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Abstract: In the process of coal mining, when the mine roadways pass through water rich and structurally developed
strata, it is easy to expose water channels and cause water inrush hazards. In order to improve the working performance of
cement-based grouting materials in water rich environments, this paper used polyacrylamide (PAM) and water glass as ad-
ditives to modify ordinary Portland cement. Also, using the molecular dynamics simulation method, an interface model of
cement and admixture mixed products was constructed, and the number of interlayer water molecules was adjusted to sim-
ulate the different water content environments of hydration products. Furthermore, various microscopic characterization
experiments were used to verify the simulation results. The results show that the PAM water glass structure exhibits a
good hydrophilicity, and the strong hydrophilicity enables its binding with C—S—H to have strong adhesion, which can bet-
ter adapt to water rich environments. The variation of debonding energy at the interface of cement — water — PAM — water
glass exhibits irregularity. At a moisture content of 6%, the debonding energy at the interface of cement — water — PAM
— water glass reaches the maximum critical point of 37 465.715 mJ/m®. At higher moisture contents, water molecules pen-
etrate the pore structure and undergo deeper hydration reactions with the interior of the material, enhancing interface sta-
bility. The diffraction peaks in the XRD pattern are consistent with the predicted forms of C—S—H and PAM water glass in
the computational simulation, confirming that polyacrylamide and water glass will react with Ca®" and Si*" generated dur-
ing the cement hydration process. The SEM images show that there are a large number of hydration particles and micro-
pores, including needle shaped and spherical crystals, at the interface between cement polyacrylamide and water glass.
These hydration particles may be hydration products that enhance the interfacial adhesion formed by polyacrylamide and
water glass participating in the cement hydration process. The presence of micropores is the main reason for the changes in
interaction energy and debonding work observed in the simulation. Through molecular dynamics simulation and experi-
mental results, it can be proved that the floc structure formed by PAM and water glass has good hydrophilicity. Compared
with the traditional cement grouting materials, the floc structure in the PAM-water glass modified cement slurry has
stronger adhesion properties with the cement hydration products C—S—H, which effectively locks the water between the

layers of hydration products, thus improving the stability of the slurry in the water-rich environment.
Key words: molecular dynamics; C—S—H; PAM; water glass; moisture; adsorption mechanism; interfacial properties

£, ZHANG 257K e 38 don AT FLAL I 75 8 A

0 E ‘ : i
5| W2 - A SER YA IR, HFFE 1IN A s

R Je T BB, 2 E AR e AR A,
it e [ AR AL R O R TR L AR AR S N, KR o8
T LA 1) R B T LU R B B, 28K A&
B PR AT, 7 E UM 2 A TR R [ RE D3t
dkaE .

DX TR e, GRS = M S A A
BN, 32 “RH ) R K” AR R BRI,
TRERH HIOKAEE A “R s, Sk, smahay” 1Y
B, WK E B IR e B2 . ARk
TR AAT BB A R R, 235 0 A /K A A
i, AR I S A MBS, el 7K 3 A 2 A 54
i, TEPRUESER™ (19 22 4 v ROT R 07 R 45 46 B4R
JRUY, WA A B 2 CRUE T SRR A T 42
FUR, A YR TE SRR fie b ) JCLIE S AR E
B R ERHA PR TN SR, 7E H g3
IR H RN T, (L GUKTE R R A IR 22 |
Yo BvE 58 55 07 T B PERE SRR R 2 . s
IKPERARMERE, $& /K JERERTRHE 5 /K FRIE H B4 0 H

VST A Rl a1 S B S A N A R B 1
HICE R A8 15 SHI 25 ol FHRR 2 K A5 Bl 3 30 e R
ERIK VR, (AR AUEAT R FESE LIRS A A Bl 2E
KHAYAT 45 PWF5E T 22 Rt 43 BRI % K e 3% 1 B 1Y
ANY-# W R (ESE R LR A v W N =
PR T KV BOPT bR RE ;s SHA 25U U FH Kk 3 35 45
PR A Je T 7l R K B B4 T T 8 KR T
AKVERY 725 B, (R I U A K U bt o0 151 e Y A2
o FEZFPKJe iR, RINIEIERE (Polyacrylam-
ide, PAM) FI/K B 58 (Water glass) K E A 45k 19 9 #1
e 2E e, R R KU & KR R TAETERE L R AL
B RNEIERE —FMZARA VLS TR AW, Hik
HE F A0S M R A BE 8 W BN 43 B rh 240 /N Y A Y
L FNZE 1 0k TE BZR A, DL R /K e A K A5
R E M. MK RE HoK AR H CS 5
C5S TEIMRAR Z U 2 i 1 C—S—H BEIE, #1117 55
IR P PR B3 Rk 2 Fb Rk A KRR &R,
AT LA 7K P e o it g, {1 IS N s K BREE . 4R



4458 %% 3

F #®

2024 4F55 49 4

M7, B AT AFFE 4 A 7 22 W e -5 ULt 44 T T, et
A WAL 51 Z AR BT AT AT, 2 K
TXI AR R 45 A 2 At B Y A

o 8 1% 5% (Moleculars Dynamics, MD) fE
M TIZERA T iR Pt 2g et o e
DAHE BIRIFFE v, KAT 25V 1 4 0o Ak A ik s 1 i
s, 5 T — KA HIBLR ke f R LA %
il K NG G 52 3 ABDOLHOSSEINT 45 1o
K P 53 FACRePE, S T — ARk K e K&
YRS Ik, B, s isEe ) T
KA E AR R TR . 2 FER
IR, KI5 AN Z [a] i) 5 11 45 G MO T4k & Al
EREHIAZAL, JF HR S AR S 21 2 IR
i, 5 K O, A RPN A, AR Bl
T H I TR A 525 ARk ST S, 5] Tk —
TR, K- a R, AW AR, REY-
&JBP, B2 -2 PR Y BRSO
A BT Gy b g R A P B A e e i, BT
I, ARG (PAM) 5K BEEE1E R A
Xof i ik R B K P AT R M . ISR o Bl ) 2
U T7 vk, A g 1 KU -5 AR G 7= 4y 1 A T A28,
38 2o I 3K )2 [R] 7K A3 B ARSERK A 4 BT Ak )
AR E KBS, f7R TAEAE &K EL T, K
TEXTIKJE-PAM—IK BE BE RE 45 R & AL HL . E—
Aottt R ZFMOUERAE SE IR XSS SR T T IRE

1 SFREMESHERE

Materials Studio 4% {4 1] Forcite f3k DL H. £ K i
BURE S . RN E . SRR R g
OyMT T H 5 H AR () JCAE 4L A% XA RS R iy
P B P TR0 R P D R AE R SRS )3 1 T A2
FIGATT, PRt 3224 1] Forcite AEE XA 1743 T30
FIFRANITE . TS C-S—H—7K—PAM—/K 3% 5
T4 53T [R] 25 Ra AN BREAIL A, 1 55 20 A AN W] 241
Sy I ZE AT

K Ue KAk 7= W B o3 LB AR 4%, AR 5 4
P A B KA = 20 53, R IR FHAR R (AR A 1A %
B, BB TCKK I R GK &Rk AE R
SR, 72 B ARAL AR R 50% ~70% A iERRES K A4
Y1 (C-S-H, H:th C i Ca0, S K SiO,, H & H,0)P,
W e C-S-H TR EK R, c-s-H
A EH A Z P45, 345 Tobermorite 4544 . Jennite 45
20N R B Ca/Si b2 20 C-S—H Y HL 1A 45 4
IEH C-S-H £5# 1) Ca/Si LA T 0.8~ 1.6, 3w sl
K Ca/Si HL B 23 %) C—S—H Z5 4 7= A i, 3k 4%

