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Experimental study on bending properties of modified aggregate-steel fibre recycled

concrete under low temperature

SU Jun, HUANG Fu’, WANG Songbo , XU Ziyang , YANG Haixin , LI Yang

(School of Civil Engineering, Architecture and Environment, Hubei University of Technology, Wuhan 430068, China)

Abstract: In order to study the effect of low temperature on bending property of modified aggregate-steel fiber

recycled aggregate concrete, the replacement rates of 30wt% and 60wt% recycled aggregate were set, mixed with

appropriate amount of steel fiber to make cement recycled aggregate concrete (CRAC), temperature gradients of

20°C, 0°C, -20°C, -40°C and -60°C were set in the cold area of northern China. CRAC was subjected to compressive

strength and four-point bending performance tests by low-temperature action, and its equivalent bending strength

and bending toughness were analysed, together with SEM to reveal its macroscopic performance change

mechanism from the microstructure perspective, on the basis of which an expression for the fibre reinforcement

effect of recycled concrete under low-temperature was proposed. The test results show that after low temperature

treatment, the flexural strength of CRAC is significantly increased by 168%, respectively. With the further decrease
of temperature, the bending property of 60wt% CRAC is better than that of 30wt% CRAC. At the same time, CRAC

with 1.5vol% steel fibres has the best strength and toughness properties at low temperatures. The conclusion of the

study is expected to provide reference for the performance design and application of recycled concrete in low tem-

perature environment.

Keywords: modified aggregate; recycled aggregate concrete; low temperature; bending property; fiber content;

micro structure
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fife i £ M TR B, R AT R > co, HERRY, [H]
1 D0 S ES 'R S E B AN DS I8 = RS 2 0 <3 = 9V

A IR %EE L (Recycled aggregate concrete, RAC)
2 ¥ A % 7 TR e - 1 B T T Y A AR R,
T 73 AR T AR ARk C 1 17 52 194 0 Y O £
Y T FF A B R R T B A R 2 R e R IH b 3R
T AR TR B - A7 A 2 B0 S 1 T JE X (ITZ),
SHCHAE TR BE 10 ) 2E PR R AR T R AR IR BE 1,
Al F AR TR BE T AT ] 8 B R T o B X
L[], [N Ah e AR B R SO AT TR
R I, IR — RPN EE R AR,
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HeR Ol P AR TR BE TGN K Si0, R LA T i L
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TR BRE 1 5% 1 5 o o B R A T R R, KA A s
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e ifg AU RS SR, LR A P AR TR R
W R A R AR TR TR . -1 AR T 0 % B
25 A 1.5v01% W £F 4 F1 0.1vol% R 2 # B (Poly-
vinyl alcohol, PVA) £F 4k i f- 4= 1R BE 4 1 1 21y 28
P 7R AR ] FGEVE PR RE 3k B, 0 3 PR
TREE 3 R T 60.0% . 4.2% F120.1%. K1,

B 2R B ORHEA T K P R R AL B 8 A3
4k, ReA AR THR AR IR BE 1+ Y 0 2 PR RE R A
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BE A A B RO K B R 1Y 8 AP 52
A TR B 2 1 R S A S P Tz B
F L b mtA B 2 1 1 e A PR TR
ORI A AR EE L o T 3R E g L R 22 57
AU X & F AR A R A AR, A 3
FEALT5 L X R Bk 45 Bt AR 2. IERA
WEMBERHE R JEaTA R R R 2 8 -27.4C,
T G 5 J5 & b X L 2= 3h-52.3C. B AWIFEERM,
IR R ¥ TR e+ S PR BE S W IR AR F R A
AR, EEAZUWE | B IR ARE R
RSB AR I A FH X 7 A TR B 1 e 4 52
1) A UL SCHR I I8, AR SORF 28 B R R A7 K P v
APEALEE, IFAE PR A TR BE L PR AGE B RN AT 4
BT AR A FH S SO - 2T 4 A TR 1 2 ol
PEREBUE MR, WFSTE51E o AR IR B - O PEREAL 1L
st B AR S %

