 280,
ATV R E A, BEALA W GFRP 7
F B At i b syt e R, LD BR A T R
RESR AR EE A5 DL, N T o HERf AR S S b
L, VF2 8% GERP 8 o iR e - 1 F %
B AEO M . Wu ZRISH i im0 56
GFRP 5 TH2/K I3 E A M BHECC)TE SR 5%
NHIBh G AMERATRR TS, RILRLET R 60 d FH
90 d MIRhASIREIRZF 5N 5.88% 1 8.55%. 1
I T B (SEM) WL 82 R B, Bt R Ak A



%54 55 10

BEARAE S5 BRI RBER B ERE 15 27 4808 50 O S W0 R 45 PR RE I TT it iR .« 3775 -

) C-S-H & PHAS T &+ 13 #%, 18143 GFRP #j
T HTH BAR MR, B K AR 58 TS
NN, ECC X GFRP figh4h St Ry ER, 15
BRIV AR h . D T 8 GFRP i SEAFIK
PUBRIR iR, W] LA R AR 4 2 D 1 A
B R AR A TR 2 B 5 -

ZE ERTR, FEMNIREELRE . FRP A,
TR M AERE 4 AN HZER T AN FFEmE R
X} FRP 5 AAC Zh&5PEREMIEI .. S rskid, i
LR R SRR R o R, TR A
I3 AR A (Ui AR AR B VR KT AN I B &
SEFE R, B LA B4 s ] L2 . thAh,
MR AR T 60 MPa J&, VR TR AL
SEFEIRTE AR HOWEH, TREEERFLB R Iu L
J& ITZ S5 KA S0 R 5 0 38 46 o 5 RN A S0
FEAE RO, BE U ) I S ) S R R A R
HOUCEAE . FRP M BRI K SR 40
£ R AAH K  AETR B LR FE TR BRI IS DL T
AT DL & 298/ FRP B2 R B R 2R 1H (1) FRP
W7 AR T B G55 . WK B G RE ok E
AAC 5 FRP ()20 & 5 5d H T el e SR IR B0
Beo wbAbh, FERBEPEIPR IR nT DA A i e 5 A
CFRP S H- IR A i i /2 K j D B #1560 FRP
(11432 ko

3 AR E R TN

FRP fifll AAC [MFEZ5 1 e 3 Re i SL R
FRIETEE, AR IR FRP 5 AAC LSS
B HLEE 5 3BT FRP TR & LA 0 45 i 1 g S L =
BRI, 2FRBEHT FRP 5 AAC 1
20 4 R P YOO FD 86 25 0 B AN A Y
3.1 FLERETUN

FRP 755 5 VR #E 2 W] (1) 6 25 56 B B e 5 il 7 o
IR TAERIRE S, @ T 45 9 FE vy LA TR S,
TSR . HAT, —UE K O/E M TR
TR T FRP 5 VR 1 i B 45 B R T 4 =X,
R 2 FroRBe-S91, [HIX R R AL A — R 1R
FRPE, ACI 440.1R-1S #iR K G855 FEAN A FRP /i
PEMLE ) 22 5% X AAC IREMETEI W B IE, F
TR 25 BARAE; CSA S806-02 FEA 2K T 4k K
J5E o 45 P ISR ;. CSA S6-06 A7 B 3 FH T AF
FEAS 5] 40 353 2 SRS 1R 37 5% s JSCE AR ARG T35 38
VR % i A5 2 Y R L &5 0 B /NI 13
Trabacchin ZFMOIX F IR Rk 28 o B T A =047 56 IR

RIL, i A AL BFRP i 5 AAC Z I8 B 4550
FEga TR BRI . ok, CSA S6-06 A5 A4 Tl
W RN, SRR EER K. N T
FIHEIEHT AAC MRS SR E TR, KESH
St IEAT T WEFT0, Albidah 500N £F 4G5 AAC
L GFRP ipIEh & YEREIEAT T W9, IR RESTI
MBERIR LT OPC RE, EEMNM T AAC MRS
SEE . FEE] AAC mFRE T R I 2 T Y
I, ELWBR RS NPT R R, R TE
X AAC FEIERIAL.