Ca/Si [t} 1.2 19 Jennite Fp I AE Jg 47 4 #4 70 B3 i F
0,0, 1) VIEFIE T a=29.508 6, b=22.418 7,¢c=12.4326
() C-S—H ftfile B T C-S—H FEK I Y B
G5k, Xt C-S—H i T AN AL B, JFIMER T —2 =
RAIRGEM . fEKBEB A, KT rlRES C-S-H 45y
KA EAE, #0 C-S-H MR . FIR T
FIAAT LAysk 24 2 v J 1] () g rLHE R 0, DA RAS
FRE R ILEE . ] COMPASS 1T J1 375 4 &
J& 1) C—S—H i M i 47 JLAeT L Ak Fn g & L A, JFAE
1 000 ps A9 55 451 R 25 (NPT) T 422 ha st ik 1) °F-
5, 2 C—S—H BRI 22 15 M Cay8Si;140540Ha0s
B R 2,676 g/lem’, 555 BT BYBLAUBT 5 A2, B
1B C-S-H A 27] LU T i — BB 3l 17 2% 43
Mo FDVIEEERL S PV BERY (Acrylamide Monomer,
AM) HuiRZ: H i BE 5] K R AR IR K P 2P = 4y
FHAY, 1§ Build Polymers BLEOKE 10 /P54 Bk
PREEA R PAM(Cyg Hy NOy) 43 F 17 RS /K 3 35
VR Y TE B R N Na,SiO;, {H 247K Fil Na,Sio; IR &
B, BATTe KA KM RO, A2 B H,S10; Fil NaOH; i
BRI HERS, H,S10; 0 TS B iR A& X A AN
B 1 Rk TR B 5 T e R WU 25 W 51 NaOH H i) Na',
[ L SE A ik W% S 1L, DA TITIE Ik B B A 254, K
RS FRANE 1 s, B8 7850 % 183 Na,Sio; ik
i S IVE, P 2R 1k R RE TR B, B I A0 5 b 4 4
TR A 0 RN 5 -, LB 1 7 oy e A i A A Ak
T

PAM FUK B EELERS R rh 2377 HE S B U, 16 96
i PAM 3T I BEAR G , 22 J5 X o 1B 21 7 4b
DAL, TR . sCH R N AT FE Y, PAM H R RS
W54 5 Kk B 38 v (0 kR R B T R A I, T B R
BT 5 RN 2 (B 12 5 0 B, DT T
SRR ML ZEA . FE T 5, (i Perl JIAS YT AR
WS BT . AEREA TR, HEAT T AL
AR, Je AR Y rh— e S5 B A A 25 T IR A T,
FL B FHOEA W, PR AR Al D A 5 FH 450 BH X6 455 72
MR LA DAL RN IS 1 52 Bk 2328 A iy I 7, 2
AP AR AR A 2R, DAARAS PR N A IR S 7 T
B4 o ) LSS 43 F 4540 AL 5E BUS 1 FH Universal /g
Yt PAM FUKBEEALA AC &1 W, AC &%
JEVEE 1.4 glem’, TEEANA 10 &> PAM AL 110 4
IKBEES RS, Q& 2 fir s XS B AC &,
Universal Jj 347 L0 AG . 35 & QBRI A ), 4
PAM | AYSEJR TN R1, /K BEFE 4540 i R 3h 5 1
FWRERE TN R2, /MR EARN 2 um, SRR
A28 7 pm, SCER SN R 374 K, e &S HE R Gk



55114 i

A K IR K RSB B A R K AL = M R A R R 52 4459
I ; I
: IKfifk

J I R .

© 0 Ho~~ OH o~ om LS

Na* Na n

OH OH OH OH Br

| | | |

\Si/\/ \/\Si \/\Si/\/ \/\S]/\/ \/\Si/\/ ~OH
| | | | |
OH OH OH OH OH
Na* (|)H Na |OH Na* (l)H Na Cl)H Na ?H
HO SiH SiH SiH STH SiH
| Na’ | » | : | ‘ |
OH OH Na OH Na OH Na OH Na
Bl 1 Na,SiOs FEF I H Y SN
Fig.1 Reaction of Na,SiO; in solution
HO Na- O~
Na 0=/ \
HO 7 Na N\ __H H
HO Na' ! Si N Si HO
\, / H \ /Sl H\O/ O \ - - 1
) —0.o__4 9/0/0 g o Y \bH
—1 A
H/ Na'* ~0—0—§;—0-0—"" \ Na* O‘H/ H Na*
Na*
J h
H—
Na'
(a) 7KIEHS

(C)ACH T

K2 KBS NEENTE AC & T HhiESs
Fig.2 Morphology of water glass and polyacrylamide in AC box



4460 %% 3

F #®

2024 4F55 49 4

1] 90%, 4 R1 Hl R2 Z [A] TS /N T B AR R4
I, R1 F1 R2 454, IF HARIR B PSSR B I 45 1E
N7, AU AN 0.5 pm, B EIIA S BT es (14 Sk B2

SERE BB 2R, SRS EIR ST 2.966 24 nmx
2.663 55 nmx3.21221 nm i PAM-/K 3% ¥ £ 80, fn
& 3 Fis

3 SRR K B8 (4 38K B 43

Fig.3 Crosslinking section of polyacrylamide and water glass

# C-S—H 7Y PAM FI/K B3 SZ TP i AR A |
K4y T RS H Build Layers #5844 822, #R 37K 43
T (S FHAS [R] 09 7K 2 T8 B R R R AN TRl 9 B 7K £
7KF (Moisture Content, Cy), 7K 43 FBIINA = 4351 A
50, 100, 150 F1 200, XF Wi Cy 535K 3% 6% 9%
M 12%. Cy ¥ (1) RIHA:

mi—mj
Cn = —— x100% (1)

m;

FLHr, myg R mg 3 0] A AR R TSR ) S, B
O B9 EE R B i (g/mol) 1155 . TEAY HESE 4 Fh AN
Cy O FLRIRE R, #F C—S—H LRI FI PAM-—/K 3 Jg s
RUPARASEE R, DAL, Cy o 0 BYXTIRZ . BlS, 43
FEST Cy M 0. 3%, 6%. 9%, 12% ) C-S-H-IK &
4. PAM—IK3{ K R S8 . C-S-H-PAM—/K B3 R 458
Fl C-S-H-7K-PAM—/K B B 3 ¢ 1) FL T AY , 36 3 3
SERSRIFRSY C—S—H H1 PAM—7K 3k 55 1 18 B AL 30 5
THIAEPE

SRy T IR T B F AR A A, AR A T 5
., $kFFAEEIR (Potential Energy Surface, PES) M

A B89, i ] COMPASS 11 77 3% % # %1 3£ 47 For-

cite BEHAULTICLL, JUMEAEE A 20 000 25 78
ISR b, AT IR KRR, RGN 500 K % #r
2 300 K, LABH 1E WA YA AR B, anlEl 4 PR, 28
w5 BN FRRNER 43 K 4 F L Ca IR T4
S ATER 53 F PAM—K BB A A th iy 23 e, LS 2
TH, MM B ARG, 7RI, Bl PR EL
R A A A] UG IE (A 2k B R e R 10 f
TP Fah D12 Bt B AL B AE NVT R4, 7
298 K RYBIIEE T84T 500 ps( 5), L4217 500 000
e, BHETT 1000 e sk — IR TR g .

2 #REiITE

2.1 tHEERSE

A 7 Sk 43 B AR S TG B RE D7 00 EDRFE A5, AR
HAEFIRE R AU R G A AR R AR A, R AE
SRR LA P AR S A A R R B T R
ROEE b, AHE AR Re g IR A 2 3 F [ 25 e T
FORWG I RGN 2 AN 2 T B R R
C-S-H-PAM-/K B 35 2 [a] (A0 AR BE, X () &
Mo 2 H, C-S-H-7KFl PAM-—7K 3 55 —/K A ELAE
MagEA 3). X @) 5

Eim(C—S—H+PAM) = EC—S—H+PAM - (EC—S—H + EPAM) (2)
Eint(C—S—HJrWater) = EC—S—I—HWater - (EC—S—H + EWater) (3)

Eint(PAM+Watcr) = EPAM+Watcr - (EPAM + EWatcr) (4)

' Eiye s nepany A 7K TEFT PAM-/K 35 38 22 8] (1) AH
HAEBE; Eines-newaen T Eingpamswaten 730 A 7K JE—
7K. PAM—/K B 38K (8 M1 EAE FHAE; Epam Ecosu Ml
Evwaer 23510 PAM—K B3 | KU . /K2 S Ar e iy 3R
%%‘E, EC—S—H+PAM\ EC—S—HJrWater\ EPAM+Water @Eﬁ(ﬁi] 7J( %_
PAM—/K33E . 7KI8—7K . PAM—/KIE s KIA R I RS0 hE.

