»I<5’<ﬁ&«‘fi$4§£é\ﬁ

HYDROGEOLOGY & ENGINEERING GEOLOGY

TS EK U8 1 1 1 A OS5

FREEIR, TR 45, S

Mechanical characteristics and microstructure of salt-rich cement-soil
XING Haofeng, ZHANG Hao, and LI Haoming

TEZL AL View online: https://doi.org/10.16030/j.cnki.issn.1000-3665.202009037

LT RO H A R

Articles you may be interested in

REMEFE R B - o0 BR ST 1 5tk B2 FVROU LA A1 B 5

Effect of freezing—thawing cycles on mechanical properties and microscopic mechanisms of loess
XUARTE, SR, SKRITED, 28R, e K SCHb i TR M), 2021, 48(4): 109-115

FROSF RN AR 05 YRS 7K e L Al 45

Effect of size and loading rate on the uniaxial compression characteristics of frozen cement soil

PREE, 5K, 2R IE /K SCHBT TREHLITE. 2019, 46(6): 74-82

SIS e RIECTE = O ) e e DAL S K RS g T

An experimental study of the dynamic characteristics of cement soils subjected to staged cyclic loading

TKAR, BREE, M K5, MR, KRS0 /K SCHb BT TREHBITR. 2021, 48(2): 89-96
g R4 T LD K T A RE AL 5T

Energy evolution mechanism of red Pisha—sandstone cement soil under uniaxial compression
KIS, ZEERN /K SCHLST TAR . 2020, 47(5): 134-141

R K PSR 5 I AT 5

Experimental research on the influence of mica on strength of cement—reinforced soft clay
TR, WREE, R K SCHBST T AR ML, 2021, 48(4): 101-108

FlE AR T 7K PR VR A ROMLFL B ARAAE 1548

Microcosmic pore characteristics evolution of the cement improved frozen soil after thawing compression

FrRAe, SR, ST, T2 KSCHLE TREH . 2021, 48(2): 97-105

KA ARS, B LR E

g HEH]
R ER
Caj-cdiBEZHRTI

CcsCDECHRH
shER O


http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.202009037
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.202009064
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.2019.06.10
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.202007042
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.201910012
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.202011048
http://www.zgdzzhyfzxb.com//article/doi/10.16030/j.cnki.issn.1000-3665.202007037

Vol. 48 No. 3 FRK o TR %485 5 3
May, 2021 HYDROGEOLOGY & ENGINEERING GEOLOGY 2021 4E 5 A

DOI: 10.16030/j.cnki.issn.1000-3665.202009037

=2 RKE L NFEHER NS R

TREEI, 5K 5, 4
(Rl kS Ta%E 2%, L 200092)

WE: T Mg™ . ClLRISO3 = T T ¥4 b 1 7 X 85 7 £ /A 8 508 87 19 82 W), 3 3 2 P9 A () 30 /K 908 = 16 0 R 47 S 2 3t
B, 430 ATV R B i A N KU 5 B R e S R AR AR, IR X S AT S (XRD) A FR B 45 4 HL R (ESEMD , BIFY
AL R BT 1 R K U R Y SOV G G A AL 22 4 O3 R B2, DR TR Y # B 4 s ] U ER B T 5K e =z ) AR I PLEE
WRFE4E S M. Mg™, CIRISO2™ = Bl il ¥ £ 86 7 0h ik e fy 588 35 A R [ 2 38 1 601 D, EL R T 9 5 9 7 5 Bk B 900, 17 i e
B 1 mOX AL W R R EAE T, | SRR T 5 5 RN, IHFE C-S-H M C-A-H B, 4E i M-S-H, M-A-H FI K
WA, M-S-H Ml M-A-H 43 BT C-S-H M C-A-H BEE Hh, BEARAK IR £ 045 77, 45 = & b /K I 458 B AR

KA ANAER BT S S ALK s JOMIBRT R R B X AT PR i

FESES: TU411.6 MHEFRERS: A XE4RS: 1000-3665(2021)03-0102-08

Mechanical characteristics and microstructure of
salt-rich cement-soil

XING Haofeng, ZHANG Hao, LI Haoming
(Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China)

