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Experimental study and finite element analysis of seawater sea-sand engineered

cementitious composites beams

LIAO Qiao, SU Yuanrui, YU Iiangtao* , WANG Yichao
(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: To study the shear performance of seawater sea-sand engineered cementitious composites (SSE) beams,

SSE material was developed. The shear tests of basalt fiber reinforced polymer (BFRP) bars reinforced SSE

(BFRP/SSE) beams were carried out, and the effects of shear span ratio and stirrup ratio on the shear performance

of BFRP/SSE beams were analyzed. The experimental results show that the maximum tensile strain capacity of SSE

is 8.3%, and average crack width is about 0.2 mm. When BFRP/SSE beams fail in shear, no spalling failure occurs.

The crack width of BFRP/SSE beams at serviceability limit state is less than 0.3 mm, which meets the requirements

of relevant code. In the case of few stirrups and no stirrups, the shear capacity of beams prepared by SSE is in-

creased by 59.32%-99.25% and 6.37%-73.68%, and stiffness also increases. Minimum stirrup ratio may not be re-

quired in the structural design of BFRP/SSE beams. Through finite element software, the influence of mechanical

properties of SSE on the shear capacity of BFRP/SSE beams without web reinforcement was analyzed. The results of

finite element analysis show that with increasing the compressive strength of SSE, the shear capacity increases obvi-

ously. With the increase of tensile strength of SSE, the shear capacity increases slowly. The tensile strain capacity of

SSE has little effect on the shear capacity. This study can be used as a valuable reference for the applications of SSE

beams in civil engineering.
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BT FEE, XK IR E L+ (Seawater
sea-sand concrete, SSC) HJffF5T 52 3| 1z K3,
T K ARSI A, SSCH I E T & &
&, AS Tl RWES M, SECEE A a AR
R, BRI GG R BT v T Y £ 4
14 55 M Bg & & #F Bl (Fiber reinforced polymer,
FRP) i AN, 25 SSCA & . shimi,
T FRP fifj 1 #PE A5 0 I HL S mOL . FRP A Y
5 SSC 4 1 1 24 4% S B2 2 T R 1 55, AE 1R H]
e BRPR 25 T 38 R I AR I A T RS, 454
it A MR 32 Bk ER O3 — 7, T FRP AR
AOSRETE, FRP A A S S, MELIBL T,
TRFE WA R L ZRETTHE, X—
EREE LRZm T FRP iny ) iz W H . A, FRP
il F7 1) 25 3 XU AT R O S L, TR I
25 5 Bt R SR A B o

15 I T 2 4 3 o 7K U8 55 &2 B M F} (Engineered
cementitious composites, ECC) i ¥ 24 A8 1 & H,
PR 7 PR A T SF- 4 24 4% 55 B 20 R 0.06 mm,
(AYErgsmid A MR TR N FHE AR ) (GB50608—
2020)" K& FRP ffy 1 9 1R 5 1 45 44 1) 55 R 24 4% e
FEBRAE M 0.5 mm, X3 ] FRP fffi 5 ECC 414 ] LA
AN Gy Mot R R X A TERE K . Sy — T,
ECC 1ty Bl 52 P48 08 6 1 48 5 Gl # K F 2%),
Y5 FRP fi (Wi A8 T 5 g ik T 18] — B 9, )3
IR LA L, ECC FI ERP i B Hr A8 fig 1 o
ik, JEH, ZPrIFA5E 1 ECC ] i il 2F 4 i 2
YE RSt bhi s . ik, ECC Ml FRP il & )5
A AN ST 47 1) PR A2 T RE

MBLA ) SCHR K . OC T FRP A3 58 ECC 32
B 5 I 2 HL LA 98 32 35 g oy 0, T

PUBTVERE BB 5T R A0 . Li A5 DLBY 5 L AL
Al TC 3 258 o0 A8 R AR e B 5T T B A 4k 3 o A s A2
& ¥ Bl (Glass fiber reinforced polymer, GFRP) fifj
H498 ECC R B MERE . &5 R KW, SimiRst
TR, ECC REAEAEE | Ak Iy Fl s 45 A B
GO B ER S . HEAh, Yuan 28O 5 DU AN
X KB, JoE A X A AT RN R A AR B A
#1 %} (Basalt fiber reinforced polymer, BFRP) fifj 14
58 ECC 2 i i B 7K 48 7 R AR T 8 ) 5 e i 22 24
0.51% () BFRP ffi 1 3 IR 5 1 J2 402, WD AE IR
FH ECC A RH /NS 2 AT A7y . (HE, DL B
5% ¥ & DL i 7K 1 b ECC(Seawater sea-sand ECC,
SSE) WHTFER R .