TERIFE C—S—H 1 PAM—/K 35 38 A1 /K 1Y Bph 5 4%
PR LTI R, 1522 (R LA RN 1 nm, AR I
A 0.2 nm Y EZS 2, DUHBRIE By 10 b =4
JE M AR IR, 7E Forcite #1550 fifi
COMPASS [l Jy & BRI AT, #E 64T 20 000 25
JURARAL G , BT 5 T 298 K i NVT 1E N & 45
Ak 500 ps Fa B 4E M, 2ot — R A, 15 2 ke
(IR TR ZERG S5, A FH 1 4 Y Perl BAIAR X 45 5L 1T A AR
YEHBEIEATIGE . AR 2 HATIT5 4 ps AL [A] T



55114 EFER AR BRI R PRS- BE SARKAL = W) BB HA R B 5 4461

0.57 nm

'

Wz

0.92 nm

C

¢=3.81 nm

o| i

4.42 nm

o=

4.44 nm

o=

P S 3
a=2.96 nm “p=2.66 N

(d) C-S-H-K £4¢

K4 BRI RN
Fig4 Modeling of the interface

B R GERE A PAM—KBE RS | /KR . 7KJZ S A7 7e 1R
FERE, I I =X @) HEATHE . A REA T
A2 AL S IBGER  BicH e E AT B E AR, AR B AR T
A I B e 5 PR TR S BT

ANTR) 5 7K 45 AL 28 48 00 A B A R g B Ao )
FIARARAE LN 6 fTm o AT AR IR % & K = A
H4m, C-S-H 57K I RE Y 1 20 2 ek /ME PAM-—7K
POIE SR BRI IR RS K . IRy PAM—K

POEMET C-S-H B AT B2 A fLBEs 1, B K
Ir TN, C-S—H 5K Sk E 10 i A, (R
ZRIFLBRESFI RS PAM—K B A7 BE 22 MR FRH7 45,
K F A REAEFLBRE A A B A 2R M Bh A AT O, 3 T
FrRER SN o

BB ASAA IR (6] AR T, A AR AR RE I 2% TR R 114
HEAEFHREANE 7 B, n] DA 048 5t 1 ) AH ELAR
FH BB K T S, I EARSS T 18 51, C-S-H—



4462 %% 3

F #®

2024 4F55 49 4

(c) PAM—/K I 7

K5 R NVT REEHIRRES
Fig.5 States of different components in the NVT systematic

PAM-/K 35385 511 1) AH B4 FH B BE T ] 1) 8 5 ok
2%, R ASTR) T [ OB 79 [ (AR 7R 2 i) EL AT B A
AL R AT, AT BT R (H/0/Si) Fifb 425 S
O B 0 s B S K RGN, S I S A A
HARFHRE I TG, IR R B 7K S 18 T
£ C-S-H 1 PAM—/K 33 1, 23 {2k /K4 B AH B
VBRI B, 7K 43— 1A 2 T 3 A8 A 0 35K, T
H A AR 8 53 A B e, B IK 4325 | R
FIRE R, PR 2 I B s A AH AR

HE— 2B I AR B A LA T BE (18] 8) KB,

AR A AR BEAR F AR U RE 7 32 S b A AR

FLAH EL AR Y, TR DR D BT Ak A7 7 A T B8 1 P,

PRIt A AR O B VE TSR A S T W g T
A6 7, X — S A AT B BIF 2T B 52 T Hodh
C—S-H FIK Ft #5274 () 5 i 7 A3 F PAM—K 3 355
FIK LT A BT A, {H P AM—7K 38 555 1K S5 T A5 780 (14
0 A8 J7 8 C-S-H A K Bt 1 58U B B K, i B
C—S—H S B AIAEAE T Z2 (4 B RE R 1 A1 7%

A, C-S—H BRI 3% /KR E] 12% FK )
A EAEHRESLTF T 139.82%, PAM—/K 3% B A5 1 () AH
HAEFHBEHE T T 118.48%, i v] LLIA A C-S—H Al
PAM-—/K 3 38 ELA R 3 1) 2 T 9 Y ke, 3 o 59 T
PERLFE— 2 56 IE C-S—H 1% 2% 1 i {1k, 26 1 103

PERFRKAEAD R R 3 B AR il i B ), B R
TR AR AW 5 RE o B} 2 T ) ) Y 2 5 3
S LA BRI W 7K 238 W 7K 238 15 18 A4 L BE 25 5 T i
Bk ¥ X (Interfacial Transition Zone, 1TZ), FEiZE
I, C-S—H i AR BT 244 5 7Kk e
FM LA b A . Rl SO YK ZE M R
FE I b BRI 5 R MR R A R, HORE AR 9
IR, Horb, 0 3R A ysy A ENR S SR Z (R A 2T
KI5 ysu MR SR Z R KI5 poy MIRIES
AR Z 8] F) sk /1 . 834 Build Supercell 455 e
C-S-H ¥ MRy 5x5 M8 M, 37 A BN 3 nm
(7K F A1, IFEE 5 nm MELZS 2, #8410 nmx
10 nmx11 nm AYIERPEBAUBIAAIE] 10 R,

TR AL IEAT 20 000 A5 B9 JUART AL DLk B AR
IR E PSS HPRAS, Z )5 B B IR E N 298 K 1) NVT
L, AR AR A L R 25 T A 500 ps S i &
T A, ALRLAE SR ANIE] 11 BRSSP 4 i 4 ik £
M 22.448°, PE— A UE W C-S-H B A %5 1Y 26 1 i1
k.
22 FMTIERRFI

FiE RE o o E A TP R Bk 2 A B
P 210 T A RE R, SAH MR RESS L, e T B &
FHREZR Ge 25 Ak B AL 4 5 A T AR A X
Q)= (4) HE, FT MD BEZER, 1iER 5) HHE
FRELA T BRI K

Ein

Wadhesion = 7 (5 )

e Wadnesion A 5T 6] B B 15 B 49 510 [0 14 A1
HAEJHRE; 4 R,

IKPEFR TR 73 BIATAE ] BE 7 25000 v w2, Ji % 2
(W aebonding) B SCAZKJE~PAM—7K 34 385 S IHT | (14 7K X
A8 PAM—IK B BE B e (14 53, 38 56 FH 610 5 R 5 114
TTRETE . TEABIETE T, Waehonding N8 FHK IZAFTERS 1
FHEAEHIREARITI, HARik =

Eint(C—S—H+Watcr) + Eim(PAM+Watcr) - Eint(C—S—H+Si1ica)
A
(6)

Y, Wigonang 91 (7 A TR, PR T
RRER S IR R, e miE U, AT Rk
TS AEAT BB AR R A IE LT H AR KA A
AR RENE . DRIk, W debonding R, B E K RO 5
T B 266 10 T BEPE RO . R B b i 2B 4 T T
TGRS X R RE R SE R . R T RE R T
(Energy Ratio, Rg) R PFAG 5 7K 5o 5t I G 450 BE 1) 5%
M, fE e At TR AR T R G BE B SR A T

Wdebonding =



55114 AR WK IR K eI O R AL ™ W B B A R B 5 4463

MEAEARE/(KT - mol™)

M EAEFHRE/(KT - mol™)

A EAEHIBE/(KT - mol™)

o 0 ¢ T
3 )
g 3360 g
2 6720 )
¥ 10080 2
i N
ﬁ —13 440 ﬁ
_9 660 1 1 1 1 ] E _16 800 I 1 L 32 _25 200 1 1 1 1 )
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
FEALLI 18] /ps UL 8] /ps FEALLI 18] /ps
(a) C—=S—H—7K(C=3%) il (b) C—S—H-7K(Cy=6%) 7H1Hi (¢) C—S—H—7K(Cy=9%)FtIil
8 400 =~ 126 000 =~ 2100
3 3
0 g 0 g 0
-8 400 2 —126 000 2 2100
o 99
-16 800 9= 252 000 = 4200
i i ‘
-25 200 £ 378 000 £ 6300
2 =
- 1 1 1 1 ) _504 000 1 1 1 1 ) — 4 1 1 1 1 )
33 6000 100 200 300 400 500 0 100 200 300 400 500 8400 60 200 300 400 300
AL 7] /ps FEALLIS 18] /ps FEALLIS 8] /ps
(d) C=S—H-7K(C\=12%) 71 (¢) C—S—H-PAM—/K B3 Tl () PAM—7K I3 —7K (C\=3%) FH1HI
~ Ops 125 ps250 ps 375 ps 500 ps
3150 o 3675 = 3675-[ — T
3 3 "
0 g 0 g 0t
-3 150 = 3675 =2 3675
5 N
-6 300 = 7350 &= 7350
i i
-9 450 £ -11025 £ 11025
E E
— 1 1 1 1 J _14 1 1 1 1 J — 1 1 1 1 ]
12 6Ooo 100 200 300 400 500 700 100 200 300 400 500~ 479G 60 200 300 400 300
RN 1) /ps HELALLENT (5] /ps TN 1) /ps
(g) PAM—7KIE 87K (C,,=6%) FL T (h) PAM—/KIE 7K (C\=9%) ST (i) PAM—7KBEFE—7K (Cy=12%) FE 1Hi

