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Durability of concrete with nano-particles under the influence of both Cl~
penetration and alkali aggregate reaction

ZHANG Maohua, XIE Fating, ZHANG Wenyue

(School of Civil Engineering, Northeast Forestry University, Harbin 150040, China)

Abstract: In marine environment, chloride-ion ( Cl™ ) penetration and alkali aggregate reaction are important
factors affecting the durability of concrete. In this paper, an appropriate amount of nano-SiO, or nano-Al, O, was
added to ordinary marine concrete to study the durability of concrete with nano-particles under the combined
influence of Cl~ penetration and alkali aggregate reaction. The experimental results showed that Cl~ penetration
and alkali aggregate reaction promoted the durability of the concrete mutually. Nano-SiO, or nano-Al, O, of different
amounts could inhibit the Cl~ penetration and alkali aggregate reaction of concrete to different degrees so that the
durability of the concrete under the interaction of the two factors was improved. The optimum amount of nano-SiO,
and nano-Al, O, in concrete was both 2. 0% . When the total content of Cl~ in concrete was basically stable, the
total amount of Cl~ in concrete with nano-Si0, or nano-Al, O, was decreased by 18. 04% and 11. 60% ,
respectively. In the 39th week, the expansion rate of concrete with nano-Si0, or nano-Al, O, was reduced by
28.75% and 16.87% , respectively. The addition of nano-particles could improve the pore structure of concrete,
enhance the Cl~ penetration resistance of concrete, inhibit the generation of Friedel’s salt, thereby mitigating the
expansion of concrete. Additionally, nano-particles can promote secondary hydration of cement, reduce the
aggregation degree of Ca (OH ), crystal in the transition zone, and restrain the formation of CaCl, complex
compound and alkaline environment required for alkali aggregate reaction.

Keywords: concrete with nano-particles; chloride-ion penetration; alkali aggregate reaction; interaction;
durability
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W IR 1 pC 205 455.5 588 1176 — — 1.13 —
NSO5 205  453.2 588 1176 2.3 — 1.13 0.045
4k Sio, NSIO 205  450.9 588 1176 4.6 — 1.13 0.045
R+ NS20 205  446.3 588 1176 9.2 — 1.13 0.045
NS30 205 441.7 588 1176 13.8 — 1.13 0.045
NAO5 205  453.2 588 1176 — 2.3 1.13 0.045
42k Al 0, NAIO 205  450.9 588 1176 — 4.6 1.13 0.045
R+ NA20 205  446.3 588 1176 — 9.2 1.13 0.045
NA30 205  441.7 588 1176 — 13.8 1.13 0.045
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Fig. 1 Compressive strength of concrete
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Fig.2 Interaction between Cl~ penetration and alkali aggregate

reaction

P 2 (b)) S AN [ SS9 T /K 3R 5 T TR E

IRk . W] LLE t, FR 3P R85 T CL™ 5T vk B e
fe TREE T I K O, BB CL™ BB xR EE -1
ARk i ot ELAT i E A .

Cl ™ 3537 V0K A Ak 2 107 A B A 0 ) it PR
ORI B % A A TR B b 3R 7 AR e g™
Sy Cl™ Bt . @CL fe 5K IR AR =45
(C3A) FIERER IR MU 55 ( C, AF ) WK AL M) 75 K BRIR
=5 (Cy AHg ) & A= 4k 2% | W B B Friedels
(Ca,Al (OH)((Cl,0H) - 2H,0) "' Friedels £h 2 fii
RS A K. GIREE - K fbad f b = A K
Ca(OH), ,NaCl ¥ g8 e} 5z Iz 14 2 A ] 5 95 vk b
Ca(OH), it A ¢, Ca( OH) , JiT i 43 A58 ey , T I ik
#K 7E Ca(OH), 3755 F NaCl aJ#% 4Ly NaOH,
PEHE T AR BT ) A, RO R Y

C;A +2NaCl + Ca (OH), + 10H,0—
C;A - CaCl, - 10H,0 +2Na* +2 OH ™. (4)

X — AR IR BE + N A RS, QNI AE 2
B AWHESE CL™ (185,

2.3 gikHRaRE LT Cl7SE NN

3 2 1.0 F5HEK BREE T 90K IEBE 1119 C17 &
JEHEAEC(LLO0 ~5 mm BRG], AT E G
FEIA AR TR ) . AT LU . QOBE % 84 1A i 18, TR
HEL Y CL T L 4 BOAS W G, EL 38 in 32
gz, HAS 13 MZJE KEGE TRE. Q% g
KIRBE 1Y C1™ B 2 3 HAOHR B AIK T38 d VR 1
VLB AGK Si0, Fghk AL O, J5 IR &E 14T C1°
BIBRE SR B X R EE 1 BRI BLAE ST Cl™ B o
([R]—4& 09 sy 1™ B 5T 4 B R /N 22 57 ) |y 0 o
b WAARIAEXT CL B il b @B A
[P AR PR CL™ BB R I AN TR, 442K Si0, gl
K AL O FRAFAE— DB 5 (2.0% ).

