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Lap-spliced behavior of CFRP-steel composite bars in coral sea-sand seawater concrete

ZHOU Ji', CHEN Zongping™**, XU Weisheng' , QIN Weiheng' , LIU Dingyuan'
(1. School of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China; 2. School of Architecture
and Civil Engineering, Nanning University, Nanning 530200, China; 3. Key Laboratory of Disaster Prevention and
Structural Safety of Ministry of Education, Guangxi University, Nanning 530004, China)

Abstract: In order to study the mechanical behavior of lap-spliced carbon fiber reinforced polymer (CFRP)-steel
composite bars (referred to as "composite bars") in coral sea-sand seawater concrete (CSSC) and determine the
splice length of composite bars reasonably, tensile tests were conducted on 27 sets of 81 lap-spliced specimens and
test variables included the composite bar diameter, splice length, cover thickness, concrete strength, clear space
between the lap-spliced bars, stirrup ratio, concrete type, and reinforcement type. The influence of various test vari-
ables on the behavior of lap-spliced composite bars in CSSC was obtained. The results indicate that pull-out failure
accompanied by concrete splitting is found for specimens with a splice length less than 17 times the diameter of the
composite bar (d,.), while tensile fracture failure is found for specimens with a splice length greater than 17d,. After

the specimen undergoing pull-out failure, severe shear damage is formed on the surface of the composite bars.
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When the splice length is less than 14d,, the splice strength of the specimen is about 7.2 MPa. When the splice

length is greater than 14d,, the splice strength of the specimen gradually decreases with the increase of the splice

length. After the cover thickness is greater than 4d, or the axial compressive strength of CSSC is greater than 30 MPa,

the change in the splice strength of the specimen can be basically ignored. Increasing the stirrup ratio gradually in-

creases the splice strength and significantly reduces the width of the splitting crack. Compared with the lap-spliced

specimens of steel bars, the decrease in splice strength of the lap-spliced specimens of composite bars exceeds 25%.

Based on the experimental results, the equations for calculating the splice strength and splice length of composite

bars in CSSC were established, and the calculation results are consistent with the experimental results. Then, refer-

ring to the "Code for Design of Concrete Structures"”, the equation for calculating the splice length was simplified.

Keywords: coral sea-sand seawater concrete; CFRP-steel composite bar; splicing strength; critical splice length;

simplified equation
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Table1 Test variables of specimens and test results