1 iR HEER
1.1 FE#RFik 46 &

I Ve P-O 42.5 4R T K e, >R 410 B
R 2.5 W R ARTTHY , 98K 50 R FH 52 1R o R0k
KA, R EFFIE B 22 M ar 4, oW B g
W 1, KRIRMLE K (Natural aggregate, NA) 15 HL
R AR, PR EEE (Recycled aggregate,
RA) hy - 7 1R ol IR 5 R 5 T S W 0 40 A5 3, K
Ve 1 2 O T A2 BB (Cement recycled aggregate,
CRA) FilfEm RN 1 fr, & WY 3 b5 W 3K 2,
287K Ve VI SO B AR R R R AR AR AR AT,
A B R A B B FRE AT RE 0, RIS S Al Al
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B ] A I SRR B (NAL CRA), T /D
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Table1 Physical parameters of steel fiber

Density/(g-cm™) Diameter/mm Length/mm

Tensile strength/MPa Modulus of elasticity/ GPa

7.8 0.2 13

2900 200
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Cement slurry with a
water cement ratio of 0.5

was added and stirred for Turn the filter Allow ﬁ) dry
2 min, then RA was added rout every 3 h naturally to
and stirred for 2 min . Ty Y E)btam CRA

RA was obtained i ibrati Standard curing
by crushing and box maintenance
screening for three days

RA—Recycled aggregate
1 kPR s A A Rt (CRA) R SRS

Fig.1 Production process and morphology of cement recycled aggregate (CRA)

x2 TREHMEER
Table 2 Physical indicators of different aggregates

Aggregate type Aggregate Apparent Crush Water Moisture
size/mm density/(kg-m™) index/% absorption/% content/%

NA 2750 9.60 0.83 1.20

RA 5-20 2652 18.40 6.20 2.30

CRA 2638 15.30 7.10 3.70

Note: NA—Natural aggregate.

1.2 Rt 1.3 R FH*E
B8 15 1 CRA it = B SR 43 31 S 30wt% A1l 1.3.1 PRI
60wWt%, LT 4k iR FL48 5 5 %A ovol%. 0.5vol%. K A E A IR R A AT R,

1.0vol% . 1.5vol% (wt% &7~ F-Af E Rk i i R L1 2 AN 1] 2(a) P o DA 3R I b0 98 X
FHEE L], FROBURICA; vol% MWL HEBE Y R, /4BlikE 20C, 0C, -20C., -40C, -60C
AR5, R B E), KR A B4 T A B, R FH B AR R SR AT R I A Gk
100 mmx100 mmx400 mm, {445 KECA HILE 3, FEHARR L, BRI ERN 2 C/mm, P T
Hrbokle . . FEAEAKFIEIK 5358 406 kgm™ ., TR r o P AR A R IR TR PR Al B R 4R
607 kgm™. 195 kg-m™ il 2.82 kg-m™, 214 R G IR B WEAR T H A5 T BE B (4% 37 UL T 2(b)
PEHIA 3 MREA, OB BT AR ] S 47 & 2(c)), HARIR 2h, BERISEFT N2k

e XK P I et A= TR BE 1+ (Cement recycled 1.3.2 25 gk REit e

aggregate concrete, CRAC) 25 i HRERYFZM %% CECS 13—2009"" il GB/T 50081 —2019**,

*3 RHFHRSKEELL

Table 3 Number and mix proportion of specimens

NA/ CRA/ Steel fibre/ Additional Compressive strength/MPa
Number = = -

(kgm™) (kg'm™) vol% water/(kgm™) 59 0C _20°C  —-40C  —-60C
0vol%SF/CRAC(30wt%CRA) 824.60 353.40 0 13.17 41.62 44.44 4894 56.71 62.76
0.5v0l%SF/CRAC(30wt%CRA) 824.60 353.40 0.50 13.17 47.02  47.56 50.97 60.21 75.56
1.0vol%SF/CRAC(30wt%CRA) 824.60 353.40 1.00 13.17 48.30 55.54 64.11 71.19 86.83
1.5vol%SF/CRAC(30wt%CRA) 824.60 353.40 1.50 13.17 49.36 56.20 56.13 67.18 85.07
0vol%SF/CRAC(60wt%CRA) 471.20 706.80 0 26.34 39.74 52.52 61.76  69.08 81.64
0.5v0l%SF/CRAC(60wt%CRA) 471.20 706.80 0.50 26.34 41.68  47.65 48.08 54.22 81.78
1.0vol%SF/CRAC(60wt%CRA) 471.20 706.80 1.00 26.34 43.54 52.55 4756  72.29 80.62
1.5v0l%SF/CRAC(60wt%CRA) 471.20 706.80 1.50 26.34 46.78 58.33 57.46  68.21 83.92