Abstract: In order to examine the effect of Mg2+, Cl and SO%‘ on the strength of salt-rich cement-soil, a series of
unconfined compression tests of salt-rich cement-soil with different curing ages are carried out to analyze the
change of the strength with different contents of soluble salt ions. The techniques of X-ray diffraction (XRD) and
environmental scanning electron microscopy (ESEM) are used and the effects of soluble salt ions on the
microstructure and chemical compositions of the salt-rich cement-soil are also studied. The interaction mechanism
between the soluble salt ions and cement soil is revealed from the macro and micro perspectives. The research
results indicate that Mg2+, Cl and SO~ have negative influence on the strength of cement soil. The strength of the
cement soil decreases with the increasing soluble salt ion content and that the coexistence of multiple corrosive
ions has a greater effect than any single ion. The reason for this phenomenon is that the high contents of soluble
salt ions participate in the chemical reaction. C-S-H gel and C-A-H gel are consumed in the process of reaction.
Meanwhile, M-S-H, M-A-H and a large amount of crystals are also generated. M-S-H and M-A-H are dispersed in
C-S-H gel and C-A-H gel, which reduces the cementing force of cement soil and makes the strength of salt- rich
cement-soil decrease.

Keywords: soluble salt ions; salt-rich cement-soil; unconfined compressive tests; XRD; ESEM
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FHR T BRI, X TR OR G e A b R, B
AR SRR, AR 2K e £ B . k.
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We 5y Je A B ST | % i 800 5 o, ™ L W
FEA, BIMAEY LA o s O I & B AR
Je 30 B A 4 BAR , R S R K U8 A Y g 2 v LA R [
ACHLIR 5 1 0 0 22, HERT Ay 5 22 7 i 1 DX I 11
Bt T HEFE R A

IR Ve AR R KT AR + A FEA W, H 2 b
WIRZ FNKYE L JFUR A K LR AR S R i
HAT, ARkt et R E g 48 B F, —1it
2 1O S Ao R 2 L2 TG 614 TG00 BR S B B A
Tt 7% S [ 28 (i G A2 5 1 b 28 L vk B B pHL{H
T 08+ i KRB AR KK L A AN 55 45 ) Xt
PSR It S A I B < S e PO = K]
L4 (SEM) LA B X S 2R A7 5 (XRD ) S5 ff o0 I 457 A

o 60 R T B B A, O R A Rk U8 b b Mg
Cl SO = Ff n] 17 £ B 7 X 7K Ve [ 4k + 72 W )y 24 4%
PR J AR A A SR 5 . AR, 15 Bh SR8 4
1 FL B (ESEM) A1 X IF AT ) (XRD) S5 oW it He
AR KB B, WF5E vl 58 8 AR A o) i & Bk e £
F14) ok X 235 40 R A 2 3 B B2 D, DA 2 8 O %) 0 B 4
B TR K VR Y AL LB

1 RIEA R
1.1 &t

ZN W T R S S RARDIN R[5 F =B/ ST
M2 FR B (LHGYX-LQI ~ 2) (¥ AT R £, BURE T
JEZ R R 3 m b . T B I A2 P LG,
AT T 3 2 5 SR K 0 B RORD ) 2 e S
B i w25 R A L 1R ER 2.

x1 EBRLHWEERER
Table 1 Physical properties of the Lianyungang soft soil

WF T & #hK Ve A 25 A MLARE LA R S 500 3 7K 8 1 45 PIERYE b T HEE
AR BRI RN, o A I 5T B X UK U8 9 ) 2R R EoKAwi% 63.70 4920 ~ 81.40
HAEm R AT T RGBS, (B2 AS 8] 52 i R #p/(grom ™) 1.68 1:56~1.79
. 8 » o \ LBRLE 1.87 1.43~2.19
FF Atk oK ) P 0 BOUL R T 439 B 2 I b o1
23 2 15 [13] ST YR Y = 2 . LT /7% 44.60 70 ~47.10
i A AL B A BF 58 R 3 0 O 5T T AR DT AR A 4K 1 SRR % 24.50 22.80 ~ 26.20
rh iR TV R X KU T 2R R Y 52 e L B G Wbk, 1.95 1.31~2.65
ML, A% SC LA 2 s VA OB G 7 0 91, i AR 20.10 19.70 - 21.60
*2 EZBRIMAEERIER
Table 2 Mechanical properties of the Lianyungang soft soil
. . PO BB R
JE46 Z 80 o /MPa RSB R E/MPa . 0
c/kPa o/(°) ky/(ms ) k/(m's ™)
FEH 2.01 1.48 8.60 2.74e-9 3.29¢-9
LA 1.03 ~2.74 1.16 ~2.35 6.10~11.30 7.40 ~9.90 1.43e-9 ~ 5.36¢-9 1.40e-9 ~ 8.42¢-9