. BxHXxL/ a./ I/ c/ D/ p/  PJ T T/ L7 NV Y w/
Specimen mm® mm mm mm Jeu mm % kN MPa MPa MPa ni,m mm M mm
D12L14T4C1d0S2 134x134x168 12 l4d. 55 LC30 0d. 0.86 48.7 7.70 333 7.84 142.6 263.3 PSFY 0.30
D14L14T4C1d0S2 138x138x196 14 14d, 55 LC30 0d. 0.86 62.6 7.26 2.62 695 172.2 281.1 PSFY 0.31
D16L14T4C1d0S2 142x142x224 16 14d, 55 LC30 0d. 0.86 712 6.33 193 6.28 224.0 3352 PSFY 0.53
D18L14T4C1d0S2 146x146x252 18 14d. 55 LC30 0d. 0.86 81.2 570 143 576 281.5 389.7 PSF 0.74
D14L8T4C1d0S2 138x138x112 14 8d., 55 LC30 0d, 0.86 334 6.78 245 7.08 1722 281.1 PSF 0.33
D14L10T4C1d0S2 138x138x140 14 10d, 55 LC30 0d, 0.86 446 7.24 455 7.02 1722 281.1 PSF 0.30
D14L12T4C1d0S2 138x138x168 14 12d. 55 LC30 0d, 0.86 528 7.15 3.83 6.98 172.2 281.1 PSFY 0.39
D14L13T4C1d0S2 138x138x182 14 13d. 55 LC30 0d. 0.86 57.8 722 286 696 172.2 281.1 PSFY 0.37
D14L15T4C1d0S2 138x138x210 14 15d. 55 LC30 od 0.86 64.0 693 265 693 172.2 281.1 PSFY 0.37
D14L16T4C1d0S2 138x138x224 14 16d, 55 LC30 0d. 0.86 66.0 6.70 291 6.92 1722 281.1 PSFY 0.32
D14L17T4C1d0S2 138x138x238 14 17d. 55 LC30 0d. 0.86 >69.4 >6.63 — — 172.2 281.1 FF —
D14L18T4C1d0S2 138x138x252 14 18d, 55 LC30 0d. 0.86 >70.2 >6.34 — — 172.2 281.1 FF —
D14L20T4C1d0S2 138x138x280 14 20d, 55 LC30 0d. 0.86 >67.9 >552 — — 172.2 281.1 FF —
D14L14T1C1d0S0 78x78x196 14 14d. 25 LC30 0d. 0 286 332 — 3.28 370.0 600.4 SF —
D14L14T2C1d0S0 98x98x196 14 14d, 35 LC30 0d, 0 358 416 — 4.25 284.4 4622 SF —
D14L14T3C1d0S2 118x118x196 14 14d, 45 LC30 0d. 0.86 475 551 1.86 5.98 201.0 327.6 PSF 0.33
D14L14T5C1d0S2 158x158x196 14 14d, 65 LC30 0d. 0.86 65.2 7.57 3.39 7.92 150.5 246.0 PSFY 0.29
D14L12T4C2d0S2 138x138x168 14 12d. 55 LC20 0d, 0.86 46.0 6.23 250 5.84 206.6 336.7 PSF 0.32
D14L12T4C3d0S2 138x138x168 14 12d. 55 LC40 0d, 0.86 544 736 3.89 7.24 165.7 270.6 PSFY 0.27
D14L12T4C4d0S2 138x138x168 14 12d, 55 LC50 0d, 0.86 555 7.52 2.84 8.14 146.8 240.1 PSFY 0.31
D14L12T4C1d1S2 152x152x168 14 12d, 55 LC30 1d. 0.86 535 7.24 3.40 6.98 154.5 281.1 PSFY 0.35
D14L12T4C1d2S2 166x166x168 14 12d, 55 LC30 2d. 0.86 52.7 7.14 3.58 6.98 154.5 281.1 PSFY 0.28
D14L12T4C1d0S0 138x138x168 14 12d, 55 LC30 0d. 0 457 619 — 6.22 193.6 315.7 PSF 0.67
D14L12T4C1d0S1 138x138x168 14 12d. 55 LC30 0d, 0.51 479 649 260 6.67 180.3 294.3 PSF 0.42
D14L12T4C1d0S3 138x138x168 14 12d. 55 LC30 0d, 1.28 53.0 7.17 340 7.34 163.3 266.8 PSFY 0.18
SR-D14L12T4C1d0S2 138x138x168 14 12d, 55 1LC30 0d, 0.86 >702 >950 — — —  _— FF —
NC-D14L12T4C1d0S2 138x138x168 14 12d. 55 LC30 0d, 0.86 458 6.20 238 6.37 1889 308.1 PSF 0.41

Notes: For the specimen number, D—Bar diameter; L—Splice length; T—Cover thickness; C—Concrete strength; d—Splice spacing;
S—Stirrup ratio; 'SR-'—Steel rebar-control specimen; 'NC-'—Natural concrete-control specimen; B, H, L—Width, height, and length of
the specimen respectively; d.—Diameter of the composite bar; [,—Splice length; c—Thickness of the cover concrete; f,,—Axial
compressive strength of the cube; D—Spacing between overlapping bars; p,—Reinforcement ratio of the stirrup, p,=nd,,*/(4cs,), where dg,
is the diameter of stirrup, s, is the stirrup spacing; P,—Ultimate load of the specimen; 7,—Ultimate splice strength; 7,—Residual splice
strength, taken as the inflection point at which the lap stress-slip curve rises again; 7,,—Ultimate splice strength calculated according to
Eq.(7); ly—Critical yield splice length calculated according to Eq.(10); l;,—Critical limit splice length calculated according to Eq.(11);
M—Failure mode of the overlapped specimen; PSFY—Pull-out and splitting failure of the composite bar after yielding; PSF—Pull-out and
splitting failure; SF—Splitting failure; FF—Fracture failure of the embedded bar; w—Width of the splitting crack.
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Fig.1 Schematic diagram of specimen
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Table2 Mix proportion and performance index of concrete