Note: CRAC—Cement recycled aggregate concrete; SF—Steel fibre.
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Internal environment
temperature monitoring

(a) Cryogenic equipment

(b) Specimen core embedded thermocouple

(c) Temperature sensor

P2 Rl Bl e A i

Fig.2 Cryogenic equipment and temperature sensor

R ERG T R2E (P E)ARA A A1
CBT1105-D I fbL 4 il U 5025 3 0 AL (121 3), LA
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Load cell

.

. Roller sittiné

I3 R
Fig.3 Loading diagram
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26 T B 5 0 2 e I A A il 4 40 2% T ALY HE M
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4 PR
Fig.4 Calculation diagram of toughness index
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] =]
— —
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Deformation/mm Deformation/mm
(a) Ovol% steel fibre for CRAC
45 45
—=—20C —=— 20T
40 L 30wt% 20 | 60Wt%
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30 —v— —40C

Load/kN
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(b) 0.5vo0l% steel fibre for CRAC

30wt% —=— 20C

Deformation/mm

40

60wt% —=— 20C
35

30
25

20

Load/kN

15

10

Deformation/mm

(c) 1.0vol% steel fibre for CRAC
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(d) 1.5vol% steel fibre for CRAC
€5 R[NELE /K Je iR ot piA: TR BE - (CRAC) 525 i a-HR A il 2%

Fig.5 Bending load-deflection curves of cement recycled aggregate concrete (CRAC) at different temperatures

WAL, ER ) RIS BE 1 3504 AN TR A JEE )
B, Besh, MR 5(d) ATRAA H, fE R RS,
LT 445 54 1.5v01% (1 CRAC £ i B — ki1

Mo pEas, Headgpasit, RSy,
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TEZAS R rh B fr 2, A b B AR
AT 2 J (1) 8% i) 4 4 Tl B g i, PEBE A
JE N P A W, e B B G T A IR AR AE
Bl B R RE AR, AR BR AR I B AR S, R
RS F R AT 24 2.84 £ 5 148 AGE &80 2F 4 1)
WA gt B b R B R, il it
FERT U9 R JF 2400 Br . S44E8 & J By BRI IR By
B, e A W E 6.

MIE 5(b) W] LA H, ZEFFRRTB B, 2 i 4%
N, 24k 8N 0.5v01% Y CRAC # 1 1 F7 il
AR AN R A - B i R R BT B
A AWK, SRR B e KR AR, R
BB AN A, Ak I AR N T AR R IF T IR
AR TR - £ I A L N i = DO R
B R EL oA, FRCRERRLLIT R, ks
iR A BBERE kR R, MRk
I ity 12 il B LR N BT A, DL IS0 2T A e 24 4k
Wb R VERFIRAE F % i 4 55 2R o o7 ) 114 88 - H
LI 5 A8 380 5 £ WO A TF R A, 2R 4t 1)
Br /e B T 244 i ik — 20 &, Ml i 3R
HABIPERE, (PG K 2507 2000 48 2 0 {8 for
I 80% i, Magiy EM M — Lk, EH
B TR REGHIE A, UORRR RGN, PERE TR
Wk, B TAE. B 5(c). 1 5(d) b EF B i
1.0vol% . 1.5vol% f CRAC, HiXH 4 5 0.5v0l%

(a) Part of the specimen failure pattern

\Crack tip

(b) Crack development pattern
%16 1.5vol%SF/CRAC(60wt%CRA) iR IE A%

Fig.6 1.5vol%SF/CRAC(60wt%CRA) specimen damage pattern
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TE 52 7N B A 8 (AR FR 45 i 100 50 2F 4 % 45 4 R A
s 3K, B —J7 T 1.5v0l% 89 21 4 5 7 A A
BRSNS, T3 B0 UK S T ML 415
it 1.5vol% B, B A RHECIR R Sy 60wt% 1Y
CRAC V3R L4 45 30wt% S0 0, LA 452
WA EI A RIZE S R X H 30wt% FT 60wt% fir % -
PR LI, R i — PR, 60wt%CRAC
i 26 %5 30wt% B A, UL L B 60wt%CRAC
FERERE T AL
2.2 CRACZHEE