RHARGE I KRS ECC BT ayPEfE, AR
FH 7K AN AB A SSE, X%t BFRP i 1 38 V3 7K i
il ECC %% (BFRP/SSE 22) #1785 U1 5%, 0 Hr I
fii 3 R 5 25 LU RN R AR | TR ARk ) T 4
AR RS . ILAh, 8 A BROTE) ABAQUS
WS SSE M4} Iy 27 ML RE XS JC I ffi BFRP/SSE 2470 57
AT A

1 #BKiERY ECC 1R
1.1 FE#EAESE

SSE Y i & Lk WL 35 1. SSE-0.18. SSE-0.21 i
SSE-0.27 43 Ji| J& 7K i€ Lk 7 0.18. 0.21 Fil 0.27 (14 1
JKIFRP ECCo AR X R 1Y) SSM-0.21(Seawater sea-
sand mortar, SSM), R FH i 7K FI ¥ 400 25 B4 ) ]
K TeRP 3, K 5 SSE-0.21 AHIF] . X5
SR FH ) J5¢ 8 bt 45 315 3 Ak FR R K Jle . A0 KA K
(Limestone powder, LP). #f /K (Silica fume, SF).
Rk =4 (Ground granulated blast furnace slag,
GGBFS), Hif2 A it 0.21 mm (18 10 Bl 15 S 4045
BHE o BCHI N TR0 TR &+ RATER

x1 BKEUETEEAEIERKGEES G4H (SSE) BLALL

Table1 Mixing proportions of seawater sea-sand engineered cementitious composites (SSE)

Binder material

Mixture ID Sea- Seawater/wt% PS/wt% PE fiber/vol%
Cement/wt% LP/wt% SF/wt% GGBFS/wt%  sand/wt%

SSE-0.18 1.0 0.14 0.21 1.07 1.04 0.44 0.015 15

SSE-0.21  1.00 0.14 0.21 1.07 1.04 0.51 0.015 15

SSE-0.27 1.0 0.14 0.21 1.07 1.04 0.65 0.015 15

SSM-021  1.00 0.14 0.21 1.07 1.04 0.51 0.015 —

Notes: SSE-x—SSE with water/binder ratio of x; SSM-0.21 —Seawater sea-sand mortar with water/binder ratio of 0.21; LP—Limestone

powder; SF—Silica fume; GGBFS—Ground granulated blast furnace slag; PS—Polycarboxylate superplasticizer; PE—Polyethylene.
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¥R IR ¥ 7K 5| (Polycarboxylate superplasticizer, PS)
DR E A i sh B .

R )& (PE) R 4EHH LU 3R £ 9% 1 (PVA) £F 4 A
ACHA B Ry B TR0 B A S A T L R AR
R iR, gk, PE/ECC il %tk PVA/ECC
BB HL R BE AR N AR RE K, XA A TR
F+ FRP fif 35 55 R %E + 92 A9 BT 5 AR 2% ) A M A
ULAh, PEZF 4 HAT R AP R i B 7= il kg v,
g 7K i 2 PE/ECCHIIR K ] % PE/ECC {71 Hi A 3T
W) 1R, %F Ik, SSE b fifi i PE 47 4, £F
4 R B0 B R 15vol%. >R I 19 PE £F 4k H 42 1
24pm, KR 18 mm, %EH 097 g/cm®, Hir
SR N 2 900 MPa, FfiPERLE Ty 116 GPa.

Prism specimen

(a) Uniaxial tensile test

(b) Uniaxial compression test

1.2 #EHRIE A%

SSE il SSM-0.21 7t H #A #1355 77 47 28 K5 it
7Rl . B e 4 g A il W
E 1 PR Y AN N VA 22 o I S 1= B S (VA
o (HAR 3R, IR R BURAHC (Digital
image correlation, DIC) 5 A M) S W i 7R % + 6 4
HETTREIE O .