Concrete G CA/ . FA/ . Cemegt/ Water_/3 W/C Total W/C Sand PCA/ . Slump/ fo/ fd S/
type (kgm™®) (kgm™®) (kgm™®) (kgm™) rate  (kgm™) mm MPa MPa MPa
LC20 700 784 450 193 0.40 0.43 6.75 113 39.6 259 1.75
CSSC LC30 672 753 530 194 0.34 0.36 0.45 6.89 69 46.5 29.7 2.09
LC40 637 714 630 193 0.29 0.31 ' 10.08 60 48.9 344 217
LC50 596 667 750 192 0.24 0.26 13.50 48 543 376 2.44
NC C30 1209 543 453 195 — 0.43 0.31 — 115 41.3 26.6 191

Notes: SG—Concrete grade; CA—Coarse aggregate; FA—Fine aggregate; W/C—Mass ratio of water to cement; PCA—Water reducing
agent; f.—Axial compressive strength of the cylinder; f,—Splitting tensile strength of the cube; NC—Ordinary concrete.
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Table 3 Mechanical properties of CFRP-steel composite bars

d./mm Group Jety/MPa MV/MPa Jferu/MPa MV/MPa ferr/MPa MV/MPa
1 378.8 692.9 476.2

12 2 378.5 373.7 657.6 680.6 453.0 466.4
3 363.8 691.4 469.8
1 345.2 570.1 355.9

14 2 345.9 342.4 548.3 552.8 367.2 359.9
3 336.0 540.1 356.4
1 351.7 535.8 392.8

16 2 352.4 351.0 512.7 521.0 404.8 400.5
3 348.8 514.7 403.9
1 358.8 493.3 404.3

18 2 358.1 358.8 494.4 493.6 405.3 405.8
3 359.5 493.1 408.0

Notes: fe, forw for— Yield strength, ultimate strength, and residual strength of the composite rebar respectively; MV—Mean value.
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Fig. 8 Bond stress-slip (7-s) curves and typical curve of specimens with CFRP-steel composite bar overlapped in CSSC
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A BT P BR XS P Ty o BIRA MR, LR
JZIERERT ad, B, 38 KA 2 5 B2 X A 45
PERE B2 M /N .
3.4 BELIEE

i & 9(d) ATl 10(d) T WL, Bl 5 R B o
FIHE T, R A B R W T . XS LT
58 3 oh LC20 [, 38R h LC30. LC40 Fi LC50
WA e S T 14.8%. 18.1% FiI
20.7%, Xt FREEREE LR, E6 M
5 CssC L & i s . [FEr, #mE/NT
LC30 B i 1) 5 2 56k 135 Bt o T 05 1 568 38 1) 34 R4
R, (HBR K T LC30 I 45 R B 1 4R kL
BN o BT IR B B R AR5 B S 3 CSSC
A GE T R AT B S R, HIRBE LR R
T LC30 J& 5% & 1 48 /55 T 1k A 30 B ) P 3 24 4%
MR gE AR TR AWERE, RE+L
SR P 4 ORORE N L R T BT AR AR, RIS
TREE 98 /NT LC30 Ff#2 T3 i 3% o M 7-s 1 2k
JWAKRA, MiIREEL 58 h LC20 #2714 LC30 B,
BPF I P RS U B W A R, X R
BRI RS A Nk S i i A W E i S
P& B A N, 1 R TR B 5 P
AT ST R AR . 2R BT, MR EER T
LC30 I, 38K CSSC 1 i B X L 18 #4522 5 B (1) 52
M 458 /1N

3.5 IEIZ&HEE

i 1 9(e) F1IEl 10(e) PTIL, Bl 45 3 B A 38
K, RO E AR /N, 7F 0.1 MPa P,
& U 5 2 v B K 3 4 R B 1) R Wi AR W LA 2
ORI R e B N T 2 A TR R A
T AR, (EL B v 08 % 381 4 e B A R A 1 B 2
e PR R, TS AR Kb S B A
THERARC S, R AE B A A9 VR R 4R
P12 VR BE 1 T BN R A RO 1A, XEIES T
il &8 TR B RN 5 R B R BRI . AR
TSR AR R, 5 v I A AR A B 1 AR Ay
SREH T, N r-s MBS K E, B GHE
) 8 R AL 5 B 1 190 L T T BT W R N, A
o7 1t 3 14 P 0 (L 5 2 0 B et i T MG K
3.6 BifE=®