3 NTE 1O BTk B SR 4P 4514, NS20 il
NA20 i) C1™ B BT 53 40 (0 ~5 mm IREEVL ) , LU
SR 13,18,26,39 Ji i 0T £ 43 FOF- 244 A 1.
ATLAE A A48 IS 0, 90K Sio, TR EE + 1
P Cl™ BESCREN T 9Kk AL O 1R EE L.

GOKIREE T C1-BaERe Ik T 8w iR gE
JRRTET

O3 1 B M RIFRL , REE + W FLAS FI A LA 20
16,40 CL BB e m L gk UKL (38 ATE I
JKAG S, THAE Ca( OH) , I 75 H 3% 1 2 7 A= K 1k
FEWR G (C-S-H) B AR I 2 5K I8 i 0ok
P B

xCa(OH), +Si0, + mH,0—xCaO - SiO, + mH,0,
{yCa(OH)2 + Al O; + mH,0—yCaO - Al,0, - mH,0.

(5)



170 U N S N A NI S 51 %
0.8 AR ARSI B A A A AR . QA0 K AR 2
& 2'23‘\* = AN ) TR L RO R S R A T SR AN TR P
T os T o bR — A BB i 29% , H NS20 4 ik
™ 0.4 L SR T NA20. B2 I 113 K, TE 1 10k R
t -=-1 L W N o NN .
o - lég AT PEASIBTHAIT , U8 I 493 5K ek 2 2 B0 TR 05 - o
$ 26 ) N N 2 VE 42/
N WH O DRERLR IR Kk (PR R RS 0
E——— MR IS — s kT
K Si0, B &/% 0.00.
0.8, (a)P1KSi0, TR HE 1 0:08 I
o 0.7+ 0.07"
Y e ©0.06
] e S 1 £0.05
R OSE T ey 2% L S
1 0.4 -4 = o3k
HE( -8 280037
@ 0.3 4—13% 0.02}
b o2 e 0.016
& 0.1 e ~39H 0 05 10 20 3.0
o 05 0 20 30 PRSI0, B H/%
HKALOBE/% (2)F1KSi0 TR Kt +
(b)A1KALO JEHE T ol
B3 FRABBEAKEELH O BREHSH gl — T IR
(0 ~5 mmiFEESE ) Boosl ‘ , o
Fig. 3 Cl~ total content of concrete with nano-particles at 20004 T 7;%%;_5]
different ages (in the depth range from 0 to 5 mm) 0.037 Tty - 4'18)%
0.02 - T 268
; - ok e " 001 fy . 39
£3 BREIP O RRESBEREESH i o= 170 230 =
Tab.3 Cl~ total content of concrete and its reduced extent % ' gk AL O BE/% '
TR BE L Cl~ JFifE /% FAAR T 43k (L)AKALO, IR EEL
PC 0.665 0 0 B4 BERINBKRESHNRMTEHSERNXR
NS20 0.545 0 18.04 Fig.4 Relationship between the expansion rate of concrete and
the content of nano-particles
NA20 0.587 5 11.60

ALY C-S-H BEIE LK RN S A K ITE
B AR G54, (VR TR - P 45 A B Sy %3 5.

@7k C;8 F1 C,S sk k=4 Ca(OH), 1y
SRR LR e ME 221, NaCl By 55 22 2 BT i &5
CaCL %5 B

Ca (OH), +2NaCl—CaCl, + Na (OH),. (6)

Cl BB 5iREE X Cl- LA 6,
e, 2 (6) RV T Cl™ 192 3%, T 442k Sio, #il
K Al O, fE FE KR B9 — Rk Ak, FEAR T 3 38 X
Ca(OH), s BB Wb 1T (6) R & A4,
il 1 Cl™ & .