d, A,
e = 012112435 50y elu | g
d, 1, ' 500sd,

e o, AMIREEEE RS o NIRE LR Z L
d, WM B |, NRVEKIE; £, NTRE B
B Ao s~ [ rnlatEAR . [EERAIE FRP
JEIRGEEE . AN AAC 5 GFRP 5 (%4558
FERERY, B ARIR T A5 4 5 2 24 1 5 R 1 W
BUEIEF o BEAGIESEMIZE 8 T VB 158 . FRP
HE. F4KESERE, 2% 3% EMEa
ACI440.1R-15 XF A AXHATEIE, #2H 7 AASSC
Lj CFRP fi5/GFRP fi &l 25 5 5 7t 8 2

CFRP: " — 259+ 202 1 3074 (3)
AT I

GFRP:—2 — 0954+ 5% | 4 939 &)
NI

A o AWIRFGE R f, NiRE LT R pUE
SRIE; d 9 FRP ELAR; L NG,
&2 FRP Hi-RA T FAEE8E UM SR HTERE

Table 2 Typical specification models for predicting bond
strength of FRP bar—concrete

Name Expression
ACI440.1R-1515¢! % _40+035 1100%
0.083,/f, d, 8
CSA $806-02157) A
5=
" LI5(K KK KK ) nd,
CSA S6-065% S v
" 0.451d,K KK,
JSCEI% Ty = Jfooa /

7, —Bond strength calculated by the prediction model; f, —Compressive
strength of concrete; C —Thickness of concrete cover; d, —Diameter of
FRP bars; [/, —Bond length; d_ —The smallest of the distance from the
closest concrete surface to the center of the bar being developed or
two-thirds the center-on-center spacing of the bars being developed; K, +

K,. K, K,« K, K,. K, —Material-based coefficient; f, —The

cracking strength of concrete; o, —The modification factor equal to 0.6;

0.2802f,(2/3)
B 13

<32N/mm’.

Fooa
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BUAT 245 5 P TR 7Y 22 5B T X OPC JEA4A, R
AeEEE] AAC HEFFIE. FRP RIETEHLZ K
Z IS EAE . SRl AAC 55 FRP 2 [8] R 45
SR PE AR TEE T, 3 7R BEAE 25 R IR e - 1k e 1Y) i
EXMEGRRBATIZIE, FFEBINLES 2 55T,

G2 RERRER, SRR RGeS
7 R e
3.2 FAEBEBAMIER

FRP i 5iR&EE L2 MBS AT NE R, %
ZFPR R . 45N B AP AR AL I I IR 45
HE5WEBZIAERER, BT AMIEBRAERNRSZ )
BB, 2 FibbRlz [ J A s A AR T R HL ], X
SER VT AR ACPE VP AL 55 7 TR A R . H T,
5] Py 471 M 7Y ) 35 25— B AR R S Y R ik sk
3 fFnter-eel, Hor, Malvar B8RS4 %, 5
bR 8% 2D> . MBPE A58 W) 52 75 BPE A2 (1) B Al 1,
2 FE 3| FRP 5 58X A4 R 07 1) 22 S T B2 HH 1 it
AL, T R A B e R I B B

Cosenza ZFOMEH TAEA EFAH B CMR #i4,
N 573 e P s S L0038 R 3 3 A Vi A B B
SRR S E SE PR L, BT OA &M
IRIEE T IES Y . 3R 4 AN &I AR
HEIEZH

Lu ZEB4XT L A A 5500 3 4518 7% Hh 22 4
HRCRKI, 2 EFHI B, Malvar 2 . MBPE
A CMR AR 45 5050 it Ze & BUR AR - (1
P M2 PR By, MBPE #1581 R A 2 ME TR B2,
JCIE e S e i 26 (R AIE s BB A A T
mfli 7 FRP i S5 iRE LR 45 I aE ek, [Rithak
USRI T B MEA Malvar A RE S 1t 5
A 2B AR — 3. B EEBINTE CMR
FEARF MBPE AR 0SS B 4518 #2 it 26 B Bofl
TREBRIA R, FERA B R R VT S AR
FIFNA L - 45 K B, CMR A f) R2 35 °KF 0.96,
Al LABCAHER A AR R HTESH ) BFRP i 5
AAC &1 % M2 EF Bt . Niyazuddin Z545IH]

#*3 FRPEIRBRLERANME BB AOERE

Table 3 Bond-slip constitutive models of FRP reinforced concrete

Constitutive models

Bond-slip constitutive expressions

Malvar model(¢?!