ri & 9(f) A&l 10(f) T WL, B 5 B 4 SR A 3G K
FTH PR B R K . 5 R AR A B, i
%K 0.51% . 0.86% F1 1.28% izt {4 Y L T 45 42 5%
BEAY IR T 4.8%. 15.5% F1 15.8%. it & 5 1 J5
FA R (0 B TR 25t DB 24108 TR A Sl 42 1 -
IR, ELRf 25 P4 R 138 K, BF 24 448 1 55 T 5
Wi, PR AR AR A TR, X RERT
il £5f7 1) TG G 0 T AR5 7 R 21 CSSC R FR [ W BE
X 5 W B A0 CSSC i I T —E R 3, AT
BT S AL IR EE AP aR A, BRI T A2
B0 7 A R e R, O T A i R R A A R A
DL e, (HOR, M4 R KT 0.86% J, 44k
B A R R A R E WA B O 1
s LRI AR E , BOfm R iy 3 K3 m T A m i+
YUYW, IR E Tl 2R i R i B I A T R
R, Rk, AHME RS TAMIESES
fifi 55 CSSC Wy A5 ek hE o
3.7 HNFIFE

1 & 9(g) FIE 10(g) 7T WL, 5% A & At
FHEE, ik A ) A% A9 A5 X 1 S T % 4 o 3 1
KRB AT 33%., MIEEK YR 12d 1, A
Wi Je A o B GRS o B R A
A RLIREIR . B EREE SRR . X TN
i, RAEmFmWHEER®, By,
PRl I A2 6 9 5 TR 6 - A T ) ) ML S T 3K
TN SIS A R, R T S R
T TR P4 % A 2% K 8 0 i A fer 2%, 523 CSSC
AN ORI . N s TR TR AR E, RER
VBT B TR 110 8 77 o R A il £ 8 TR B, (R
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3.8 BELME

i & 9(h) FTE 10(h) AT 0L, 5 NC i 4H e,
CSSC I 1) A T 5 #5538 K T 16.3%, M 5%
IR KT 35.3%. AT, SR B IR OB
SHRP M -BF RSN, (HE 7 B8 NCIK A h &
A R VR AP 2 R, i CSSC k4 R
S ml R gE o E kL, I R F B R AR TR
WIZEHBX b 22 5 EEHRN, X T R
fu] 58 B KT LC30 J5 , 14K CSSC Ay i Jo ik ik 2
P AR . BLAh, T CSSC ALy Ik
P 5 B R BY BT P75 & 43 0l L NC Y 55 5.2 MPa
10.18 MPa, A IR EE 1 58 J3 1Y) 25 53 02 5% i 5 28
WA R RN EERNE, N r-s HZERIES
KA, WIS 0 ST B BT NI B A 2250
S2BR  CSSC i 2 B 35 5 T NC 1), X ik —
U5 BH B B RE G TR A R PR Sk 1 T R, R 3L
TH A5 CSSC F 1 Al 45 1 REFEAIK o

4 BEKETELAK
4.1 MEEXL2K

Hp, w A &AW & CFRP- & A i 75 1k
B PR RE A S, (HAR SR I 45 SR R W]
525 17 55 TR - AU IRT B) A 45 B2 PR BB AH BT FRP A,

1MV J FRP i fEIR Bk - P& et Re i ss & A —
Sb % [ FRP 7744 50 TR BE 1 5 TS et AR X
FE KR A UM A T PR e 0, IR A S
S BEE T B A & T FRP 7R IR Bt + b5 K
JEMTFR T (R 4), DL H X &2 A #i 7E CSSC
R B R T A AT AT R A