2.4 ghRA R R B LA S R R B B9 B N

K4 Oy 1.0 £ K BREE T 9RIRBE T 1
KNG, B S 2 1.0 i K P4 T NS20 1 NA20
MK . 2 4 O 1.0 f5 I /K35 T NS20 1 NA20
Tk iy 143 (LA 39 JR 31 . 18] 4,5 Fik 4
ALt OAK TR EE 75 25 05 10 I 7 g2 ik 22 48 /)N
T EREE T, RIghK Si0, Fighk Al O, %R #E 1

0.09-
0.08
0.07[ «-PC .
X 0.06] -=-NS20 -
¥ 0.04 NA20 o
% >
S 0.03] o
B &
0.02 ¢
0.01} o
0 Py = 1 1 1 1 1 J
1 2 4 8 13 18 26 39
HA/ A

E5 gkBREL(HABER) STERETMEKEILE
Fig.5 Comparison of expansion rate between concretes with or
without nano-particles ((optimum amount )

x4 RBEIHEKRERERESH

Tab.4  Expansion rate and reduced extent of concretes %

RHEE AR (7S M E 735K
PC 0.080 0 0
NS20 0.057 0 28.75
NA20 0.066 5 16.87

AR Si0, MK AL O X Bl H B4 S 14 2 A7
SRR, I RTE T OPURIREE L BP0 CL B RE



552 1

SKIGAE, 5 CLT BB MRS AR T 90K T B L i A - 171 -

TR T m IR G L, W] T Friedels £ (147~ jdi /b
TIREEHMIZIKS s @90k Si0, Mgk Al 0, 75 —
UOKAL L R I AE T Ca(OH),, T NaCl %% 46
NaOH F5224E Ca( OH), BRI, BPA K 44} PR i
T NaOH 7= BRAR T IR SR A0 vk 1, BEA
SSCHILEL 1 R A 250 7 g A O ) T R R R Y
K QB IR AR AL N 1) K A AL 3 AN SR
Bl PSR RE K. UK URL Y LR T RUR , BE 2 p K
5 W o A0 K SR g 2R TR {8 K U1 A =2 ) 1) U
FREI /D BEAS T B AR Ak B N 1) & A
2.5 Cl sEMEER KR N E1E AR 54
KT IR Y CL 3535 AR AR SN 1) A
HAERAE 2.2 34y O 4T T H0AE. 2.3 #5rF12. 4
BT TR EE LAY CL™ B33 B SR 1 1 0k
17 75307, G5 SRR GOR R A9 #8 AT TIREE 1
() C1™ 2 FIBR AR Ak S 0y 27 B 10 il VR, 49 K T B
TAEAIE IR CL 5T 43 FIORT B i S5 B J 1% T3
IR EE L. TR T QORI i A G T iR EE L
FIFLEE A, R TIREE L PL CL- B B, Ml T
Friedels £ 119774, TR0 TR EE - B9 AK ; 1L A,
o9y K JWURL fE 9% 42 BE K 8 R KAk, BRAR I 9 X
Ca(OH), & ERE, BT T CaCl, 4 & W 7= A=
RS A S BT 5 B R 5% A O k.

3 &% #

1) 42K Si0, FIZK AL O, AT i o i TR BE 1
28 d PR 4K Si0, MK Al O, Y i 45 1
BN 2% AEiZAB R i TIREE L 28 d PUEMRIE
T ER 17.78% F112.58% .

2) C1™ 32325 FNH8 A AL B0 A2 AH B 3 1. BB
B AEHE CL™ BB A CL ™ (AFAE— 7 T 2l TR 5
A, 55— TR A B0 AR Y ER
BIE .

3) 4k Si0, Fgh >k Al O, (38 AXHREE 11
Cl™ 537 AR A Ak B iy 4 2 41 il 7 FH. 4K Sio, il
Yk AL O, AR B =S h 2% , H NS20 FyH il
WFEATF NA20.

4) 7€ Cl™ B35 Fig AR RE RN 2L [FFE T 40K TR
W BT AR B R 8 K SR 9 i A B A ik 3
TR FLE5H  REME K IR A — ok fk 3R T
IREE L HPT CL BB Wb T IREE - Ak

5% Xk

(LTSI, PV, Bk AR S LA T SR 4 b wp Sl - IO A
ZiGREJILT]. AR R, 2006, 36(6) : 956

ZHAN Binggen, SUN Wei. Diffusion law and binding ability of

chloride ion in concrete under alkali-silicic acid reaction[ J ]. Journal
of Southeast University, 2006, 36(6) : 956
[2)F0mAR, M. SRS R ik 5 D AR s o L B IR R R AE R

