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Abstract: Nowadays, with the national advocacy of energy conservation and emission reduction, the problem of
high energy consumption of buildings caused by insufficient thermal insulation performance of building envelopes
has become increasingly prominent. In this regard, a sandwich structure wall with engineered cementitious com-
posites (ECC) as the surface layer and expanded polystyrene (EPS) board as the insulation layer was adopted to
improve the thermal insulation performance of the enclosure structure. It can not only effectively reduce energy
dissipation, but also have excellent deformation and crack control ability. However, the bonding performance is an
important prerequisite to determine whether it can give full play to the advantages of its own materials and meet the

use requirements. Therefore, a double-sided shear test was carried out on the sandwich structure. The effects of the
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production method, the thickness of insulation layer, the presence or absence of connectors and the insertion angle

of connectors on the bonding properties of interface between ECC surface layer and EPS insulation layer were

studied. The test results show that the bonding performance of EPS precast specimens is the worst, and the average

value of its ultimate load is only 1/4 of that of in-situ casting specimens. The greater thickness of the insulation

layer, the worse bonding performance of the specimens. The addition of connectors helps to improve the bearing

capacity and bonding performance of specimens, among which the strengthening effect of specimens with 45° con-

nectors is the most obvious. At the same time, through the analysis of the toughness indey, it is found that the tough-

ness of the specimens with connectors is better, and the specimen with the insulation layer thickness of 50 mm in

the specimen without connector also has good interfacial bonding performance at the later stage of the test. In

addition, based on the analysis theory of Teixeira, the shear bearing capacity formula of the specimens was

deduced. Comparing the calculation results with the test results, the results show that the calculation formula can

be used to predict the shear bearing capacity of the specimens.

Keywords: sandwich structure; ECC; EPS; interface bonding performance; toughness index; shear capacity
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Table 1 Performance parameters of the expanded polystyrene (EPS)

Heatinsulator ~Thermal conductivity/(W-(m-K)™)

Density/(kg-m™)

Tensile strength/MPa Compressive strength/MPa

EPS 0.039 20

0.13 0.12

&2 IRKEEESHMH (ECC)EEELL

Table 2 Mix proportion of engineered cementitious composites (ECC)

(kg/m?’)
Material Cement Fly ash Quartz sand Water Water reducing agent PVA fiber
Mix proportion 379 885 455 379 17.4 26
Note: PVA—Polyvinyl alcohol.
%3 ECC J1zikat
Table 3 Mechanical properties of ECC
Specimen Compressive Ultimate tensile Ultimate tensile Ultimate bending  Ultimate mid-span
number strength/MPa strength/MPa strain/% load/kN deflection/mm
ECC-1 57.5 8.76 3.47 0.81 21.90
ECC-2 52.2 7.12 2.63 0.83 24.62
ECC-3 49.3 6.34 3.25 0.79 21.83
Average value 53.0 7.41 3.12 0.81 22.78
Standard deviation 3.40 1.01 0.36 0.02 1.30
Coefficient of variation 0.06 0.14 0.12 0.02 0.06
R4 RBZIEEE (PVA) (T4 1EEESH
Table 4 Performance parameters of polyvinyl alcohol (PVA) fiber
Type Length/mm Diameter/mm Tensile strength/MPa Elastic modulus/GPa Density/(g-cm™)
PVA fiber 12 0.04 1 600 42 1.3

R5 TREFUHILEMIES SHE (BFRP) BiHY 12 {4AE
Table 5 Mechanical properties of basalt fiber reinforced polymer (BFRP) bars

BFRP diameter/mm Ultimate tensile strength/MPa Elastic modulus/GPa Percentage elongation/%
6 1279 60.12 2.13
8 1194 60.75 1.97

10 1 066 55.84 1.91

12 1350 59.40 2.27
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Fig.1 Size of ECC-EPS insulation board for double-sided shear test
% 6 ECC-EPS fRiBHiXIE 548
Table 6 Test group of ECC-EPS insulation board
Specimen number Type of insulation ~ Production Insulating layer BFRP connector Connector
P material method thickness/mm or not insertion angle/(°)
ECC(X)-EPS(70) EPS Cast-in-site 70 Without -
ECC(Y)-EPS(70) EPS Prefabrication 70 Without -
ECC(X)-EPS(50) EPS Cast-in-site 50 Without -
ECC(X)-EPS(100) EPS Cast-in-site 100 Without -
ECC(X)-EPS(70)-BFRP(90) EPS Cast-in-site 70 Having 90
ECC(X)-EPS(70)-BFRP(60) EPS Cast-in-site 70 Having 60
ECC(X)-EPS(70)-BFRP(45)  EPS Cast-in-site 70 Having 45

Notes: In specimen number, X—Cast-in-site; Y—Prefabrication; BFRP bar insertion angle refers to the angle between the bar and the

specimen in the vertical direction; Insertion depth is 20 mm!"*,
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(a) Template diagram of specimens
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Fig.2 Preparation process of ECC-EPS insulation board

