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Constitutive relation and microstructure on shotcrete after
freeze and thaw damage

Wang Jiabin , Niu Ditao, Yuan Bin
(School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, P. R. China)

Abstract: Using prismatic specimens of concrete, we examined the uniaxial compression stress-strain curve
of ordinary concrete (mixture C43F10), ordinary shotcrete (mixture S43F10) and steel fiber reinforced
shotcrete (mixture S43F10SF50) with the same mixture by using the accelerating freeze-thaw method. By
fitting the relationship between parameters and the number of freeze-thaw cycles, the stress-strain curve of
specimens under damaging was calculated. The test results show that with the increase of freezing and
thawing cycles, the peak stress is low and has a liner relation with the freezing and thawing cycles.
However, the peak strain is bigger and demonstrates an exponential relationship. The peak stress of
shotcrete decreases more slowly than that of ordinary concrete, and that of shotcrete with steel fiber
reduces much more slowly. We also observed and analyzed the microstructure and pores of specimens after

damage by using scanning electron microscope and the mercury intrusion method. The result shows that
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with an increase number of freeze-thaw cycles, the amount of micro-creaks and pores and the diameter of
pores increase by the effect of osmotic pressure and frost heave pressure while the specimens’ density

decreases. In the same situation, there are only several connected capillary pores in steel fiber reinforced

shotcrete, which is consistent with macro-mechanical properties.

Keywords: tunnel engineering; shotcrete; freeze and thaw damage; stress-strain curve; microstructure
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Table 1 Properties and mineral composition of cement

PUr o B/ MPa T [ 5 Ji / MPa

C;S C.S C;A  C,AF

3d 28d 3d 28d

52.70 23.04 6.37 11.76 6.2 8.2 29.8 56.0

x2 BSRELEALL

Table 2 Mix proportion of shotcrete kg e m ?
LR, 7K JRKAT i UIRCY/R VIS A 2T 4t B 7K 5] L HE )
C43F10 411 892 892 46 197 4.56
S43F10 411 892 892 46 197 4.56 18. 24
S43F10SF50 411 892 892 46 197 50 4.56 18. 24
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Table 3 Compressive strength and splitting tensile

strength of shotcrete for curing ages MPa
" L B BE R hL R
R4 =
7d 28 d 90 d 7d 28 d 90 d
C43F10 40.14  57.34 3.68 4.52
S43F10 23.49 28.78 41.63 2.54 3.18 4. 14

S43F10SF50  28.13 36.08 46.49 3.01 3.81 4.68

1.2 RIEHME

M R B I A A E LMK iE B E M
Ly 5% 1 Tl T B 375 o SR FH WS DROB ik R A 4 L KAl R
51000 mm X500 mmX120 mm., KA 3 h g
PRl A BEE b B AR TR 7 dL S 8 A U
HUAE WS - B0 90 B B A (100 mm X 100
mm X 400 mm) Ff 4 HE T ARUE SR I E GREE 20+



Http://gks.cqu.edu.cn AR S R TR %37 %
2°C AHXHEEE 95O FE £ 28 d e KBiFE T
SRASRFR R 90 d, BHIVE SRR LA 1., AR
300 mm x 100 mm x 100 mm
fsit
YHD-10
5
s - RN
N

(b) BB BU Feb

(d) TSR LR AL
1 BshRE LK GHELRE

Fig. 1 Sprayed process and equipment
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Fig. 2 Schematic diagram of test equipment

on stress-strain curves
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of undamaged specimen
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Fig.5 Stress-strain curve of specimen
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under freezing-thawing cycle
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Table 4 Fitting function of specimens

W {3 U {1 J3 2%
%
J5 R J5 e R?
oN _ €N _
C43F10 oo 0.99 eco 0. 897
1—0.003 8 N exp(0. 06N + f50-05)
oN _ €N
S13F10 aco 0.92 eco 0. 996
1—0.0027 N exp(10. 702N « fo210%)
ooN N
S43F10SF50 oo 0.97 €co 0.972
1—0.002 8 N exp(9. 391N « fol-9)
0 4 o o W B 1 AR
£
i R? It R?
Een _ Ecw.N _
C43F10 Eco 0.926 w0 0. 846
exp(— 0. 007 76 N) exp(0. 004 58 N)
Een _ €, N _
S43F10 Eco 0.877 €0 0. 900
exp(— 0. 005 28 N) exp(0. 002 97 N)
h _ S, N _
S13F10SF50 Eq 0.938 €0 0. 965

exp(— 0. 005 27 N) exp(0. 003 09 N)
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Fig. 6 Material characteristics parameters of specimen after freeze-thaw damage
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Table 5 Parameter a and b of specimen stress-strain

curve under damage

R Eh G C43F10 S43F10 S43F10SF50
FRUEL a b a b a b
0 2.760 1.638 1.527 1.752 1.624 1.561
50 2.271  2.341 1.428 2.344  1.255 1.649
100 1.252  2.269 1.034 2.390 1.104  2.009
125 1.061  2.700
150 0.576  3.522 0.644 2.653 0.794  2.487
200 0.323 3.163  0.400  2.962
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Fig.7 Stress-strain curve of specimen on normalized
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Table 6 Relative area between stress-strain curves and x axis

R AR ATE R UL oC S SFRS
0 1 1 1
50 0. 848 0.879 0.966
100 0. 832 0. 860 0.882
125 0.767
150 0.672 0. 811 0.836
200 0.752 0. 801
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Fig. 9 EDS patterns of micro-area in fig.7 (j) and (k )
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Table 7 Pore structure parameter of specimen after freeze and thaw damage
R AT B IR B
KA 2 5 LAz i
50 100 125 150 200

< 20 nm 68.73 61. 37 49. 32 42.47 37.19

20 nm=<_d< 50 nm 21.31 24.94 31.13 33.52 35.27

C43F10 50 nm<_d< 200 nm 8.15 11.49 13.27 17. 31 19. 21

d>>200 nm 1. 81 2.20 4.28 6.70 8.33

TLBER/ % 8.26 9.21 11.79  14.21  18.33
< 20 nm 52.39 46. 07 39.22 32.21 28.29
20 nm=<<d<50 nm 30.51 34.62 38.21 41.09 42.18
S43F10 50 nm<<d< 200 nm 13.29 15.15 17.18 20.43 22.22
d>200 nm 3.81 4.17 4. 89 6.27 7.31
fLE 2/ % 14.58  14.92  15.90 17.21  18.35
< 20 nm 65. 26 60. 17 54.32 47.63 41.02
20 nm=<d<50 nm 22.21 26. 28 30. 50 33.94 37.56
S43F10SF50 50 nm=<Cd< 200 nm 9.24 10. 01 11.17 13. 24 15. 21
d>200 nm 3.29 3.54 4.01 5.19 6.21
fLE%/ % 10.01  10.41  10.92 11.32  11.89
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IR FE R IWOCR A R AL AR AR R K s T S8 38 s
SE[EAE T T PP 2 2 R v I 7 A KR 2 4 L i
B B OR  WOR S D™ i i L i
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Y IR

PR FIAR 25 T 51050 AT 22 i VR B 06 36 3 72 P OB sy
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A FALE R ZE R . SRR 150 &K
Il R B AL R R AL R 2. 22 15, A
FALE R NI 4.6 A% HURBLIEER 200 YOI, %
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