Bl 6 REEKE (Cu=3%. 6%. 9%. 12%) T WA E VETIRERT 8] 0928 k1 o

Fig.6 Variation of interaction energy over time at different moisture contents (Cy=3%, 6%, 9%, 12%)

[ JPAM—KBEE+C\=12%
PAM—7KBEHE+C\=9%
M
PAM—/KIZHE+C\=6%
M
PAM—/KIH5+C,=3%
M
[ ]C-S-H+C=12%
] C-S-H+C,=9%
[ C-S—H+C\y=6%
[ C-S-H+C\y=3%
+PAM—7K B 3

12 105.106 45

11 623.679 7

5815.473

29 315.940 2

446 898.651 67

1 1 1 1 1 1 1 C
0 4190 8380 12570 16760 20950 25140 29330 448330
E;/(k] - mol™)
K7 2 AR R B A A T RE

Fig.7 Interaction energy for the sectoral model




4464 # £ E 4 2024 455 49 %
31500 - EOCS-H(GE3%) 502 800
[ C—S—H (C,=6%)
1 C-S—H (C,=9%)
[ C-S-H (C,=12%)
26 250 |~ [ PAM—/K 343 (C,=3%) 419 000
T PAM—K B (Cy=6%)
~ [ PAM—7K 33 (Cy=9%)
5 21000 - [ PAM—/K I (C,=12%) 335200 T
£ [ C-S-H+PAM—/K 3 g
= N -
= =
S sk m® -l Bt 251400 3
& L1 Riy
B — &
/
1050077//___” . 167 600
5250 83 800
—
0 0
8 A AR A AR AR EAE AR
Fig.8 Non-bonded interaction energy for various interface models
Yv )
Vsv
Vs H2E 25 nm
=)
=
Ko e ffin i -
Fig.9 Schematic diagram of contact angle
PiAfe 2 . HAtHR AR (7) Brs. Rg MIE <OV
N o \0
{1532 1K P~k ~PAM 7K 382 8 1 2% 1 4 AR 45, Re E—

MR, BRESBORGR . M, 24 Ry S SUER, B i Y
Hoi i DIy o R B0 20, S S SR Ak T R T S 1R
R

Wd(ad.hesion) _

Wd(C—S—H+PAM) - Wa(C—S—H+Water) - Wa(PAM+Water)

K10 Sy
Fig.10 Interface wetting model

RE:

Hor, W g(adnesion) 1 W \(debonding) I3 3 R AE PR
B 451 R 7K U6 —PAM-K B 55 (1] f4 2% R 2 5 6 2,
W (debonding) 5 LA T SR [48], W y(adhesion) E LN
T2 R /K U8 -PAM-—K B 58 (4 A0 H.AE F R 5 K A7
1T 7K —7K U6 R K —PAM-—7K 35 35 (%) 48 B 1 ) B
2. NG 9 BAT K JE-PAM—K B IS 25 4 1 55 A0 1E

Ww(debonding) Wd(C—S—H+Water) + Wd(PAM+Water) + Ww(C—S—H+PAM) - Wd(C—S—H+PAM)

)

FHs Wae s mpamy N T HR AT T S0 RS0 F 25
W s mpamy N TR A5 18 5 10 R G 00 0 % 9
Woic—stirwateny M Wa(cs-tswater) 739 7K P FIZK Bt BT
IFIIEZE LI W amtewaten) T Wapamtswaten) 739010 PAM—
IRBEISFUK A EE R T ARG D) . AR AR T, T
B K AIAEAE, K TR PAM—7K B B R 7 42 42 i

B SR AR A R

Fig.11 Simulation results of interface wettability



5113

A A KRB K JE R BRI AR AL IR R R R 52 R 4465

I, KU AT PAM-/K B 35 2 [ () A ELAE FH BEAS i B2
i @i, #E—2P R Q) X F KK
PAM—/K 3535 = JCIK R, K IRR 5 PAM—/K 3 38 2 1] Y
FEAEHRE

WW(C—S—I-HPAM) = [Eim(C—S—H+PAM+Water) - Eint(C—S—l—HWater)_
Eint(PAM+Water) - EC—S—H - EPAM + EWater+
Eint(C—S—HJrPAM)]/(zA) (8)

M, Einges nepamswaen HKTE—TK-PAMIK B R 58

LS EAEIRE; Ewaer A EBRKTES PAM—K LRSS
K= HA R

ULAh, iR T B 1 %A% (Degradation Rate,
Rp) e H 4k 7K Y8 ~PAM-—K 3% 38 [ 25 71 78 180 18 4% 1F
TR R o Rp 19 5E SUIE TR S TR B D)
(Watadbesiony) -5 WHRZS T MBI D) (W adbesion) 2 LE,
=L 9) firs . Ja# 2Bk KA PAM-/K B
5 2 IR B A B 7, rTaE A X (2). (5) R
(K, Ry 7, 2 I 7K U8 —P AM—7K 35 5 55 18 %) [ 367
RETEZ5 5 52 BI52 M

Wd(adhesion) - Ww(adhesion)
RD =

x 100% 9)
Wd(adhesion) ’

Sy AR 1 AE 12 FdRE.

R1 FESKETHMINRFTI EE LI E S pemRE

Table 1 Adhesion work, debonding work, energy ratio and adhesion degradation rate at different water content

B 3 AR /9%

TR % fERE L

BB /(mI - m?)

i TI/(m] - m?)

C-S-H—k PAM—KHIE—K
0 1.000 0 90 721.173

3 1.975 147.474 28 362.634 2161.082 1220.519

6 1.452 163.411 37 465.715 3 665.496 1 871.069

9 1.922 144.342 24 899.865 4 778.448 2482.410

12 1.769 147.148 25 885.324 5182.711 2 658917
| Lo7s o 1 B Bk g~k 1 PAM-/K 85 58— K 1 S 16 B
18 1769 B} I Bifi 2 25 7K o B0 38 n i TR AR K-
16 i PAM-7K 3 55 5 17 19 % B 00 05K, 23 9 A T 19 4
ol 10 4% 538b, AKUB—K i) J T B 2 1 ik LE PAM—K
< o LLo0o B KR, BB C-S-H MK 45 & &8 i it
08 // PAM-7K 3 5 K 2 45 T R 2, s PR A 7K O
0-6/ FH A A RS (—OH) B AR I | Bt R A A
o / (—CO>)., Fk itk (—Si—O—) Al 4k (—COOH),
0 3ok L T O R 1 o 56 45 7K 2 25 1 L
Ot G G Qo o WM 5 7K 5T A AR A BE 15 BRUE A, i
- TERET . Ry 1 Ry, 7S A ARBIA 7K Bk 4 K T
150 - B R, 350 T M T A2 PR 4 7K 4 T 78 S 1
160 o o1 O B 2R PR , B 7 /K BRI, K 50 T 87
140 ST 1 L, 7 TR K AL, S ATy S35
. iig B RE AN BE R D AR R A Ak, T RE P O Ca®
< Na", O %R0 T 5K 4T 140 1 A8 PR 5 K J 1978 1k
o TSk, 65 3K B T I A R T B M K 4 T
%0 W24, i 7E Hoflb K B R MBS . 24 Cy=6% B,
20 F JIR B DA e KB K 37 465.715 mI/m?, I3 1 e fif %
O G Cooeth  Coos% Coni% FIHRAAH g 163 4119%, T HATR/IMEY 1.452, 1L
®) R, Fi9 7K 8- PAM—K 35 58 T 1 7 LI K 1 B0 7 5

F 12 ARIEGKETH R, Ry A

Fig.12 Calculation of R and Ry, at different water contents

KRB, UK AR A K Je—PAM—7K 5 S Il 2

— A RS, AT EINERRER . 6% FKEE—



4466 %% 3

F #®

2024 4F55 49 4

I 5 055, 7K 50 F B RSN BHLAS PAM-—K 35 B8 o Na™ 57K
Oy R A AR, 0 R C-S-H T Ca¥ K
O3 F AR BAE T, X FRVEFITE 6% oK i ik 2]
KA, S T B AR R . T R K R
BRI H Bk 6% B/, R RS ERE . X
e R R A B R R S KR R K TR 5 8 AR
M PAM—KBERE NS . SHEURZRIY R K KA R,
TE B AU [ R A K A RERR SRS . B K
BRI F B KN 6% IFEE /N R R : 248K
AR, 7K A>T LAY BRI A % 16 X0 B A 7K R A
PAM- KB 38 1T, 2 553859 85 1 S o A S
T 6% F K EXT FH R A, B KE TS
1] ZR G0 2 R B S IR e A2 2 ik
23 fRESTEE