(b) Specimen forming diagram
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Fig.3 Double-sided shear test of ECC-EPS insulation board
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(d) Bending failure of ECC board
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(e) Splitting, breaking and pulling out of BFRP bars
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Fig. 4 Failure mode of ECC-EPS insulation board
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% 7 ECC-EPS REHNEH XL R
Table 7 Results of double-sided shear test of ECC-EPS insulation board

Displacement/mm Shear
Specimen  Order Limit Absolute strength/  Mode of failure
number number load/kN deviation Front Rear Average Absolute 8
displacement displacement value deviation ~MPa
1 7.25 0.08 15.90 15.68 15.79 0.49 0.060
ECC(X) 2 7.43 0.10 17.60 17.86 17.73 1.45 0.062 Interfacial failure
EPS(70) /3\ 7.30 0.03 15.40 15.23 15.32 0.96 0.060
verage 733 - - - 1628 - 0.060
value
1 1.92 0.40 3.73 3.87 3.80 0.51 0.016
ECC(Y) 2 2.87 055 5.73 4.20 497 0.66 0.024 Interfacial failure
EPS(70) i 2.18 0.14 4.35 3.95 4.15 0.16 0.018
verage 932 - - - 431 - 0.020
value
1 8.50 0.16 16.41 16.55 16.48 1.49 0.070
Shear failure of EPS
ECC(X)- 2 8.46 0.20 18.23 18.56 18.40 0.43 0.070 and interfacial failure
EPS(50) 3 9.02 0.36 18.93 19.15 19.04 1.07 0.076
Average  gg5 - - 1797 - 0.072
value
1 6.07 0.00 13.12 15.27 14.20 1.36 0.050
ECC(X) 2 574 0.33 11.00 12.31 11.66 1.18 0.048 Interfacial failure
EPS(100) 13\ 6.39 0.32 11.24 14.10 12.67 0.17 0.054
verage 607 - - - 1284 - 0.050
value
1 11.13 0.45 27.75 29.33 28.54 4.52 0.092
Shear failure of EPS
ECC(X)- 2 11.89 0.31 19.49 20.38 19.94 4.08 0.100 and BFRP bars
EPS(70)- splitting
BFRP(90) 3 11.72 0.14 23.22 23.95 23.59 0.43 0.098
Average ) 55 _ - - 24.02 - 0.096
value
1 20.53 1.07 12.81 13.64 13.23 0.01 0.172
Bending failure of
ECC(X)- 2 20.60 1.00 11.16 10.40 10.78 2.46 0.172 two ECC boards on
EPS(70)- the outside
BFRP(60) 3 23.67 2.07 15.73 15.69 15.71 2.47 0.198
Average )60 - - - 1324 - 0.181
value
1 47.74 5.33 18.90 20.80 19.85 2.35 0.398
ECC(X)- 2 40.60 1.81 19.26 21.30 20.28 2.78 0.338 Interfacial failure
EPS(70)- 3 38.90 3.51 12.67 12.05 12.36 5.14 0.324
BFRP(45
(48)  Average ), - . 1750 - 0.354
value
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Vi BE B IR B S R, R R )E R A Y
DIMEIR, aniEl a(c) s [FIEE, £ 900 kA ik
A 0 285 72 iR £ 47 BFRP 3 #5144k . B
W RN B SUIN G, 3K R T 3% B AR AR far 2
BRI A B R R 0 B K 5 ECC 22 [H] 1 1) Rl 45
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] ECC T )2 i i ¥ . e n#ad # v, BFRP i% 4%
1114 f BE 2 BE 25 TP 1) 2 BCC AL B8 1Y 186 R T 4 K
A T A 1 60°19 3% #2145 ECC 11 J2 19 Kl 45
PEfER I, A4k BFRP #Hik 4, I
WU RE 25 V20 AR BE 3 K, BFRP i 76 /K F-J7 a1 1Y
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AR A A, TS B M ECC bR LM
2.2 ECC-EPSREBEMMNEHEVIRIELERS S5
2.2.1 HlFETT =5 R
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il 7 20 R TR AN AN 23 7™ B 52 ) L TR RG 45 50 5
WL R R, 3 7 s, e 11
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VI IR I 52 B0 M S PR B SRR AE o 1 700 K 1 7 s
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P A B, REEEE N 50 mm Al 70 mm i 4
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JERE S AE 2%
2.2.3 5 JGHEF BY R
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(d) Different connector angles

5 ECC-EPS f{il M fifi28- 132 i £k
Fig.5 Load-slip curves of ECC-EPS insulation board

JZ B R ZEPEREARXT A2 55, 78 & A MR, AR
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£ B2 60°F1 90y 4, KR B 7 ¥ B 57 5k B
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2.3 ECC-EPS {RiBHR#] 1%

o T ik R AR S M RE, SR A
Kim %5 P08 0 #E B BRI, JF 51 A ) M 48 5L
(Toughness index, ag) & P-4 i 14 35 2 06 (4 J5 19
FERBRE J1 o W METE BOR W T R N U5 W A RS