B R RE W E 4, TTUEHE, BAE

WA T CRAC Bk i, Rf£T 415 1 1Y 1
fn, CRAC &5 fii o BE W 2 7, 7R EIRE T,
30wt% Al 60wt% FJ CRAC ¥4 7£ £F 4E 5 &t 4 1.5v0l%
PSR B AR A A W, 4300k Ovol% 1Y 1.07 £
149 fi5; ZEARIEIRZE T, CRAC 25 7 58 J¥ 4% A Fifi
W E BRI AR AL, YR IR B -60°C B, BCE IR
AT RATTHET 2 168%; T34 1 5k 1 41k
EHE. W REMHARME S Z MR, T
CRAC T F A B B B B B BE 28T IH 8D JOE B
TR UR A Sii P (W S b N Y (1
FERT, MRk i B 4045 L B K i) oK R R 2 5 U
IK B A5 1 vk 4 KD CRAC N BB FLBR B, S8 H:
XoF A1 A 1 BEL g G 2 3 B, AT B T A Ak
AR, (AR E T . AR T A
SR IR B O S, X5 Cai FEPTIAK0 25 R
AL, FEEH TR, AMRd £ 4058 1L
Bt K 28 T 1) oK R RS e A, 3 SO R R B Y A
TR A, T R B 77 A A PR R g fef ek 45 30 1 BB 1Y)
B — 2

R4 CRACIRHTHTHREKEE

Table4 Testvalues of average flexural tensile strength of each group CRAC specimens

Test values of average flexural tensile strength/MPa

Number

20°C 0C -20°C -40°C -60°C
0vol%SF/CRAC(30wt%CRA) 4.88 5.12 5.62 8.21 10.12
0.5vol%SF/CRAC(30wt%CRA) 4.77 5.24 5.03 11.39 12.00
1.0vol%SF/CRAC(30wt%CRA) 481 6.26 5.34 7.54 11.12
1.5v0l%SF/CRAC(30wt%CRA) 5.22 5.89 6.02 9.54 10.44
0vol%SF/CRAC(60wt%CRA) 3.47 4.20 3.97 8.25 9.30
0.5vol%SF/CRAC(60wt%CRA) 3.91 427 4.35 8.44 9.35
1.0v0l%SF/CRAC(60wt%CRA) 5.01 4.95 4.65 8.71 10.54
1.5v0l%SF/CRAC(60wt%CRA) 5.17 4.95 5.96 8.95 9.93

2.3 CRACE T —LfEBET, HEEIRR-20TC BF, 30wt%CRAC

P 7 S AN [ 5% Wi R % CRAC %5 2% 25 il o JiE
MsZm . LLE L, 8 AGE A 4E X CRAC T fig
AT, [ A AE A i o B R 2T 4 4B
T2 TE . 30wt% Fl 60wt%CRAC ¥ 7E 4T 4k 15 &
1 1.5vol% I R I m A, 73 %8 0.5vol% e K4 7+
7 85.80% #il 123.35%, =+ f& i T CRAC M Bl £
32 SIWEIRET, B AGE i £ 4k ] A R 1 R A
F R s 23S BIRH 2L 1R H

1 B2 A2 AE X CRAC 4528025 i ik B2 A W 5%
WO F A R BRI R CRAC 2 26 B HY e IR 3
i, HARRCL Mhom B e T RS LI, H

530S o R A R R K IR 34.86%, 1T #E—-60°C
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Fig. 7 Effect of temperature on equivalent bending strength of CRAC
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Fig. 8 Evolution of pore water ice crystal growth under the effect of low temperature
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Table 5 Strength and toughness index of CRAC
. . Equivalent
Number Temperature/C Initial crack Initial ?rack Peak load/kN bzn ding L Io
load/kN deflection/mm
strength/MPa