Lo A+Bll-e” |;
t
s, =D+Eo,;
FIZ |+ (G-
s, s,

BPE model(®3] [ s ]“
r=1,|—| .(s<s,)
Su
T=1,,(5, <S<5);
T=1 (2 —2)(5 =) (s, <s<s,)
(Sl_sr)
T=1,(5>5,)
MBPE model(®] Loy (s<s,)
Tu S“
L:}lfﬂ[ifl] (s, <5<s,)
Su
t=1,(s>5,)
CMR modell®] sy
mode l:[l—e «] (s<s,)
T“
Conti del(66]
ontinuous curve mode . 2\/371 (s<s.)
S\] Su
7,(s, — ) (2s+s,—3s,) t.(s—s) (35, —2s5—3s,)
= . + 5 (s, <s<s,);
(5. —s.) (5. —s.)
t=1,(s>s,)

o, —Axisymmetric confined radial pressure; f, —Compressive strength of concrete;

strength;

7, —Peak bond strength; s, —Slip value corresponding to peak bond

7, —Residual bond strength; s, —Displacement corresponding to the residual bond strength; s, —Slip distance when the bond strength starts to

decrease; 4. B. C. D. E. F. G—Constants determined by fitting the type of reinforcement according to the test data; o . f. ¢ — Parameters determined

by experiment.
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Table 4 Parameter fitting values and correlation coefficients
Parameter
Ref. Model Sample
a B ® s, R?
Zhao et al. 4] CMR 12.0 mm 0.965 0.386 0.998
MBPE 0.518 0.971
CMR 16.0 mm 0917 0.190 0.996
MBPE 0.528 0.984
CMR 20.0 mm 1.096 0.081 0.982
MBPE 0.578 0.980
Niyazuddin et al. ] CMR 12.0 mm 0.81 1.81 >0.95
MBPE 0.57 0.57 >0.95
Maranan et al. 44 CMR 12.7 mm 9 0.20 0.95
15.9 mm 5 0.14 0.93
19.0 mm 4 0.12 091

Tekle ST 70 45 R & W] CMR AR AT MBPE £
55 th A VURC Ay, {H CMR A 5 30 i 26
B —EME ¥ 5. Maranan 2544 CMR R AS[H]
B2 GFRP ffi5 AAC Fhids—Ia % &6 K,

B4 GFRP i ELARIIGIN, o Als, MIEBEZ 080/, H
CMR AR IAVGE F TR o R R BE 1
o YN AL i} LA S h 2R A R 450
B AR I, BFRP 5 AAC MR B LB
B pE 22 SO A I B B R AR AOL, 32 B XA
EM & TR B, Ak, $RH 7 &N T FRP 5

AAC ZhE5 A AT
(R 28
r:is,s<s, 5)
Sl
B
r:(rz—rl){s_s1 +17,5 S5y, (6)
2 TS
TREE:
T
=2 5 <5< 7
R TTR 7
BRI ) B
T=1,— y{ef'jw(“*) cos[a)(s — s, )] — 1} +

p (efé@ﬁy*yﬁ - 1),s >, ®

XH: ¢ v oAl AE 6 A By CXTRM

REEESRE, MPa; s+ s, s, 70791 6 H R
A\ B. CXINIFESEE, mm; av B 6. y.
S~ o~ p il R S5 R E S L.