SEPERE S BRI BRI A e e &R, H

BB, W APF A R 25 W1 50 8TV RE M4«
as = Epost (2)
(Ppeaképeak) /2

K as WIIMETEEL; Epose N WE(E 1T 2805 1 RE R
{6 (KN-mm); Pyeqc A FRATZAE (KN); 6pearc 1
BIR A 28 (6L IR F) 5 10 0 A% (mm). HA IR E &K

6 eak
Ebmtztfp Pds (3)

Opost-peak
U s Epose UG F 17 240 3 75 7% 5 20 mm [ 1)
fr 8 -1 R M T AT AR . X T B8 A 8 20 mm
MR 2, 2Rt R 2 kAl WA 1 20U Y
AIE £ 05 I B S 1T % B G posepeak M 20 mm, A
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Pyeqc—Limit load value (kN); 6;cq—Interface slip value at the limit load
(mm); Opost-peak—Interface slip corresponding to the energy value after

the peak load
Pl 6 WEEHTBUTIIRER By 1155

Fig. 6 Calculation of energy value after peak load E,,o

%8 ECC-EPS fRiBIRHI 54K
Table 8 Toughness index of ECC-EPS insulation board

Specimen number Epyost/ (KN-mm) Pyear/ KN Speal/ MM ag

ECC(X)-EPS(70) 36.7 7.25 3.49 2.90
ECC(Y)-EPS(70) 2.4 2.87 1.51 1.09
ECC(X)-EPS(50) 78.8 9.02 4.46 3.92
ECC(X)-EPS(100) 25.8 6.07 6.68 1.27
ECC(X)-EPS(70)-BFRP(90) 124.2 11.89 5.90 3.54
ECC(X)-EPS(70)-BFRP(60) 142.0 23.67 1.88 6.38
ECC(X)-EPS(70)-BFRP(45) 425.0 47.74 2.55 6.98

Notes: E,o—Energy value after the peak load (kN-mm); ag—Toughness index.

H & 4(d) AT LA i, ik A fA 2 60°BFRP i
PE R R Y & A BECC T 32 25 i 3R, A a1
(470 BY 55 & 1 >R ECC THIAR 1) 25 Bl B SRS 3 . SR AT,
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2% %\ BFRP ffj i) 185 [m] 4fE 7, 34 2% 21 SRS 25 1 11
ER, XS 30T 050 ECC i i 25 il il 3K
RS IR 5 D0 A S i e SR O AN 8 A ) . BRI
FE TR 28 R R Y 2R AR S B 2R FH ECC
AR B 2 i O i A R R BT SR . T
ECC i Hz % FH0 57 7 2% J7 1) 57 ik b 10Uk FH 3% H2 14
TS RS 285 7 X B B K 2007 1 STk 2 R 20K .
e SRR B R I, AR 45°H160°
BFRP i 42 14 1 i 14 1 Bt 89 7k 28 15 UM ]

LRI R EEA WA DAL, 530k 4
SRR 25 ECC 1H 2 8] /Y ALK 25 11 F(N) i
PERR PO VE A . Horb, 90° i B R I T BT 1 F R
FH Fa(N) R 7R 5 45°, 60°3% 42 174 19 T 39 18 I %

H F(N) kFw ., Wik, 4Pt sy K4 FH
AT AR R, IEER AR, BPRER IS
34 b i 1 4h it ECC 1T J2 19 7% #5244 ; BFRP
B R LR e s PR IR AR 1Y B IR A2 B TR AR R A
G340 5 A8 XU 59 D)X 9 2 v ECC 2
NG R B IR
F = Fin+ Faw B Fy
3.1 FBLEh & E R & N H Tk
3.1.1 ZaZR AR )2 XL Y A KT BTk
e i 55 Y AZ AR /Iy, W5 5] 1 A48 AT 6,/L >k
FoR o HETT AT A5 3 28 S O JZ X BT 5 AR 48T /Y 5T
ok, HitE AT .

(4)

GinAind
Fi = 1nL1n 1 (5)
Hr By B KA Fiymax N
Fin,max = fu,inAin (6)
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F tr,strength = ftr,strengthAsc sing’ (12)
Horp
\J(Ltand +6)? + L2 — dy 3E.¢
ftr,strength = Egc + 52(: 62 (13)
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2 45°, 60°% £ 1F 5 BECC K& A4 R Wik B,
Fystrengtn MR T R BEAT I

F tr,bond = ftr,bondAsc sinf (14)
Hrpr

0.083 / d. Cd
tmmz——:fESB63+—i+M® (15)

K fo W ECCHUEIRE (MPa); d, JiEHAFIY
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3.2 EiREIIE

XiF s A R F BB g - A il 2k /Y
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Table9 Comparison of calculated load and actual load of ECC-EPS insulation board

Failure load/kN Theoretical contribution value/%
Specimen number Experimental Theoretical Experimental value/ Thermal insulating
. . Connectors
value value Theoretical value material
ECC(X)-EPS(70)-BFRP(90)  11.89 11.11 1.07 70.21 29.79
ECC(X)-EPS(70)-BFRP(60)  23.67 22.77 1.04 16.51 83.49
ECC(X)-EPS(70)-BFRP(45)  47.74 32.56 1.47 15.66 84.34
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