B w3 3 A2 b, G5 SR a0 3 TR,
8 FXF e, 26 3 W RIET 45 i 1 4K % o Bir 45
B MR AR CA B TR E ML) (GB 50021—2001) "
FLRE , & = WG AR UTRVR & s T S Eh i £ L smEh
TAAEVLE L 5 EEEAETORR L AE L, & = H K
TSR BT Mg™ L CTAISO & 1 W] 1 A 5, HiCARIF
G R Mg CLURISOX & 1 % 7K 8 4 3 B 14 5% 0

*3 EZBRIIEERTUESRER"

Table 3 Results of the chemical analysis of two different soft soils

ca’/ Mg/ ClI/  so¥/ HCO/ i COY

M 5 - - - _ - -
3 (mgkg ) (mgkg ') (mg-kg 1)(mg~kg 'Y (mg-kg 1)p (mgkg )

HERBRE 656 5990 2960 3140 1240 743 4570

it 263 0 2128 79 963 7.74 150.80

1.2 EfRERIK e

TR0 R 3 A R R /K U8 (P.O 32.5), JEAC KR
4 FR .
2 REAR

AU 1 27 A1 BC L 5, TF RN IR S
TRV i DA R 3 FhoAT i R 8 1 AL AR X i 1 bk
e A5 B RZ i , FLAR S O ANk S R .

MR K UE A Sy vy 2 B B BB L K Ui e
WL e T Mt 3 2% 45 o 1 AR v 1 K 4B A B RS B
IR e, TR E 2 A 7K I8 | 3K DA R AT sk B 1
FEAI Y R , A AR 5 SCHR A BF 5T AR 1T Ak
R KB AN 21%, KK N 0.5,
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*4 LEEBRHAR (P.O0325) BEAsH"
Table 4 Basic properties of ordinary portl and cement ( P.O 32.5)

25 et/ % MgO/% S04/%

WIEERT ] /min

ZEE ] /min 7 AR /MPa I HE R/ (m kg )

S 2.20 2.12 2.20 205

260 26.40 380

x5 WAMRBETFRIERLTE

Table S Experiment scheme of soluble salt ions

e Mg /(gkg ") Cl/(gkg ") S0 /(gkg )
1" 2 0 0
2 4 0 0
3 6 0 0
4 8 0 0
5 10 0 0
6 0 1 0
7 0 2 0
8 0 3 0
9 0 4 0
10" 0 5 0
11" 0 0 1
12" 0 0 2
13" 0 0 3
14" 0 0 4
15" 0 0 5
16" 2 1 1
17" 2 3 5
18" 2 5 5
19" 6 1 3
20" 6 3 5
21" 6 5 1
22" 10 1 5
23" 10 3 1
24" 10 5 3
25" 0 0 0
26" 6 3 3
27" 10 5 5

B T, B0 37 Bl R R E AT AR B L A 7 R
KR A & He i R ) (JGI/T 233—2011) 1y B3k
AeE R o R KUCE L BREE, 1 2 mm FRRR
PR 07 28 S5 1) AR R K PR B K, i 48 h fiff 5
BLULVE, U RTE K, I 3, TR R LA SR
B, ARt

HAR 6 5 F i RE O BC L, PRI — 2 B < i
+7 Ke . AT IR DL ZE K . K R, Ak
AR LA S IATE AR 1 5 7K 8 SO AN 848, okl
VSR MZRAIB AR A L T8 SR8 22 5k T AR T T
PRI PR A <Pk £ FUKJERE IS 205 e, B HEa Y
RV R WO AR FERL TR PRI AT, Ry R