BFRP bars and AAC

Ty [oemremmmmmmeeng

GFRP bars and OPC

T

T

s, s, s, s
K6 Tu/PNFESL RS TER A A0
Fig. 6 Constitutive model of bond slip proposed by Fan et al.5%

G FR KEE % FRP 5 AAC Fi4E#
IR EAT BIRE AL, DA SRR X AN [ 26 A4
A R A R RS TR 2 A5 LR B RN B IE R B MR T
MBPE #&44, CMR A58 7] DL v i bt 251058 2%
N BB TS, R R TR bt
FEBRICEERE. xtT #h2e T B BRI R B H A s
A XU RENE NS, 675 ZEARYE Hh 26 3
iff 7 03 PR A SRR
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Research Progress on Bond Performance Between Alkali-Activated Cementitious Materials
Concrete and Fiber-Reinforced Polymer Bars

CUI Yifei, ZHANG Yicong, WANG Zhi, XU Nuo, BAO Jiuwen
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Extended Abstract

Alkali-activated concrete (AAC), as a novel green, low-carbon building material, has attracted extensive attention because it

reuses industrial solid waste, reducing energy consumption and carbon emissions, and offers superior corrosion resistance, frost
resistance, and high-temperature stability compared with ordinary Portland cement (OPC) concrete. In marine engineering, steel-bar
corrosion caused by aggressive ions has long been a critical threat to structural durability. Fiber-reinforced polymer (FRP) bars,
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including glass fiber-reinforced polymer (GFRP), carbon fiber-reinforced polymer (CFRP), and basalt fiber-reinforced polymer
(BFRP) bars, have emerged as ideal alternatives to steel bars because of their light weight, high tensile strength, excellent corrosion
resistance, and design flexibility, thereby effectively addressing the corrosion problem in harsh marine environments.

The bond performance between FRP bars and AAC is a fundamental prerequisite for composite action in the structure. Because
of the significant differences in physical and mechanical properties between FRP bars and steel bars, as well as between AAC and
OPC, traditional bond theory for steel-OPC structures cannot be directly applied to FRP-AAC systems, making in-depth research on
their bond mechanisms and influencing factors essential. This paper systematically summarizes the research progress in this field in
terms of test methods, bond mechanisms, influencing factors, and theoretical models.

Common test methods for bond performance include the pull-out test, beam test, and half-beam test, among which the pull-out
test is widely used because of its simplicity and ability to clearly present bond-slip curves. The bond resistance between FRP bars and
AAC mainly comprises chemical adhesion, friction, and mechanical interlocking, and the force-transmission mechanism differs from
that of steel-OPC due to the anisotropy and low shear strength of FRP-bar surfaces. The main failure modes include concrete splitting
failure, FRP-bar splitting failure, and FRP-bar pull-out failure.

Key factors affecting bond performance include the following: 1) AAC properties. Compressive strength and porosity (especially
the density of the interfacial transition zone, ITZ) strongly influence bond strength; higher compressive strength improves bond
performance, while the transformation from N-A-S-H gel to C-A-S-H gel reduces ITZ porosity and improves bond stability. 2)
FRP-bar characteristics. CFRP bars exhibit higher bond strength than BFRP and GFRP bars because of their higher elastic modulus
and rougher surfaces; a smaller bar diameter and appropriate surface treatment contribute to better bond performance. 3) Bond length.
Bond strength decreases with increasing bond length because of nonuniform stress distribution. 4) Durability. AAC provides better
protection for FRP bars in high-temperature, high-salinity marine environments; CFRP bars have superior alkali resistance compared
with GFRP and BFRP bars.

Existing bond strength prediction models are mainly developed for OPC systems and lack modifications that account for AAC
characteristics, which leads to conservative predictions. For bond-slip constitutive modeling, the CMR model is more suitable for
describing the ascending segment of bond-slip curves, whereas the descending and residual segments still require optimization.

Summary and prospects AAC combined with FRP bars has broad application potential in marine engineering. Future research
should focus on the following aspects: developing advanced microscale testing techniques to analyze the ITZ microstructure;
investigating the bond durability of AAC prepared with seawater and sea sand under long-term field conditions; exploring the bond
performance of ultra-high-performance AAC (UHPAAC) with FRP bars; and establishing more accurate prediction models by
integrating multifactor test data with machine-learning methods.

Keywords alkali-activated concrete; fiber-reinforced polymer bars; bond performance; constitutive models; strength prediction