A2 0] 4041 PR %X (Radial Distribution Function, Fpy)
MFRIER G PR FAEREE R MRS r DAl
BB IH— AR B — A R A A R
JEF R SN2 T B, Fop IR BIG(E AR
A0 B XM S e T R SR AR R R A AL . WY T B
WA 2 I 8 L A7 S AR B, f 4 e 4
VR, ffi #5431 18] ) fie L 10 2 B PR A . 3 kA 1)
ST BB BEANIS], AR ) 53T pREL g(r) B R FORFE X
P B TR R R EE B FE RN . E— 2B FE T, DAK
Ay T SR R o, R 1) 43 A R B PAM-
JK B EE H ) Na ™ Fll C-S—H (1) Ca” AR Tt Ji 7
W A AT T 0T o i B TE IR A IR K 40 F 78
ARG A AT B o A% ) S A PR ARG TR
RS (10) BYE AT,
4pn1r25r %Z‘ Z; ANGr—r+8r)  (10)

Hoib, p NRAGHHE; N oA FH R8T
S EALL A BT TR 0 S FI AN 2391 R AR 1) 43 A R B
SRR A A T P B ) R R T R A 1 DR
C-S—H Fl PAM-—KB{HE X 2 Py ot 45 KR A4 i 4
GEAE, AR E My B 2 A B
Fpr WTERBFSEA BY FIRA SR T1 [ RE G L
KRGS IR . (EAFE R, Fop AT R
T B A K RO T, AT A 2R 36 3] R 31
HEEAe . FEARMEFE R, Fop MITHEIESE T 500 ps, LA
PRSI 25 5 A nT SRR B

A2 160 43 A R B e R AE 42 )8 PHES T (Ca™", Na)
FIK I3 F B (Owarer) Z B9 25 0] 23 A5 FAH BLAE FH R
T B ER A R SR R s R ), A SIS T PAM-IK B B
o Na Fl17K 73 FH Owaeer F9 For. C—S—H 1 Ca™ Fil 7K

g(r) =

n

ﬁ:}%t’:} OWater E/‘J FDR’ E*%%%%ﬁu@ 13 E]ﬁi—\‘o

= G =3%
1 C=6%
1 Cy=9%

£ 3 G=12%
240
232
S 24
's 1.6
=
S 038
Ol 02 04 06 08 10
Y]
7/nm

(a) Na*- O,
G =3%
| ] C,=6%
| ] C,=9%
%50 | O C=12%
< 6.4
T 48
232
g 1.6
~
% 0 02 04 06 08 1.0

r/nm
(b) Ca*Oyyer

K13 ARl oA ek K R

Fig.13 Radial distribution function image

AN Cy T Fog PRECEUR B AR, 55 1 0648
7 0.227 5 nm 1% 0.232 5 nm Ab, BERH/K ST C-S-H,
PAM-/K 3 35 2 [B] (1% 5 i e oELAH B A FH S I 45 1L
OwaerNa IHEKBESE Cy MIBGIN, VEEZHT M 3.614 T
B2 2.122, Tj Owae—Ca’ MERFEE Cy O3S N, 144
M 6.286 $ = Fl| 7.659, i B R K 4T BG4 BE
i PAM—/K 3535 Na' 5 7K 737 19 S A A0 ELAE T, 200
B FITF C-S-H 1 Ca™ FUK > T BB A TAEH, fi
15 UKL 120 9 B4, g(r) B K5 ] 14(a) " Oy Na i
ZR7E 0.387 50~0.434 25 nm FELESS 2 WE(H, (HE/ N T
951 WA, B Na™7E PAM—K 3% B8 1K £ rhids A7
FEAS (A AH DG

4 ) PHES 7 J8 Bl G B 50F BY T B C-S-H-
PAM-—/K 3 55 BT Ab 55 5 7K 43 F Z (B A AH H AR
e (7 R IR Fo MR AER 1 B/ X s o] L8 1 11
BB ST ERHBFSY Ca® F Na' 8 it K 271
B, MR (11) 58 P Ee A 5%

rmr)==4mpjz}lgoodr (11)

HHr, n(r) G g(r) AR 53410 B8 p
. i Perl 73145 Ca> 1 Na (O BC A 4%, 11845
RAUNE 14 PR,

FE ST XK, 4 PH B B B Bz K a5 4
J& PH B B 52 ), 3% — RGNS 7K Y R T Y 2K
A, 5 4 e P B e /K Je & 1 Al PAM—/K 335 h



TR BUKIRHEM KIS O SRR K A By B £ 2 1 B 4467

— C\=3%

&
=60
i)
I
40 |
20
0 0.5 1.0
r/nm
(a) C-S-HH1Ca>'
20
— Cy=3%
—— Cy=6%
— Cy=9%
— C\=12%
&
:E
3
=g
0 0.5 1.0

r/nm

(b) PAM—/K 355 ' Na* &
Kl 14  Ca® F1 Na' i {l Oyaer FITLAIEL

Fig.14 Coordination numbers of Oy, around Ca® and Na"

M9 e 1B YA OG . E C-S-H-PAM—K 3 BE 45

FIRZR I, A Ca® R KALIEIE UL = A A 4L,

X R Ca BB A K ILRE T, T U 22 K AL
T K15 BT C-S-H-PAM—/K 3¢ B 5 & K R
Bt KA Ca™ B Na i Ja b fr . V6 /K Y8 i L
R P 5 DA M T Fe AR 7 3B B A2 B 1 | 1 9 2 4 i PR S
T 5K FIER— R IKEE T, XAWTE
THUK I FAERESS S A TIE % | DU FUZ A K,
7R S A (RS E UL, AT 58 C—S—H il PAM—/K
PR Z Rl A A BAE
24 HFMUB

Y5775 % (Mean Square Displacement, Dyg) +2 i
THE STV M8, B R TR B R, A
)KL 7EAK 7K —PAM—K B3 ST AA 2 Hh 4 8 7
J 5 — RV R EA OC, 1 PR B T
S, 335 (12) T Dys:

Dus( = (0 -rf) = 1 3" [0 -rOF]  (12)

i=1

Hor, KA r(0) 5 i DT RIRI IR AL L R

%/
Ez@
&

(a) Na'FTH,Of J5 #R B AL

) &C
“eoce

(b) Ca? FIH,O 1 J& il HL A7
K15 Na'Fl Ca® iy Jeyif i iz

Fig.15 Local coordination maps of Na' and Ca”"

r() R AT AER I ROR R . LT Dys V1A,
YR (D) M (13) V14

:—N}_)rgd Z["(’) r(0)7] (13)

& 16 B45 T7E 10~500 ps BB ] R |, N, C.
O. Na', Si*'fll Ca®"ki 7 #£ C-S-H-/K #1fi . C-S-H-
PAM-—/K BB AL . PAM— /KBS /K B A BY Dys
M F1 D, AEIABEL (< 1 ps, TIEIE SIVEL), K
FA B FH Dys #823 DA 0 2% A= Bk BR B F—AME, 33X 8%
B N R TSR T RO BET, BT Dys iR 260,
Dy Bt R AR AL S i3 K (B B, (B2
TE PAM—K B3 K BT R, 7K 53 FH O [ Dys #HR
R RAB W v T AR 7, 9 H O i D e K ik 5
T 9.65x10°° cm*/ps, 42 N 4 304 15 (3.17x10™° cm*/ps).
J& Na'fi) 384 1% (2.50x10° cm?/ps). 4 Si*'HY 643 1%
(1.50x10°° cm*/ps). M2 T, C-S-H-/K Ftifi Kk 43
T O I Dy e KA 1.50%10°° em®/ps, 1B /K 43
£ PAM—K B IS 3R I 99 Bl 26 K i SR i R T
16 C-S-H i I, Ny PAM—K B 35 4% T C-S-H
FMmHA WL FLBUR 2 [], K 4> AT A 2P 0 7
o H, T C-S—H AR X 808, LS T /K571
P FEREARG T, AT Y B R A, B
PRE O > Na" >N > Si*" > Ca’" > C I, X 5 ki
TG AR | ST A LB 2 A R IR AR R R K