20 9.21 0.47 16.27 — — —

0 9.73 0.46 17.08 — — —

0vol%SF/CRAC(30wt%CRA) -20 10.25 0.44 18.74 — — —

-40 15.66 0.48 27.36 — — —

-60 17.66 0.56 33.72 — — —
20 10.69 0.39 15.91 2.55 5.68 10.05
0 9.77 0.38 17.45 2.05 5.38 8.59
0.5v0l%SF/CRAC(30wt%CRA) -20 10.19 0.36 16.76 1.76 4.62 6.99
-40 15.79 0.52 39.95 3.90 6.09 8.48
-60 16.34 0.55 37.96 4.31 6.51 9.31
20 13.97 0.44 16.01 3.50 6.01 11.94
0 12.80 0.41 20.86 2.89 5.61 9.06
1.0vol%SF/CRAC(30wt%CRA) -20 10.96 0.39 17.80 2.28 5.27 8.38
-40 17.54 0.62 25.14 4.55 6.15 10.06
-60 20.93 0.60 37.14 5.38 6.52 10.32
20 15.05 0.49 17.40 4.05 6.58 12.26
0 13.64 0.47 19.62 3.54 6.17 10.62
1.5v0l%SF/CRAC(30wt%CRA) -20 13.63 0.49 20.08 3.27 5.74 9.74
-40 17.10 0.59 31.81 4.53 6.29 10.29
-60 20.18 0.56 34.78 5.48 6.75 10.04

20 8.80 0.32 10.94 — — —

0 9.34 0.37 14.00 — — —

0vol%SF/CRAC(60wt%CRA) -20 9.19 0.42 13.24 — — —

-40 15.69 0.58 27.51 — — —

-60 17.15 0.58 30.99 — — —
20 10.17 0.41 13.03 2.69 5.77 10.94
0 8.95 0.34 14.23 1.53 4.76 7.18
0.5v0l%SF/CRAC(60wt%CRA) -20 9.08 0.35 14.10 1.67 5.06 7.69
-40 16.22 0.52 31.17 3.57 5.51 8.15
-60 15.08 0.66 28.12 3.65 5.89 8.44
20 13.40 0.47 17.91 3.32 5.94 11.15
0 11.21 0.40 16.51 2.59 5.58 9.22
1.0vol%SF/CRAC(60wt%CRA) -20 11.02 0.39 15.51 2.72 5.70 9.37
-40 17.99 0.56 29.02 4.71 6.43 9.58
-60 24.53 0.63 35.13 5.78 7.00 10.62
20 14.98 0.49 15.75 4.06 6.32 11.62
0 12.03 0.43 16.48 2.85 5.70 9.54
1.5v0l1%SF/CRAC(60wt%CRA) -20 15.10 0.42 19.87 3.73 6.24 10.28
-40 19.26 0.53 29.84 5.14 6.55 10.77
-60 23.29 0.64 33.11 6.01 7.08 10.31

Notes: As the 0vol% fibre doping CRAC exhibits brittle fracture, it is not possible to calculate its equivalent flexural strength and toughness

index (I, Iy)-
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Fig.9 Bending toughness index of CRAC under different influence factors
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Fig. 10 Steel fiber damage mechanisms at different temperatures
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Table 6 Fiber reinforcement effect coefficients of CRAC at different temperatures

Fiber reinforcement effect coefficients

Number
20C 0C -20°C -40C -60°C
0.5v0l%SF/CRAC(30wt%CRA) 5.63 4.09 3.39 3.15 2.78
1.0v0l%SF/CRAC(30wt%CRA) 8.93 5.88 4.82 5.18 4.02
1.5v0l%SF/CRAC(30wt%CRA) 9.00 7.92 6.52 5.34 3.67
0.5vol%SF/CRAC(60wt%CRA) 13.59 7.15 4.62 3.32 2.83
1.0vol%SF/CRAC(60wt%CRA) 18.05 10.52 8.06 4.25 5.25
1.5v0l%SF/CRAC(60wt%CRA) 20.38 13.75 11.29 5.29 4.87
22 22
(a) ®,
_20F = (.5v0l%SF/CRAC(30wt%CRA) . 20F m 0.5v0l%SF/CRAC(60wt%CRA)
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Fig. 12 Relationship between fiber reinforcement effect of CRAC and temperature
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Fig. 14 Effect of low temperature action on the microstructure of CRAC
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