IREELIIRAT NGBS [T]. Tk 3,2005, 35(2) : 77
ZHAN Binggen, SUN Wei. Study on the expansion behavior of concrete
under the double failure factors of chloride-ion corrosion and alkali-
aggregate reaction[ J]. Industrial Construction, 2005, 35(2): 77
[3]BERUBE M A, DORION J F, DUCHESNE J, et al. Laboratory and
field investigations of the influence of sodium chloride on alkali-silica
reactivity [ J ]. Cement and Concrete Research, 2003 (33). 77.
DOI:10. 1016/s0008 — 8846 (02)00926 -2
[4] JENSEN A D, CHATTERJI S, CHRISTENSEN P, et al. An
accelerated method for detection of alkali-aggregate reactivities of
aggregates [ J |. Cement and Concrete Research, 1978 (8) :647.
DOI:10. 1016/0008 - 8846(78)90047 -9
[5]SIBBICK R G, PAGE C L. Mechanisms affecting the development of
alkali-silica reaction in hardened concrete exposed to saline
environments[ J ]. Magazine of Concrete Research, 1998 (MC50) .
147. DOI.10. 1680/macr. 1998. 50. 2. 147
(614, W5/, AEME. QKR BE LW B ) 24 1 GE O 58 90 14
[J]. JB¥E+, 2003(3); 13
JI Tao, HUANG Yuzhou, ZHENG Zuogiao. Study on physical and
mechanical properties of nano-concrete[ J]. Concrete, 2003(3) : 13
(71000, VEMRE, RERAGR. U860 R AL 5 7K e 05 5 3 00 ik o 42
BHEP R IR A [T ], m s D24, 1999, 21
(2):5
SHEN Yang, XU Zhongzi, TANG Mingshu. Influence of test
temperature and cement alkali content on swelling of silica aggregate
mortar rod samples [ J]. Journal of Nanjing University of Chemical
Technology, 1999, 21(2): 5
[ 8] KRIVENKO P, DROCHYTKA R, GELEVERA A, et al.
Mechanism of preventing the alkali-aggregate reaction in alkali
activated cement concretes[ J]. Cement and Concrete Composites,
2014(45) : 157. DOI:10. 1016/j. cemconcomp. 2013. 10. 003
[9]BIRNIN-YAURI U A, GLASSER F P. Friedel’s salt, Ca, AL(OH)
(CI,0H) -H,0: Iis solid solution and their role in chloride binding
[J]. Cement and Concrete Research, 1998, 28(12) . 1713. DOI.
10. 1016/50008 —8846(98)00162 -8
[10 ]CHATTERJI S, CLAUSSON-KASS N F. Prevention of alkali-silica
expansion by using slag-portland cement[ J]. Cement and Concrete
Research, 1984(14) . 816. DOI. 10.1016/0008 —8846(84)90006 — 1
[ 11 ] ZHANG Machua. Pore structure and chloride permeability of
concrete containing nano-particles for pavement[ J]. Construction
and Building Materials, 2011 (2 ). 608. DOI. 10. 1016/j.
conbuildmat. 2010. 07. 032
(12 J3RPCAT. oKk — S A RE XS IR YRR RE A4 52 me S A T BILERLATTE
FELD]. BN WK, 2013 72
XU Qinglei. Effect of nano-silica on properties of cement-based
materials and its mechanism[ D]. Hangzhou: Zhejiang University,
2013, 72
[I3]AE . DR R XK A RK A FIPERERY S [ D] IR /R
MR LR, 2017 83
GUAN Shen. Effect of nano-materials on hydration and properties of
cement-based materials [ D |]. Harbin: Harbin Institute of
Technology, 2017 ; 83
(14 ]ZEEHT. BRI M. Jb5: HLAT ol AL, 2014
LI Guoxin. Building materials[ M |. Beijing: Machinery Industry
Press, 2014
[15]KONG L J, HOU L. R, WANG Y H, et al. Investigation of the
interfacial transition zone between aggregate-cement paste by AC
impedance spectroscopy [ J ]. Journal of Wuhan University of
Technology ( Materials Science), 2016, 31 (4 ). 865. DOI. 10.
1007/s11595 - 016 - 1460 -2
(16 A= AR, QKA REXT R BE 1 A PER [ D], kS : PUmg s
iR, 2006 92
LI Guhua. Nano-materials impact on durability of concrete [ D].
Chengdu: Southwest Jiaotong University, 2006 ; 92

(&meE x| )



