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Research on Failure Mechanism and Service Life Prediction
of High Performance Cementitious Materials under
the Synergistic Effect of Stress, Chemical Medium

and Freezing-Thawing Cycle

WANG Ling, WU Hao, GUAN Xuemao, HUANG Pengfei
(State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing 100024, China)

Abstract: Research on the durability of cementitious materials under the synergistic effect of stress, chemical corrosion
and freezing-thawing cycle was systematically conducted. The strongpoint of equipments for mortar and concrete research
under synergistic effect is stable load, non-stress relaxation and performance on-line monitoring. For the improvement on
permeability, blast furnance slag was ranked most, followed by activated coal gangue and fly ash. Along with the in-
crease of siress ratio and freezing-thawing cycle, performance failure was expedited because of the acceleration of steel bar
corrosion and the penetration degree of chemical medium. A quadratic function was established to estimate concrete serv-
ice-life under synergistic effect of chloride ion, freezing-thawing cycle and bending load.
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AR " (45 : 2001CB610706 ) BF A& 1 Fr i A K g . H
AR 1, 0 B R B e e BE R 2, [
KW N 324 m’/kg, AFHOKIR LR T EFKIE., &
FlREKUE, A2l i3k 1, B4 Bl Sy 3 g 2 PR e
W2,

2.1.2 FHHsH

WAL TR BRT by . FEEE R Y O, WA
TERERIE R RS MK . MEEI0E A
LT, FT SIS AR K . LS AL AT £ 4 1Y
BIPERE . B R VR AR LR AL 400 m®/kg 1
UK, FEARET RIS R,
3 R B A RS R L 3,

F1 KEMLFARK (w0 %)

Table 1 Chemical composition of cement(w/% )
Si0, Al, O, Fe, 0, Ca0 MgO SO, Loss
Huaxin Cement 21. 06 6. 04 3.63 63.98 2.67 0.23 1.06
973 Cement 21.76 5.06 3.31 67. 65 1.25 - -
C,S Cement 24.76 4.52 5.31 62.48 1.39 2.84 -

F2 KEMTWARKDENFERE(w %)
Table 2 Mineral composition and physical mechanical properties of cement( w/% )

Mineral composition, w/%

Flexural Strength/MPa  Compressive strength/MPa

Materials Stability
C38 C,8 C3A C4AF 3d 28 d 3d 28 d

Huaxin Cement  54. 68 19.15 9.85 11.03 5.9 9.6 26.8 63.0 Qualified

973 Cement 70.53 9.58 7.82 10. 06 6.6 10.2 38.9 71.0 Qualified

C,8 Cement 28.32 49. 67 2.97 13.89 3.9 8.9 18.6 54.8 Qualified

R3 TYBEHOLZARN (w/%)

Table 3 Chemical composition of mineral admixture( w/% )
Materials Sloz Alz 03 Fez 03 CaO MgO SO3 Loss
Activated coal-gangue 57.00 17.38 4.12 14. 63 1. 56 0.45 2.02
I -fly ash 52.42 34.08 4.91 2.50 1. 66 - 1. 66
Blast furnace slag 34.35 15.26 1.40 36.8 9.1 - 2.01

2.2 XWHABE
2.2.1 Ak R R

H AT AR 0 2 0 A s 4 9 AR T 1 R R SE B
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Fig. 1  Sketch of preloading device: 1 —upright column, 2 - screw
nut, 3 —spring, 4 — top board, 5 — pie sensor, 6 — steel
frame, 7 - roller, 8 — specimen, 9 - baseboard, and

10 - filler piece
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Fig. 2 Schematic diagram of preloading reinforced concrete subject to
freeze-thaw cycles and chloride salt; 1 — sensor, 2 - freeze-
thaw machine, 3 - load, 4 — balancer, 5 — 3% NaCl solu-
tion, 6 — tank, 7 — specimen ( 100 mm x 100 mm X

400 mm) , 8 - antifreeze fluid, and 9 — bearing

F4 BEIHREMBBAR(w %)
Table 4 Ingredients of concrete cementitious(w/% )

973 Huaxin C,S Coal I -Fly

cement cement cement gangue ash
Xs1 60 - - 40 -
XS2 60 - - - 40
XS4 - 60 - 40 _

£S5 BEIMESH (kg m?)
Table 5 Mix proportion of concrete(kg - m~?)