SR TG A0 B B R 3k 56 19F 9% AT 9 kB kTR

5 B Y R2 ) o U HROR B TR I R, K A A
By 7K Je = H F TR 3 % & T 70.70 mmx70.70 mmx
70.70 mm BB N, FEHR ) 5 B AR 3h, Rk
WS Ao 1 24 h Ja #EAT AR, R A7 T 3R 48rh, %
ABRHEFR I 3 (T=2042 °C, RH=95%) N 32 47 & 45 & i}
TS E N 72 = i € 207 N i 1 B NG I e |
PR BT 58 32 A 52 o), % 47 1) R] 15 2 7, 14, 28, 60, 90,
180, 270, 360 d.

Rl e I 4 2 48 1 i 1], Sz B IF J J6 A B 40 e 3
By, ARUKIRIR I JE WDW-600 %1 (2 5 A% : 600 kN;
K B A 0.50 9 7 (EDORG BE AR I I S 4% 2 2 £0.50% )
TP il F - B 3 50 AL 0 s 7K Ui 342 iy I A BR
U B U AR T R e AR A S, n 2k
ZPEHTE 1 mm/min.

PRI 45 S 3 AR e R 25 S S Y (A % 4
TR A T B 470 5 B AR . Aan S X e U A 5
YI(E B 25 (5 48 2 - Y A £15% B, 23R e %) 03 (8
T UGB, BOR T 2 AN e i 45 5 00 7 S4B A iz
I B 1 TT A R BT H 5 B2 L, G 5 s e
AN 2 A, WA 025 R R o, o 0 R R

3 HEERST

30 BB TR A ot K U - R 5

5200 K U8 3R B G TV SR B T RO Mg
SO, H 4B 17 K Je £ 8 4k i 72 b & 5 K [ 4
FH, A BF 5T 0 9 0 S T 7K U8 - 3R B 1 B R, A
VCHE 7 %2 17 ~ 157 18 o — 8 T 1 A0 2 kD
3R B AR 3 AR ) B2 R T L A
T R R B, BF 4 IR, U R I A T
b K VR b A A AL L T 1 R R
1R B Bt X K U8 A G 0 B FE 38 B B W (1
st g,

ML LTI LR B Mg 3 B i n S 8ok
Ve A f SR AL . B IS BB, ARTE Mg Y
TR BT R B (1 25 S M S 5 A, I B ke
I, 4 LR BT R R W A YR I TE 60 d Z R
B, BT SR 3 I % 304 A MR I TE 60 d
5, ke BT R B I A TR A A R L B — Oy
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1 FRBEFEESFHTHKELRERE
Fig.1 Influences of different ion contents on the
cement-soil strength

0 e AT TR R R 05 ) 5 B — Mg B B A —
o AR, B—SO; & & X He b o B 19 52 5 5
— Mg” M CURY S A BT A ) o 2483 W1 7E 60 d 2 /i
A, el e B 4T R 5 B B SO B 1 1 18 i 52 B e v/ )N

T 5 36 7 354 0 B e e, ik — e e 5 B — Mg” il CT i
S E R . TSI TE 60 d Z J i, IRt
B I SO 3 1 ARG T /N, X — B $h 52— Mg™
L CL Ry RZ I —30

2 L RTR, Mg 1 CI B0 5 0 3 B B0 0 T 88 32 L
HIVHIMER, BEZ Mg R CL 2 38, /K U8 ik bk
(P A i B BH 0 AR . X T B — SO 7, R A
AP 5 5 BE SOL Fr 2 14 34 i 52 B0 H Sl sk /N i s 1
i, X S IR 5 B RS OF B 2 13 N ini 9/ o
3.2 3 FPE AL KU £ 5 AY R