FR A JSCE™ g 2, BBl R A 3 65 R FH A
B, HLAAR RS WL ScHk (16]. WE 1(a) fTs, 24
2% Pk 22 8 ZF [ #% (Linear variable differential trans-
former, LVDT) -l & 35 4 /4 b 1) 7 fif 22 JE
PRl 80 mm. 350 R AL H Ik, HAh

2 mm/min,

Loading

et e »IJ

(c) Bending test

Unit: mm

LVDT—Linear variable differential transformer
[E11 AR e g

Fig.1 Setup for material test

PR R AR R AR AR, RS 300 mmix
100 mmx100 mm, 18 i 2 4> LVDT Wi il 2 14 1) il
) JE 45 28 %, A3 E 4 100 mm, LI 1(b) s o
K FHer g AT N 4R, %R 0.5 MPa/s,

WE 1(c) Fraw, 2 ik R H RS 160 mmx
40 mmx40 mm [ % A R R . 85 % 4 150 mm,
S B AN A% 5 A BE S O 50 mm, i i 7R B P A R
2/~ LVDT SRl il R Beh A o 5 sl b it
SAH ), e R AL RS R 4, s R
5 2 mm/min.

1.3 R ER RO
1.3.1 ZHJi2=PERE
g 2 fr7s, SSE Bz fi i ML S B2 2 4%

TR, PR TEA R 02mm, M,
SSM-0.21 NI HA — S5 MEE i B, -3 R EE i
FEN 052 mm, (HAERME, D LrFssss
i 1 B 58 R X IO 14 4 4 T R (. B
ZALN SR AR W2 FE W, SSE F L W & Y 1 AR
WEAEAE S . WE 3 s, Bf/K RS ELIE i, SSE Y
PUhrsm B CFYE, TR BEAK, HH A n 42 g )
FEAPE o B i T K H N 5 SO R 1 i
24 B A%, SSEMILIRE AL F M., 5
SSM-0.21 # Lt , SSE {7 H 5 ik () Bt 7 56k 1 AR
JERE 1o BN, FEAK K EL AR R % 5 T (R SSE-
0.21 1 SSM-0.21), HrHisk BE#m T 79%, i fd L
AHE IR E LA, X EEE R TR
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Fig.2 Tensile stress-strain curves and failure mode of SSE
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Fig.3 Tensile characteristic parameters of SSE
1.3.2 ZJESi2¢rEne
SSE B 37 A R IE S UK 4. 5 — M £F 4
TRBE L, SSEZHETLHEMIK KL, iR
U AR LAk, SSE 32 1kt B £ 48 T 3
HIARE S o S BT B Bl K R L AR Al ) R AR AL
K L3S, SSE Ht He o FEFEAIL, LKl 5. [A] %
i ECC" 2881, SSE M=z AR L RE IR, Uik
X N7 %) 78 24 2 0.0036, SR, % 38 TR &E T A bt
T 5 EE BB R A8 AL K 0.002 (SSE 42 =5 I B 24 Ny
80%).
1.3.3 =& 1t
W&l 6 it~ , SSE 22 245 7 BH Wk (1) 22 4 JT 24 4
fE, JF H A48 Hhi BE /K I e 3G i . &1 7 2y
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Fig.5 Compressive strength and flexural strength of SSE
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Fig.6 Failure modes of SSE under flexure
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Flexural load/kN