GG AR SCE MM R ERRFR bR, SRR 4 T
GO 2 B A 0 BRI P4 4% 0 N5 HE K
It 52 A HifE CSSC Hr 52 I i A 35 2 1K 5 i 47 X
o, MBS RILE s, T, X (2) iR
B BAE S S E 2 s LA T 0.71~-1.76, 5K
(4) BB E S5 L E 2 A B Bl T 0.73~1.59,
H L E bR EZ T T 0.2, R LRI HERE
R R R 2, HFAEHTE A
55 CSSC Bt Ifii #5 25 B 09 7158 . 32 B[R] R X s
I B AR SRS VR SR s, XS
W IR, o, EAAXRYRERT
FRP ffi 7€ NC H i #5 B tE Re WF X $2 1 1, A BH
AE A 25 S 028 Y 38 P 7 A2 52 e o AR 4l AR S
B 45 0, K 238 mm R 1 kR
GWPLWT IR . SR, BRI (2) 4, HALELIE A
KRB R KEYZE AT 238 mm, REMEH
WA SR — % BB e R,
B EE SR E N L EY B 2505, RFT

F4 RELRFEEEE SR (FRP) S ERKETEAN
Table 4 Equations for splice length of fiber-reinforced polymer (FRP) bars in concrete

Ref. Equations Number
. ffu ( ffu )
Huil'” Ty = ———o [ ={0.1222 -8.125|d 2
T 048 fr/ fis— 3257 fs )
GB/T 50608 —2020""! ly= Sf}“ d,ls = {lg > 300 (3)
ts
c d
Tu ={033+0.025-+8.37 NIE
ACI 440.1R—15" 4
_affu/0.083\/7'c’—340dl 13 @)
4= 13.6+c/d P T o
kikokskak
CAN/CSA $806— 120" lg=115-2 d3 5 \JZ‘%Ab > 300,15 = 1.3l4 (5)
CS c
Ii=a 4; B 1> 20d, foq = 02202123,
JSCE 97[21] bod (6)
k _ ¢ 1A By Is = (1.014,1.314,1.714)
c—d vd Ef,s— WUlg, 1.94g, 1. 7lq

Notes: 7, —Splice strength; d—Bar diameter; [;—Anchorage length; {;—Coefficient for lap splice ratio; f,,—Tensile strength of FRP bar;
fis—Tensile strength of concrete; I—Bond length; c—Lesser of the cover to the centre of the bar or one-half of the centre-on-centre spacing
of the bars; «—FRP bar location factor; k;—FRP bar location factor; k,—Concrete density factor; k;—FRP bar size factor; k,—Factor
related to FRP bar type; ks—Factor related to FRP bar surface profile; A,—Area of individual rebar; d ,—Lesser of the concrete surface to
the center of the bar or two-thirds of the center-to-center spacing of bars being developed; a,=1.0 for k.<1.0, 0.9 for 1.0<k.<1.5, 0.8 for
1.5<k.<2.0, 0.7 for 2.0<k.<2.5, 0.6 for k. greater than 2.5; k.—Undetermined coefficient calculated according to Eq.(6); @,—Factor related
to kg froa—Design bond strength of concrete; @,—Modification factor for bond strength of FRP bar; A;,—Cross-sectional area of stirrup;
E,,—Elastic modulus of stirrup; s—Spacing between stirrups; E;—Elastic modulus of FRP bar.
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Table5 Comparison between calculated results of relevant formulas and measured results for specimens with CFRP-steel
composite bar overlapped in CSSC