7 s B 1 Mg™ L CLRI SO 25 it 45 AH X 4%
f, WESE 3 FP AT s Eh B A S R B R B T
WAL ORI TT e 3 Fheg A 514 i B o A BR
POESREEMNR . &2 Mg™ . CLRISOX 47 44 F it
WP RsRE . MWK 2 Rl LIE ), 2Ke b A
AT A 8 - (257, JL R B L R 3 R B A Mg
Cl A1 SO ik He 1 o B 22 & M BB AME & W
Mg, CIAISO> I (16"), 1B fit T Al R 47 s 8% 2 A 7
TR BB Mg™ . CLRISO 5+ 7] I 184 4im (2671 277)
A1 3 7K U A= Y TG BIR B e i B 2 B B S Y R R
Fagh, Mg™. ClUAISOZ A7 X Kk Je i B A e K i) AR
HI, BB 3 Fhes & & 0938, a3k 08 ol BE bt e
NI TE .

| [C325" (Mg*=0 g/kg CI'=0 g/kg SO,*=0 g/kg)
16" (Mg*=2 g/kg CI'=1 g/kg SO,*=1 g/kg) M
26" (Mg*=6 g/kg CI'=3 g/kg SO, =3 g/kg) -
27 (Mg*=10 g/kg CI=5 g/kg SO, =5 g/kg) - -

UK/ MPa
NS}

28 60 90 180 270 360

0 7 14
FEgrtia)/d

B2 3MEFEERGTIRRERERRE
Fig.2 Strength of the cement-soil samples under
coexistence of three ions

Mg, CI SO A7 X /K YR 3 J4 X3k et s 388 J3
F AT SR A AR 1, 4R Mg™ | CI RSO3 it [
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HE TR RSN, X —E 28 T LR
FHp, B P F R E—EsS AR . BT Mg™ L €I
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5534

FISO; X 7K e A 58 B 14 52 i B2 B, JF ) 173X 3 Fh s 1
(4 1E SR B (167~24") , 43 H7 4% 85 1 X 7K e 40 J o JiE
A s AR B . P R 58 BE AN 3R 6T .

4B Mg™ . CLAISO2 4 7K Uig - 3 B 14 5% i) it
B, AR A 25 3 Wik F 7 20 ik MRS A o s
F R /0N s e 1 3k 6 % PR 3R 0 8 IR 52 e R EE 1 K,
e 22 i R 22 B % 1A M P2 MK . T 2= AT Y S
fith 2 AR 22 43 i, RIS AR 2258 5 T 43l ok 45 TR 28 3800
AR 27 M5 R 22300 O . B e AR A% D

=
R

ZUREA R, B4 R AR IR IEZS, SR 5 5 %
25 IR ZR I RS- T3R5 4R 22 B3N J7 FLZ L, HE AR AR
M F 53 A BEAEL AR N IO A /0, B A 15 25 RN Y
L3 /N, U 32 TR 38 %t 20 B 45 R A 2 T A1 S 1Y
(RS SO N IDSI VIS E SRR TSRS A (PN

AR b A G D PR Tk, AN TR 1 ) 2 A
T, Mg CUHISO} M 22 M1 5 2 0 3% 7 fi /s o sl it
BB B 22 M5 22 IR, o B HEHR R B TR
SH8 I M R L