Cementitious Sand  Stone Water Admixture, w/%

466 672 1052 210 1

B3 oy B R IRAEES 10 ¥R, 25 R I 40 W) EE+
HABE FBBHESRN IHRAER, & 3 aTH, bl
HR MR, BBERERS I, Hrp XS2 K
Ko BEE RIS, 35% B R AT, R
BT HRAE T BRER KRR,

R TR BT IR EE B S L, CRAE
RGNS RS AR LA T TR, 255 a3k 6 iR .
IyMrEE 6 BIAT, XS1 A XS2 (R FLER R AR, 1H XS2 iy
FHfL4% 23.8 nm, T XS1 @ F3FLE R A 15.4 nm,
XS1 (A EFL AR 27.93% , XS2 (A EFL 2 35.93% ;
AEFLATCE AL ECE XS1 By 72.08% , XS2 [y 2
64.07% , UEHH TG AL E0R) BE BT 47 0 A TR B 1 A FL&S
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Fig. 3  Effect of stress ratio on antipermeability of concrete under sub-
ject to freeze-thaw cycles, preloading and chloride salt: freeze-

thaw cycles: (a)10 times, (b)25 times, and (¢)40 times

®o6 RELHILEMSHEIE

Table 6 Distribution of concrete pore structure

NO XS1 XS2 XS4
Cementitious 973 +40% 973 +40% Huaxin +40%
composition coal-gangue I -fly ash coal-gangue

Most probable 39.8 39.8 39.7
pore size/nm
Average pore 15. 4 23.8 21.2
diameter/nm
Total porosity/ % 13. 49 13.99 12. 45
>200 nm 21. 83 22.31 17.11
100 ~200 nm 6.1 13.62 7.17
20 ~100 nm 52.17 50. 55 53.5
<20 nm 19.91 13.52 22.22
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Fig. 4 EDS spectra of chlorine ion distribution of interface transition zone of cement-aggretate of concretes: (a)XS1, (b)XS2, and (c)XS4

BT E A URREIR . e R EE LICE e ank 7 s,
SLE A RN K 8 ME S, H, FT-W 2R K b Rl
FHZ P EEA T s TR, A SIREE L8 FT-NCL RR#hK (3% FALEIE W) s RC KR 8N Al 55 1l
SRR R T [ B R A SE SR AT Sl SR M B R Y 60% I, IR BRERE; ST RN S S AT, £, FoR o FEEA
x7 BEIESIEREXMEESH
Table 7 Concrete mix proportion and corresponding to properties parameters

kiR EF R A HUR M RE
ABIF S 32 B o P SR PR SR T ST IR BE A A

3.2

Mix ratio/kg - m Water to Compressive strength/MPa Permeability
Sand cementitious _
No . . coefficient
. ratio/ % materials
Cement Fly ash Admixture Water catior % 28 d 180 d /1014 ;2 L gt

C70 495 55 6. 60 171 36 0.31 77 96 202
C60A 343 147 4.90 172 38 0.35 67 88 224
C60B 430 0 3.44 172 40 0.4 64 77 375
C45 296 74 2.22 185 42 0. 50 52 62 415

x8 ARERGERBEERAT 4 MiRELE SR ERE TR 60% Bt B RELEIR R E
Table 8 Number of freeze-thaw cycles of reinforcement concrete when relative dynamic

elasticity modulus was reduced to 60% in different conditions

Freeze-thaw cendition C45 C60B C60A C70
FT-W 153 184 220 258

FT-NCL 137 155 192 226

FT-NCL + RC 125 139 157 201
FT-NCL + RC + ST(0. 35) 74 103 139 176

FT-NCL + RC + ST(0.6) 69 94 129 156
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5 AFEBEERAEHFEERT, 4 FRELAAEX SRR (a)C70, (b)C60A, (c)C60B, (d)C45
Fig. 5 Relative dynamic elasticity modulus of four kinds of concrete in different freeze-thaw conditions:

(a)C70, (b)C60A, (c)C60B, and (d)C45

N AGIREE LA SRR (GPa) 5 E, FORMATIREEL  PURRIAYIEBEMKIR C70 > C60A > C60B > €45,
ARG SR & (GPa) 5 E/E, FonTEFEMERI T8 3.3 BB PeRA S
IR &E L AR Zh s P PR ol S B v Y A IR BE LGS FLAnER 9 R, TS

SRR BEEVREERR RBUE I, W JT IR, ARANER 10 B, W EE L A SR BE AL R EE BRI AR R PR 4
WA BRI, KU IR R S SBT3 11 R,
BIHTIREE I T e, MRS B, TEARRIMERBIARMT,