Specimen T/MPa  1,/MPa 14/ Teo/MPa 1/, I;;/mm l,/mm l3/mm lg4/mm ls/mm
D12L14T4C1d0S2 7.70 5.50 0.71 5.65 0.73 371 635 999 1477 1025
D14L14T4C1d0S2  7.26 5.85 0.81 5.56 0.77 331 602 916 1400 971
D16L14T4C1d0S2  6.33 5.98 0.94 5.50 0.87 349 648 991 1508 1 046
D18L14T4C1d0S2  5.70 6.10 1.07 5.45 0.96 364 691 1055 1607 1239
D141L.8T4C1d0S2 6.78 5.85 0.86 7.99 1.18 331 602 916 1400 971
D14L10T4C1d0S2 7.24 5.85 0.81 6.86 0.95 331 602 916 1400 971
D14L12T4C1d0S2 7.15 5.85 0.82 6.10 0.85 331 602 916 1400 971
D14L13T4C1d0S2  7.22 5.85 0.81 5.81 0.81 331 602 916 1400 971
D14L15T4C1d0S2  6.93 5.85 0.84 5.35 0.77 331 602 916 1400 971
D14L16T4C1d0S2  6.70 5.85 0.87 5.16 0.77 331 602 916 1400 971
D14L17T4C1d0S2  6.63 5.85 0.88 4.99 0.75 331 602 916 1400 971
D14L18T4C1d0S2 6.34 5.85 0.92 4.85 0.76 331 602 916 1400 971
D14L.20T4C1d0S2 5.52 5.85 1.06 4.60 0.83 331 602 916 1400 971
D14L14T1C1d0SO  3.32 5.85 1.76 5.27 1.59 331 602 1043 1400 1079
D14L14T2C1d0SO0  4.16 5.85 1.41 5.37 1.29 331 602 997 1400 1079
D14L14T3C1d0S2  5.51 5.85 1.06 5.47 0.99 331 602 955 1400 971
D14L14T5C1d0S2  7.57 5.85 0.77 5.66 0.75 331 602 880 1400 971
D14L12T4C2d0S2 6.23 4.64 0.74 5.70 0.91 417 719 1 006 1499 1 064
D14L12T4C3d0S2 7.36 6.16 0.84 6.57 0.89 314 580 826 1301 880
D14L12T4C4d0S2  7.52 7.25 0.96 6.87 0.91 267 515 775 1244 830
D14L12T4C1d1S2  7.24 5.85 0.81 6.10 0.84 331 602 916 700 863
D14L12T4C1d2S2  7.14 5.85 0.82 6.10 0.85 331 602 916 560 755
D14L12T4C1d0SO  6.19 5.85 0.95 6.10 0.99 331 602 916 1400 1079
D14L12T4C1d0S1 6.49 5.85 0.90 6.10 0.94 331 602 916 1400 1079
D14L12T4C1d0S3 7.17 5.85 0.82 6.10 0.85 331 602 916 1400 971
NC-

D14L12T4C1d0S2 6.20 5.19 0.84 5.78 0.93 372 658 988 1479 1045
Mean value 0.93 0.91

Standard deviation 0.22 0.18

Notes: 7,,—Splice strength calculated by Eq.(2); t,,—Splice strength calculated by Eq.(4); l;—Splice length calculated by Eq.(2);
I,,—Splice length calculated by Eq.(3); I;;—Splice length calculated by Eq.(4); I,,—Splice length calculated by Eq.(5); I;;—Splice length

calculated by Eq.(6).

A R B K B T A AN E . BeAb,
3 (2) i 4 K 8 O 2R A 4 B0 Y LAt
AL, [FREZE T HA T E A RS ERKENE
M ATk, PR IR AR IR 5T A FE AL Lk —
5t A A I T
4.2 AXBILK

BT A S R B0 45 v, B2 R CSSC A
HEWEHEREN TN ZUEE SHBERKE.
REE TR | BLAER . e R 2R %
2 7% H T Ty 56 [ L YE ACT 440.1R— 151 iy 8t 57
i) FRP i /£ NC P i #5820 A B, T A
3C 69 AMAERLB A R IR R 5 R, 2B HAUA
AR5 15 2] F X B CSSC i B & il #5 #25m JE
T BT 25 2K

d
Ty = (0.78+O.287°)(0.51 +0.81di 105200 (D)
C

Kop: DABERE; c HRYERE; p, NS
R f, i CSSC Y B 24T hi o i .

P RS EACA (7) AT 315345 3 4 a1 Y 5
TP s B, 4RI 1. X (7) IR il
ST 11 FR, IFEESIREEZ
SEHIE M 1.005, FRiEZE 0.038, A8 R ECH 0.038,
2 WA SC T HE N7 4 CSSC H A A i 5 e o R N o
TR R, IHRE SR EY & R

TE UG e 5 2 A Ak B SR [
KA R A A I B IR K . A
AL WT 55 2 A Fi ik -8 240 IR TR s K A ) i 4
KB il T PR A& B K B 1, WA

nd?

Tulndclsy = fcfy (TC) (8)
nd?
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S—Standard deviation; C—Coefficient of variation; MV—Mean value
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Fig. 11 Comparison between calculated and tested splice strength of

specimens with CFRP-steel composite bar overlapped in CSSC
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