4468 #H % F ® 2024 4E45 49 %
L B FELfr AR ST B2 5 e AR A T B G R 2.5 ARG HT

3RV, HLA AR BN S ) SRt A i
HIFLBR, PR EAT1 32 2 BH A4 /D, T8 25 5 M 28 T fL
BROALEIE . BEAh, AT OISR RIE S Dys 2R AL 2R
ik T 20 T 4 K, 100 BH (A 22 3% T8I B P 0 485 4 I 3850 %%
- E B T P R A2 3 A BELAS SN, BEAS TE AR S B,
Ui B L THT 2R G5 =2 1) A W B AR PR R AR Ze bl Y, C-S-H-
IK-PAM—K B R G ARRME RS

ST BTSRRI S A 5 SR, Gl AN [R5
BRINKETHRE (0.010%, 0.035%, 0.060%) Fl7K I3 (10%,
20%, 30%) il #& 0 17 AR AT T 4B 1 B s
(SEM) 43 #7 o T FE S ZEAR HEFR P 4540 329 28 d
Jii , PEHUR R PERE A E 4T SEM LR, anf&l 17 FTR .
AT AR BRAE 7K 6 2R TR A T B R K 3 338 S T b A AR
ZKACTIURE, AL £ IR ES TR BRI S5, X ek h

1.2x1077

0.002 5
© 0.002 0 8.0x10% 2
g :
ng‘om 5 g
0.001 0 4.0x10°% =
IS
0.000 5 . -33%107°
0
0 100 200 300 400 500
AR 8] /ps
(a) C—S—H-7K(C\=3%) 7T
0.006 2.4x107 0.015 9x1077
0> mmO> 0> mmO*
1.6x107 & 6x107 &,
g E
- 8.0x10°% < 3x107 =
3 ]
[67x107_5x10° | , : 0
0 200 400 0 200 400
LIS 8] /ps AREALLERT (] /ps
(b) C—S—H—7K(C\=6%) Ft1H (c) C—=S—H—-7K(C\=9%) 7 THi
0.020 9%107 9x107
0> EmO* 0020f— N EEN
0015 —Si mmSi . — Nomm Na® =
ow — Ca* EEICa? 6x107 ‘2 £ 0.015 16x107 2
£ : £ :
20010 i 20.010 E
3x107 2 Q {3%107 2
0.005 S 0.005 S
1 . 0 - 0
0 200 400 0 200 400
HEALLRT 5] /ps AT 8] /ps
(d) C=S—H-7K(C\=12%) 71 (e) C—S—H-PAM—/K %3 7 1]
018 — N mmN oorial—N
015l — O mo- 42.52x10° ~ — Na'
' —— Na" B Na* ‘a 0.0145F — Si
g 0.12F — Si mmSi P §0.0116-
Qg 0.09 | 11 68X19 E 20.0087 |
0.06F 7 - 5 0.005 8 |-
0.03 ¢ {8.40x107 0.002 9
0 B0 = T5%10

0 71 142 213 284 355 426 497

0 71 142 213 284 355 426 497

FEALLI 7] /ps UL 8] /ps
(f) PAM—/K B BE—7K (C\=3%) 1
4.8x10° 0.0342F
s ’,00’28 S5F_ Na*
. "‘g_ -5 0.0228 i
HO0EZ Egoi71f
T oo
3.210° § 0.005 7
0 L

LT 8] /ps

= i
0 71 142 213 284 355 426 497

0 71 142 213 284 355 426 497
FEALLS 8] /ps

(g) PAM—/K 3 55—7K(C\=6%) LT



55114

AR WK IR K eI O R AL ™ W B B A R B 5

4469

1.86
1.55
£ 1.24
£0.93
S 0.62
031

3.24

2.70

£ 2.16

£ 1.62
=

< 1.08

0.54

0

6.5x10° 0.0224 N
= 0.019 2
6.0x10° 2 /,f:ﬂa 0.016 0
7 £00128
5 5506 § < 0.009 6
L 3 0.006 4
0.003 2
0 71 142 213 284355 426497~ 77777777700 71 142 213 284 355 426 497
FEALLI 8] /ps FEABLI 1] /ps
(h) PAM—/K 38— 7K (Cy=9%) 7t THI
N maN 11.18x10°3 00342777y
| — 0> E=m 0™ 0.0285F __ Na*
— IS\I_a*- IS\I_a* Ty 500228 —Si
— | Sz
i i mmSi 1.11x10/’;, §0.0171 i
| 8 Zoollat
- E -}.63><10'5 E 0.005 7
- 6.33x10° !
10-89.65x10°¢ . 3.83x108| 0r
0 71 142 213 284 355 426 4977770 0 71 142 213 284 355 426 497

FEAULIN 8] /ps

K16 N, C. O, Na',

LU ] /ps

(i) PAM— KB —7K(Cy=12%) S 1HI

Py B, Bk T SRR, B A A S A T BRI,
D 2R AT s T e A0 7K 35 38 5 7K U8 AR Ak i A R A Y
Ca®" 1 Si* & A [T, B I 4 5 A 1 266 B4 1) 7K A 7=
Yo TR} FEHES AR X B0 B9 5 10 _E A7 e — L8R AL
B, Sk SEfAL B AT REJE: i Tk IR K fad B b R 5k 1R
AN —VEITEL, WK A=A I B R 2E 5 o

(c) 0.060%PAMANI20% 7K I3

Si", Ca” FEAIR ST P R (RS R R AL

Fig.16 Mean-square displacements and diffusion coefficients of N, C, O, Na®, Si*", and Ca*" at different interfaces

FL B B AFAE XA B B0 8 M A AT
Wi B3 2R e 1 e KR AR N (B 2 G 4
45), 43 PR ) AR BAE Y E T RE YR
Rgh 22248 . TERXRITGOLT , SR IE R RN 7K 3% 55
TEV R B R B TR E B 0+ 58, a1
BEEME | B/ TR B AR ol AR R AR A VR

(b) 0.035%PAMAIN10%7K 3 7

(d) 0.060%PAMFI30%7K 3 38

K17 AIRIBCEE T AR oML

Fig.17 Microstructure of materials under different ratios



4470 %% 3

F #®

2024 4F55 49 4

RERY FER A TR EAE AR E BT, AR
BOmAR T ESWERT, &K 1 LR 5 AL,
AT 5 B AR T 2 0 AR 110 T A B T YA ) S Jo 45 4 1
TP, [l HELA 2P 53 K B3R R s Tk iz 1) ik
I ot JEL R0 g 348 T 38, 43K B — 2 1 PAM
BaJa, PAM &IE N 5E 2 55, ILiT PAM 19 0 B
PG, 7EAK PAM B T, R 55 BRI, Hoit
SEA REAURLE T PAM-/K B 38 1K I 26 1 7Y 55 Al
FIBN R T iR K U -PAM FK B 5 L 4R
EEARTT BEAETE B B, X &840 B i M4 LA T XRD 43
Br, 5B E 18 i, MOGIEMI AT BTG RAE R A , 7K
UE-—PAM FIZK B IS I 2R BEIRZEHFE 11°, 18°, 29°, 34°
4772 A5 AFAE R O i ) T S 0, H v AR e B R TR
T =45 (Cay, Al4Os3) /&= —FhERIRES &, 7K JE-PAM FlI
7K 3 3 AL T 1 e e B S R R T A Y B R
A 5. XRD B B A7 S5 3 AL s
) C—S—H Fl PAM—K B EEAEAEIE AW &, UESE T
AN S K I FAR Z B fb 24 A2 . SEM Al XRD
A3 AT EDULHE 7R T A 2K e 644 RO ES #4 1
S, L% 58] 1) A e R 50 S A 1 BRI L B 45 g A 25 o 22
BEAR BT B, TAALBR 5 2R BRI Y A2 75 S BBl 1 3R
AHEAEFIRER e Sh AN RS 2 072 4k

* Ca,zAl 405, v SiO, + C=S-H . Ca(OH), = SiO?}
* 0.035% PAM + 20% Water galss

*

V

0.035% PAM + 10% Water galss
W "m«mwwwww WWMMMWW

N I 0 010% PAM + 3()% Water g Dalss
MWWMWN‘W

(‘ 010% PAM + 10% Watel galsi
JWMW,«M«MW’ ‘WW -~

|

N ‘ 0.060% PAM + 20% Water galss
A

|
WWWJWMWWW“MW‘M - “ A
A 0.010% PAM + 20% Water galss

MMWMWMW

10 20 30 40 50 60
200(°)