6 16~ 24 RIRMIERE

Table 6 Strength of cement-soil samples 16’ to 24" /MPa
s B 0/d
7 14 28 60 90 180 270 360
16’ 0.42 0.77 1.35 1.91 2.66 2.49 3.03 391
17 0.44 0.81 1.53 2.48 2.42 3.05 2.90 3.52
18" 0.39 0.63 1.59 2.60 2.83 2.72 3.11 3.62
19" 0.43 0.80 1.14 2.50 2.27 2.50 3.11 332
207 0.43 0.88 1.63 2.74 2.30 2.48 3.21 3.66
21" 0.42 0.71 1.57 2.65 2.53 2.74 3.33 3.58
22" 0.39 0.80 1.63 1.93 2.57 2.06 3.18 3.61
23" 0.41 0.83 1.51 1.91 222 2.99 3.63 3.15
24" 0.35 0.81 1.46 2.38 2.69 2.83 3.77 3.61
£7 TEHPEHT Mg CIMSOS MREM B EIHEER
Table 7 Calculation results of the range and variance
e Ji
W I9/d MR RE
Mg cl Nora Mg cl S0z
7 4.12¢-2 3.55¢-2 1.65¢-2 2.72¢-3 1.94¢-3 4.44e-4 Mg’ >Cl >80
14 7.75e-2 1.21e-1 3.83e-2 1.01e-2 2.24e-2 2.82e-3 C17>Mgz+>SO§’
28 8.73¢-2 1.87¢-1 2.38e-1 1.14¢-2 6.35¢-2 8.57¢-2 SO>Cl >Mg™
60 5.55¢-1 4.26e-1 2.94e-1 4.64¢-1 2.77¢-1 1.59-1 Mg >Cl >50?-
90 271e-1 3.63e-1 L1le-I 1.10e-1 1.97¢-1 2.15¢-2 ClI>Mg" >S50
180 1.79-1 4.86e-1 3.70¢-1 5.09¢-2 4.10e-1 2.41e-1 Cl >S02>Mg”
270 5.10e-1 2.94¢-1 1.59-1 3.96¢-1 1.29¢-1 3.85¢-2 Mg >Cl >S02-
360 2.28e-1 1.74e-1 1.44e-1 8.35¢-2 5.66¢-2 2.15¢-2 Mg’ >Cl >502

MR T Rl LLE B 25 RO 22 0 i 45 SR AT AR B
(9 HE 1, BE A5 B AF MBI Mg™ . CIANSOZ 3L 77 Xt 7k
U 5 BE Y S e B B AR AR 25 AN Oy 22 45 R AT,
Mg, CI F1SO /S [ B B 1l 52 Wi T 38 Bk A 470 6 o B
AP A (R B, X BT R 5 B 1Y) 52 e i K,
Mg WK, SO H 55 i 24 F7 47 i [ ¢ 4 i, Mg” %o ik
et 5 B 19 g i K, CLIRZ, SO; fie o

25 LTk, Mg™ . CIAISO L 77 % 7K U8 38 8 A5 5%
KA Ve, B 25 & B3, X i o B 3k

B B E R R BLAk, BlE SRR R,
AN TR) AT 3 P 3 B X i B o 1 52 i) R B AN ()5 % g
B R R 0 R 2 O, Mg™ Wk 2, SOZ R 53 4o
it B S S R R A R R 9 2 Mg™, CLk 2, SO
5 o

4 BEBKELHUASNH
ERGE RS PR AP SR i E I s d

R | AR K R S () S5 S0 A R R MR K A 1Y 5
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R, S TR ATV R BT 5 K8 e A RO AL B,
[ B R 58 9 4l L B2 (ESEM) 19 T Be, 73 I WF 5 B 5 1
122 B 54 H R K 8 - A K A A B - 52 ff i A v I
AL L5 A8 23 [ 3 A AL

i
(d) 15" Mg*'=0 g/kg
CI'=0 g/kg SO3=5 g/kg

X

(b) 5 Mg>=10 g/kg
CI'=0 g/kg SO =0 g/kg

() 25" Mg
CI'=0 g/kg SO3 =5 g/kg

=0 gke

AR AN 5", 10°, 157, 257F0 27 He B R [
#1491 (7, 28, 60, 90, 180, 360 d) F 1) ESEM 43 ¥ Al X4}
LAGH oo BT SCEE R R BRI, A RE BRI 28 d
R ESEM( [ 3) 1 XRD 43 #Hr 4

AT AT (L 4)

(c) 10 Mg*=0 g/kg
CI'=5 ghkg SOF=0 ghke

(f) 27 Mg>=10 g/kg
CI'=5 g/kg SO =5 g/kg

3 28diXHk ESEM B3tk

Fig. 3
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ESEM pictures of the cement-soils at 28 d curing ages
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Fig. 4 XRD pattern of cement-soil samples 25 and 27
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B, 22 by <y =T A 10 B 455 7 sUHE S, KR
R AERETRET . AEAB AT AR R R K T 1
(257), AR RGPt 4 () IR FIFEIR (1 49 5 R 45
Ak, 22 () PRANFE AR ) ) SR K e 55 3K R B R &
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