0 2 4 6 8 10
Deflection/mm

&7 SSE 5 il i 4R A ih 2k

Fig. 7 Flexural load-deflection curves of SSE

PERN, 5 SSM-0.21 b, SSE AYHT 25 i & Al
i AR TP e I AR

LI 20, SSE 5 SSM-0.21 A L4 A 1 7 11
P A R A iR AR I R AP 2 AR RE T . B
Ah, 5 3Cik (9] H 4 B ECC A4 R Eb AR SO

12

il ) SSE L7 9 BE v, P AR BE ) A
I, K BCC 2 BB L S 4r RO P BT PR RE

2 BFRP/SSEZ MBI 8
2.1 BFRP/SSE 25 )ik 1 #E 5
2.1.1 X SR

51K 5 1) 38 /4 £ §% BFRP/SSE 4 il BFRP fff;
145 K e b 3 2 (BFRP/SSM 32), Hirp, 4R N
BFRP/SSE % (BFRP/SSE-00-1.9, BFRP/SSE-37-1.9.
BFRP/SSE-00-1.3 #IBFRP/SSE-37-1.3), 2 ¥y BFRP/
SSM ¢ (BFRP/SSM-67-1.9 #1 BFRP/SSM-67-1.3),
Wk 2 s o B AR Ol B B L FIC Hil R, SR
P BT 5 Lo 1.9 A1 1.3, Bk 0 M1 0.37%. Frfi
GRS REE L v B RN SE EEARARIE] 43004 900 mm
200 mm F1 150 mm. #& [l A 4% = B 34 160 mm.,
G\ 1] 32 P RGN A AR [R] L 430l2 3 AR HL AR
18 mm 1Y) BFRP #j il 2 /R H £ 8 mm [ BFRP ffj .
BERP fif /12 VERE W35 3, AMULRE A WL &I 8. fifi #1
B a7 A 1 AR B Sy B KN 2.32%,  Hb SSE [ i AR
AE 155 o a4 ST S8 T e 7 1 49 3 L 141 9

F2 XRAEAEIERAES &1 (BFRP)/SSE 271 BFRP A58k (BFRP/SSM) ik EHEESH
Table 2 Main parameters of basalt fiber reinforced polymer (BFRP)/SSE beam and BFRP reinforced seawater sea-sand mortar
(BFRP/SSM) beam specimens

. Span/  Shearspan/ Shear span Height/ Width/ Cover Stirrup Longitudinal tensile
Specimen ID . . Concrete . . .
mm mm ratio mm mm thickness/mm ratio/%  reinforcement ratio/%
BFRP/SSM-67-1.9 900 300 1.9 200 150 23 SSM-0.21 0.67 3.17
BFRP/SSE-00-1.9 900 300 1.9 200 150 31 SSE-0.21 — 3.17
BFRP/SSE-37-1.9 900 300 1.9 200 150 25 SSE-0.21 0.37 3.17
BFRP/SSM-67-1.3 900 200 1.3 200 150 23 SSM-0.21 0.67 3.17
BFRP/SSE-00-1.3 900 200 1.3 200 150 31 SSE-0.21 — 3.17
BFRP/SSE-37-1.3 900 200 1.3 200 150 25 SSE-0.21 0.37 3.17

Notes: BFRP/SSE-y—x—SSE with shear span ratio of x and stirrup ratio of y; BFRP/SSM-y—x—Seawater sea-sand mortar with shear span

ratio of x and stirrup ratio of y.

%3 FRP fiFEaEIETR
Table 3 Mechanical properties of FRP bars

Type of FRP bar Diameter/mm Elastic modulus/GPa Tensile strength/MPa Tensile strain capacity/%
6 53 1190 2.22
BFRP bar 8 57 1127 2.14
18 57 1319 2.32

H

ER

K FH Y 2 AR #4 8L S~ SSE-0.21 fil SSM-0.21,
RBCA LI AR 1o WIS B0y W e, AR b
W, IF S5 RAER ST IR 90 X, 45 SSE-
0.21 il SSM-0.21 () Bt $i 5% & 43 %1 A 6.56 MPa Fll
5.54 MPa, i fifi i 25 8 71 4 3.92% F1 0.02%, )5
BT sR B (344K 100 mm) 7 45 MPa il 44 MPa,

2.1.2 JnEEE 5%

I DU AT B U S, nos R LIE 9,
IR 28 R U A AR B 25 A BRA J A 7= i
W AR IR 7 BB AIL, R MZR J1 2 1000 kN, R
FH LVDT Wi i 5 vh B 2, &t #2°4 0~80 mm,
PR R RH ML BRI S 0 0 R P R BT B B 4 &
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(b) Longitudinal BFRP bars
€18 BFRP ML A
Fig.8 Photos of BFRP bars