18 KRR BERE FI/K B Y X S EAT 5T B
Fig.18 X-ray diffractogram of cement-polyacrylamide

and water glass

3 8% it

-l

1) PAM-—7K 3 35 Jé 3t R4 04 3R 7K P, 3 — s
AHE AR FRERE B K S A B I A5 BIIESE . s i) 3
AKX B KBS N PAM—/K B B (1) M BE A AU 1,
AT DA FH LA 27 R o 1 i 5 LAt b Rk 86 B,
HOEAEE s = K

2) 6% )& KB SE— A Im S R, i K Je—PAM-
TR BB A RS DR, FRITE 6% &KET, Koy

TFHEM BRI IE BRI, M52 00 ST A B4 BE
SR ERe) B ) W &7 i Svi31 1 b S N R IR0 p R
O3 R HE T BRZ IR KA SN, 3985 T A T AR e

3) 7£ C-S-H-/K-PAM-—/K B B8 FL i R G, i 1
P HCER T O>Na">N>Si"">Ca* >C,
HASTRVRL T I R S AR A v 1 iR

4) TEK IR 2T LA S PAM FUK B A BVE TR,
& B S T 5Ky FERER T KEET.
XK A B T AR BT s B 7 RUK o 7 A2 3
SEFL IR RS, Ak T A Ak B KAV, (4

AR IARE , TGS T C-S—H Fil PAM—/K B 55

Z B FUTETAR EAE R, BETE T SRS AL (RS P AN
ZEOR L

5) TE AT AL, e A TR 0 O i AR
BTN M T i K B B 5 K e K Ak i A P AR Y Ca™t
N Sit & A R, T R K Ak P 1 e A R o S i
BE P, X4 g K TR A A A e B SR

5 2% ik (References):

[1] B —JL, AR, o, 45, R E ARSI Z UK & 2Ry S

B AR 0], BEDC2AR, 2024, 49(3): 1539-1555.
ZENG Yifan, ZHU Huicong, WU Qiang, et al. Disaster-causing
mechanism and prevention and control path of different types of coal
seam roof water disasters in China[J]. Journal of China Coal Society,
2024, 49(3): 1539-1555.

21 E—JL, dthEE, R, 5 REAA BT X 8 1 ROk K

HIPN S BREOR D). B4R, 2023, 48(10): 3776-3788.
ZENG Yifan, MENG Shihao, WU Qiang, et al. Derivative mine dy-
namic water inrush mode of skylight leakage and its evaluation and
control technology system[J]. Journal of China Coal Society, 2023,
48(10): 3776-3788.

Bl W, fmEE, B, & LTI I EESERTERPEL
FRATR B ATE R ALT]. R4, 2022, 47(8): 3091-3100.
ZENG Yifan, MENG Shihao, LU Yang, et al. Advanced drainage
technology based on multi-objective constraint of mine safety and
water resources protection[J]. Journal of China Coal Society, 2022,
47(8): 3091-3100.

[4]  DhPh, BOETE, dK A, 55 55 Es 18T 2 AT AR — b TRl £ S KA
HI[T]. B4R, 2023, 48(6): 24532464,

MA Dan, DUAN Hongyu, ZHANG Jixiong, et al. Creep-erosion
coupling water inrush model of weakly cemented fault rock mass[J].
Journal of China Coal Society, 2023, 48(6): 2453—2464.

[5] 3K, PBEAR, X, S5 (AL Bl K 2 1oL B Sk S
RFE[]. Bepe4M, 2023, 48(S2): 575-588.
ZHANG lJiafan, SUN Xiaodong, LIU Yang, et al. Study on diffusion
law of dynamic water grouting in inclined fracture and key areas of
water plugging[J]. Journal of China Coal Society, 2023, 48(S2):
575-588.

[6] ZBICEL, ELLLL, Bk, &5 Wi N ZHZITRZ e SR HAR



55114 A A KRB K JE R BRI AR AL IR R R R 52 R

4471

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[J]. €10, 2024, 2(1): 1-10.
GUO Wenbing, WANG Bibi, YANG Weiqiang, et al. Safety and
protection technology of multi-coal seam mining under river[J].
Journal of Green Mine, 2024, 2(1): 1-10.
ZHANG N, MAO Z, SUN Q, et al. The influence of polymer powder
on the ion transportation and antierosion mechanism of cement mor-
tar: From experiments to molecular dynamics simulation[J]. Con-
struction and Building Materials, 2023, 409: 134171.
SHI T, LI Z, GUO J, et al. Research progress on CNTs/CNFs-modi-
fied cement-based composites—a review[J]. Construction and Build-
ing Materials, 2019, 202: 290-307.
KHAYAT K H. Effects of antiwashout admixtures on fresh concrete
properties[J]. Materials Journal, 1995, 92(2): 164—171.
SHA F, LI S, LIU R, et al. Experimental study on performance of
cement-based grouts admixed with fly ash, bentonite, superplasti-
cizer and water glass[J]. Construction and Building Materials, 2018,
161:282-291.
YAO H, LIU J, XU M, et al. Discussion on molecular dynamics
(MD) simulations of the asphalt materials[J]. Advances in Colloid
and Interface Science, 2022, 299: 102565.
MANZANO H, DURGUN E, LOPEZ-ARBELOA 1, et al. Insight
on tricalcium silicate hydration and dissolution mechanism from
molecular simulations[J]. ACS Applied Materials & Interfaces, 2015,
7(27): 14726-14733. .
DUQUE-REDONDO E, YAMADA K, MANZANO H. Cs reten-
tion and diffusion in CSH at different Ca/Si ratio[J]. Cement and
Concrete Research, 2021, 140: 106294.
KAIM F, ZHANG L W, LIEW K M. Atomistic insights into struc-
ture evolution and mechanical property of calcium silicate hydrates
influenced by nuclear waste caesium[J]. Journal of Hazardous Ma-
terials, 2021, 411: 125033.
ABDOLHOSSEINI-QOMI M J, KRAKOWIAK K J, BAUCHY M,
et al. Combinatorial molecular optimization of cement hydrates[J].
Nature communications, 2014, 5(1): 4960.
DONG Z J, LIU Z Y, WANG P, et al. Nanostructure characteriza-
tion of asphalt-aggregate interface through molecular dynamics sim-
ulation and atomic force microscopy[J]. Fuel, 2017, 189: 155—-163.
YANG X, CHEN Z, LIU X, et al. Correction of gas adsorption ca-
pacity in quartz nanoslit and its application in recovering shale gas
resources by CO, injection: A molecular simulation[J]. Energy,
2022, 240: 122789.
XU G J, WANG H. Molecular dynamics study of oxidative aging
effect on asphalt binder properties[J]. Fuel, 2017, 188: 1-10.
LUO Q, LI Y, ZHANG Z, et al. Influence of substrate moisture on
the interfacial bonding between calcium silicate hydrate and
epoxy[J]. Construction and Building Materials, 2022, 320: 126252.
XU G, WANG H. Molecular dynamics study of interfacial mechan-
ical behavior between asphalt binder and mineral aggregate[J]. Con-
struction and Building Materials, 2016, 121: 246-254.
LIU Y, ZHU Y, LI W, et al. Ultra micropores in macromolecular
structure of subbituminous coal vitrinite[J]. Fuel, 2017, 210:
298-306.
LIN Y, HU Q, WALTER M J, et al. Hydrous SiO, in subducted

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

oceanic crust and H,O transport to the core-mantle boundary[J].
Earth and Planetary Science Letters, 2022, 594: 117708.

WANG R, WANG J, SONG Q. The effect of Na* and H,O on struc-
tural and mechanical properties of coal gangue-based geopolymer:
Molecular dynamics simulation and experimental study[J]. Con-
struction and Building Materials, 2021, 268: 121081.

BAI'Y, SUI H, LIU X, et al. Effects of the N, O, and S heteroatoms
on the adsorption and desorption of asphaltenes on silica surface: A
molecular dynamics simulation[J]. Fuel, 2019, 240: 252-261.

WU J, WANG X, LI H, et al. First-principles investigations on the
contact electrification mechanism between metal and amorphous
polymers for triboelectric nanogenerators[J]. Nano Energy, 2019, 63:
103864.

SHEN X, ZHANG Y, MA P, et al. Fabrication of magnesium/zinc-
metal organic framework on titanium implants to inhibit bacterial in-
fection and promote bone regeneration[J]. Biomaterials, 2019, 212:
1-16.