RO WHBHELEAEL (kg -m?)
Table 9 Mix proportions of reinforcement concrete(kg - m ~2)

Cement Sand Stone Water Water to cementitious materials ratio Admixture/ %

466 672 1052 210 0.45 1.0

10 WEHRETIKHEHR

Table 10 Reinforcement sheet of reinforcement concrete

Tensile Compression Reinforcement ratio of Reinforcement ratio of R
. . Form of . L. . . o . o Reinforcement
Dimension/mm . longitudinal  longitudinal Stirrup tensile longitudinal  compression longitudinal | .
reinforcement i i R K ratio of stirrup/%
reinforcement  reinforcement reinforcement/ % reinforcement/ %
100 x 100 x 400 1 210 246 ©6@ 180 1. 96 0.71 3.92
2 246 246 ©6@ 180 0.71 0.71 3.92

F 11 WERE T MEGEM RHA RS MRS

Table 11  Corrosion circumstance and cementitious composition of reinforcement concrete

NO Cementitious composition/% Corrosion circumstance
3* Huaxin cement +30% coal-gangue 2M NaCl + freeze-thaw + preloading
5% Huaxin cement +30% II -fly ash 2M NaCl + freeze-thaw + preloading

6" %;‘:I—m% %thﬁo% blast furnace slag 2M NaCl + freeze-thaw + preloading
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Fig. 6 Effect of freez-thaw cyclic number on corrosion

potential for reinforced bar with stress ratio of

15% (a) and 35% (b)
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Table 12  The relative corrosion current density of speci-
mens 3% 5% 6% subject to chloride, freeze-
thaw cycles and preloading

NO Cycles of freezing Stress ratio/ %

and thawing 0 15 35

3* 10 1 2.263 158  2.543 860
3* 15 2.322807 2.575439  3.603 509
3* 20 2.919298  6.743 860  7.052 632
5* 10 1.161 404  2.575439  2.621 053
5* 15 1.817 544 3.425965  4.807 018
5* 20 3.305263  6.863 158  9.738 947
6* 10 0.435088 1.710877  2.512281
6" 15 1.433 509  2.203 509  3.126 316
6* 20 2.884 211  4.266 667 4.807 018

1 He R RO R YRR, AFR L BELIR A . 75 A 5
Bideth, EET ARG 6" L 3T, STRUN, X
BRI EBB IR KO MEIR 67 <37 <57, BT s
BB LB BN . R AR A, 12 1
B R

=] i Y i v i
200 F 10 Times ™15 Times @20 Times

300
200 |
100
e 3 I 5 I 6’

010 Times ©™15 Times @20 Times

\

6«
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Fig. 7 Resistance of concrete under number of freeze-thaw

Resistance of Concrete / ()

cycles of 10, 15 and 20 times in stress ratios of

15% (a) and 35% (h)
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Table 13 Relative resistance of concrete subject to chloride salt, freeze-thaw cycles, and preloading

Stress ratio of 15%

Stress ratio of 35%

Number of
freeze-thaw cycles 3# 5# 6" 3 5# 6%
10 1 0.783 797 1. 158 27 0.751 388 0.631 965 0.792 676
15 0. 745 395 0. 682 354 1.057 271 0.657 714 0.503 885 0.704 107
20 0. 692 565 0.537 403 0. 828 636 0.373 752 0.355 161 0.677 914
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Fig. 8 Model of life prediction of reinforced concrete in different conditions
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Table 14 Life prediction of concrete subject to freeze-thaw cycles, steel corrosion, preloading and

chloride salt attack in steady attenuation period ( stress ratio 35% )

. Error of theoretic to
Theoretic result
actual result/ %

Prediction equation Actual
Grade of Concrete ) “« o
Ax* +Bx+ (C-a) =0 result
0.6 0.7 0.8 0.6 0.7 0.8
C70 —7E -06x% —0.001x + (0.991 1 —) =0 175 145 108 176 -0.6 -17.6 -38.6
C60A 1E - 064> —0.004 8x + (0.9959 - @) =0 150 128 106 139 7.9 -7.9 -=23.7
C60B —1E -05x% —0.002 4x + (0.988 7 —a) =0 111 88 62 103 7.8 -14.6 -39.8
C45 -6E -054% —0.000 9x + (0.993 7 - ) =0 75 63 50 74 1.4 -14.9 -32.4
A 1994, 24(8) . 1475 -1 484.
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