(a) BFRP stirrup
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W RASE S R B IR IR, 1 10 R TR
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F P W0, £ 2 A 5 5 BN A 4 BFRP
ShEEMIE O B, 5L AH S, SSE Hf I £ YA 42

E Ji fif BFRP/SSE U & o R 75 W 38 B0, FR +%
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Fig.9 Details of BFRP/SSE and BFRP/SSM beam specimens

(a) BFRP/SSM-67-1.9

(b) BFRP/SSE-00-1.9

(c) BFRP/SSE-37-1.9
10 BFRP/SSE #:Fl BERP/SSM B2 4 B (1) MUB B T 45
Fig. 10 Typical failure modes of BFRP/SSE and BFRP/SSM beams in shear span
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Horpr, BFRP/SSE 2448 % £ &+ SSE #1 &L A
BHEZHITHNR S, WK 2, K afE 6, 7
45 #L b & B, BERP/SSM i 1l BFRP/SSE #: 14
I SRR R AR T . TS A B
BUN, HEEH T HEL 2T eME .
222 i 2-#5 e B il 2

B F 7 - P B R il 4R L B 11, a1
BFRP/SSE-37-1.3 M i &k If R # o , & P ik i
SRR LVDT B AR, 808 R & 5%
Hi T BFRP fifj (1 £ Sk 7 2R i, oy 2805 B 3
4R A B Y JE RS . 5 i BFRP/SSM-
67-1.9 #1 It , i {4 BFRP/SSE-00-1.9 il BFRP/SSE-
37-1.9 () Bt 5Y 7K 2k 77 43 5l $2 Tt 6.37% Fl 59.32%.
iX 14 BFRP/SSE-00-1.3 fil BFRP/SSE-37-1.3 [ ¥ 5j
A ¥ J7 H ik 7F BFRP/SSM-67-1.3 1Y = 73.68% il
99.25%. ¢ BH R I SSE il /N 4 FH I, BT
YR e, RHIE B RN . X W T
2T 2 30 1 W AR A 2 TT 405 i R Ak T R ek
PEALBY TIPS, I ELEF 4 0 89 DR 3% 71 BTk i e
B AR AR 1 4 KF Y BeAh, BEBY B
BFRP/SSE il BFRP/SSM [/ 470 B AR 25 1 238 Jim .
X H TR BT B LG s/ IN BT 2 R N el TR
A B A W AR b R s B . R A
BFRP ifi fifj J5 , BFRP/SSE % Y 4T 87 7& %% J1 4%
14.72%~49.77%.,

P 0 28 I 5 K 2 i i SR 0 9 1 Th g
M AR T fig 71 5 Wi B2 25 V1A ¢ . 5 344 BFRP/SSM-
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Table 4 Characteristic loads of the tested BFRP/SSE and BFRP/SSM beams

Specimen ID Cracking load/kN Shear capacity/kN Shear capacity/Cracking load Service load/kN
BFRP/SSM-67-1.9 11.5 106.37 9.25 141.82
BFRP/SSE-00-1.9 11.0 113.15 10.29 150.87
BFRP/SSE-37-1.9 12.5 169.47 13.56 225.96
BFRP/SSM-67-1.3 9.0 123.54 13.73 164.71
BFRP/SSE-00-1.3 16.5 214.56 13.00 286.08
BFRP/SSE-37-1.3 16.0 246.15 15.38 328.20

Notes: Shear capacity is equal to half of peak load. Service load is equal to the peak load divided by 1.5.
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Fig. 13 Distribution of equivalent plastic strain of BFRP/SSE beams
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Table 5 Comparison between simulation results and experimental results of BFRP/SSE beams

Shear capacity/kN Mid-span deflection at shear capacity/mm
Specimen ID Experimental Simulation Deviation/  Experimental Simulation Deviation/
result result % result result %
BFRP/SSE-00-1.9 113.15 104.31 -7.81 9.70 9.61 -0.93
BFRP/SSE-37-1.9 169.47 166.93 -1.50 10.81 11.17 3.33
BFRP/SSE-00-1.3 214.56 214.13 -0.20 8.75 9.40 7.43
BFRP/SSE-37-1.3 246.15 241.70 -1.81 — 10.86 —
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Fig. 14 Influence of various parameters on shear capacity of BFRP/SSE beams
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