CHEN J, LAN L, LIAO X. Depression effect of pseudo glycoly-
thiourea acid in flotation separation of copper—molybdenum([J].
Transactions of Nonferrous Metals Society of China, 2013, 23(3):
824-831.

TAYLOR H F W. Cement chemistry[M]. London: Thomas Telford,
1997.

TANG S, HUBAO A, CHEN J, et al. The interactions between wa-
ter molecules and CSH surfaces in loads-induced nanopores: A mo-
lecular dynamics study[J]. Applied Surface Science, 2019, 496:
143744.

SUN Z, L1 Y, MING X, et al. Enhancing anti-washout behavior of
cement paste by polyacrylamide gelation: From floc properties to
mechanism[J]. Cement and Concrete Composites, 2023, 136:
104887.

HOU D, YU J, LIU Q, et al. Nanoscale insight on the epoxy-cement
interface in salt solution: A molecular dynamics study[J]. Applied
Surface Science, 2020, 509: 145322.

HAMID S A. The crystal structure of the 11A natural tobermorite
Ca, 5[Si30;75(OH), 5] + 1H,0[J]. Zeitschrift fiir Kristallographie-
Crystalline Materials, 1981, 154(3-4): 189—198.

THOMAS J J, BIERNACKI J J, BULLARD J W, et al. Modeling
and simulation of cement hydration kinetics and microstructure de-
velopment[J]. Cement and Concrete Research, 2011, 41(12):
1257-1278.

RICHARDSON I G. Tobermorite/jennite-and tobermorite/calcium
hydroxide-based models for the structure of CSH: applicability to
hardened pastes of tricalcium silicate, B-dicalcium silicate, Portland
cement, and blends of Portland cement with blast-furnace slag,
metakaolin, or silica fume[J]. Cement and Concrete Research, 2004,
34(9): 1733-1777.

BATTOCCHIO F, MONTEIRO P J M, WENK H R. Rietveld re-
finement of the structures of 1.0 CSH and 1.5 CSH[J]. Cement and
Concrete Research, 2012, 42(11): 1534-1548. .

ALLEN A J, THOMAS J J, JENNINGS H M. Composition and
density of nanoscale calcium-silicate—hydrate in cement[J]. Nature
materials, 2007, 6(4): 311-316.


https://doi.org/10.1016/j.conbuildmat.2023.134171
https://doi.org/10.1016/j.conbuildmat.2023.134171
https://doi.org/10.1016/j.conbuildmat.2019.01.024
https://doi.org/10.1016/j.conbuildmat.2019.01.024
https://doi.org/10.1016/j.conbuildmat.2019.01.024
https://doi.org/10.1016/j.conbuildmat.2017.11.034
https://doi.org/10.1016/j.cis.2021.102565
https://doi.org/10.1016/j.cis.2021.102565
https://doi.org/10.1016/j.cemconres.2020.106294
https://doi.org/10.1016/j.cemconres.2020.106294
https://doi.org/10.1016/j.jhazmat.2020.125033
https://doi.org/10.1016/j.jhazmat.2020.125033
https://doi.org/10.1016/j.jhazmat.2020.125033
https://doi.org/10.1038/ncomms5960
https://doi.org/10.1016/j.fuel.2016.10.077
https://doi.org/10.1016/j.energy.2021.122789
https://doi.org/10.1016/j.fuel.2016.10.021
https://doi.org/10.1016/j.conbuildmat.2021.126252
https://doi.org/10.1016/j.conbuildmat.2016.05.167
https://doi.org/10.1016/j.conbuildmat.2016.05.167
https://doi.org/10.1016/j.fuel.2017.08.069
https://doi.org/10.1016/j.epsl.2022.117708
https://doi.org/10.1016/j.conbuildmat.2020.121081
https://doi.org/10.1016/j.conbuildmat.2020.121081
https://doi.org/10.1016/j.fuel.2018.11.135
https://doi.org/10.1016/j.nanoen.2019.103864
https://doi.org/10.1016/j.biomaterials.2019.05.008
https://doi.org/10.1016/S1003-6326(13)62535-2
https://doi.org/10.1016/j.apsusc.2019.143744
https://doi.org/10.1016/j.apsusc.2020.145322
https://doi.org/10.1016/j.apsusc.2020.145322
https://doi.org/10.1016/j.cemconres.2010.10.004
https://doi.org/10.1016/j.cemconres.2004.05.034
https://doi.org/10.1016/j.cemconres.2012.07.005
https://doi.org/10.1016/j.cemconres.2012.07.005
https://doi.org/10.1038/nmat1871
https://doi.org/10.1038/nmat1871

4472 %% 3

% 2024 4E5F 49 %

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

PELLENQ R J M, KUSHIMA A, SHAHSAVARIR, et al. A realist-
ic molecular model of cement hydrates[J]. Proceedings of the Na-
tional Academy of Sciences, 2009, 106(38): 16102—16107.

HORST R, PARDALOS P M, VAN-THOAI N. Introduction to
global optimization[M]. Springer Science & Business Media, 2000.
BALETTO F, FERRANDO R. Structural properties of nanoclusters:
Energetic, thermodynamic, and kinetic effects[J]. Reviews of mod-
ern physics, 2005, 77(1): 371-423.

ZHANG Y, ZHANG J, JIANG J, et al. The effect of water mo-
lecules on the structure, dynamics, and mechanical properties of so-
dium aluminosilicate hydrate (NASH) gel: a molecular dynamics
study[J]. Construction and Building Materials, 2018, 193: 491-500.
LOLLI F, MANZANO H, PROVIS J L, et al. Atomistic simulations
of geopolymer models: the impact of disorder on structure and
mechanics[J]. ACS applied materials & interfaces, 2018, 10(26):
22809—-22820.

SUN W, WANG H. Moisture effect on nanostructure and adhesion
energy of asphalt on aggregate surface: A molecular dynamics
study[J]. Applied Surface Science, 2020, 510: 145435.

ZHOU Y, PENG Z, HUANG J, et al. A molecular dynamics study
of calcium silicate hydrates-aggregate interfacial interactions and in-
fluence of moisture[J]. Journal of Central South University, 2021,
28(1): 16-28.

KONG L, QUAN X, LUO W, et al. Exploration of molecular dy-
namics for the adsorption of anionic emulsifier on the main chemic-
al composition surface of aggregate[J]. Construction and Building
Materials, 2021, 292: 123210.

TIAN Z, ZHANG Z, LIU H, et al. Interfacial characteristics and
mechanical behaviors of geopolymer binder with steel slag aggreg-
ate: insights from molecular dynamics[J]. Journal of Cleaner Pro-
duction, 2022, 362: 132385.

LUO Z, LI W, WANG K, et al. Comparison on the properties of

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

ITZs in fly ash-based geopolymer and Portland cement concretes
with equivalent flowability[J]. Cement and Concrete Research, 2021,
143:106392.

KAI M F, DAIJ G. Understanding geopolymer binder-aggregate in-
terfacial characteristics at molecular level[J]. Cement and Concrete
Research, 2021, 149: 106582.

LUO L, CHU L, FWA T F. Molecular dynamics analysis of mois-
ture effect on asphalt-aggregate adhesion considering anisotropic
mineral surfaces[J]. Applied Surface Science, 2020, 527: 146830.
NEMANI S K, ANNAVARAPU R K, MOHAMMADIAN B, et al.
Surface modification of polymers: methods and applications[J]. Ad-
vanced Materials Interfaces, 2018, 5(24): 1801247.

LIY, ZHANG G, HOU D, et al. Nanoscale insight on the initial hy-
dration mechanism of magnesium phosphate cement[J]. Construc-
tion and Building Materials, 2021, 276: 122213.

KAI M F, ZHANG L W, LIEW K M. Carbon nanotube-geopoly-
mer nanocomposites: a molecular dynamics study of the influence of
interfacial chemical bonding upon the structural and mechanical
properties[J]. Carbon, 2020, 161: 772—783.

HSISSOU R, BENHIBA F, DAGDAG O, et al. Development and
potential performance of prepolymer in corrosion inhibition for car-
bon steel in 1.0 M HCl: Outlooks from experimental and computa-
tional investigations[J]. Journal of colloid and interface science,
2020, 574: 43-60.

KANG H, KANG S, LEE B. Strength and water-repelling proper-
ties of cement mortar mixed with water repellents[J]. Materials,
2021, 14(18): 5407.

BESSAIES-BEY H, BAUMANN R, SCHMITZ M, et al. Effect of
polyacrylamide on rheology of fresh cement pastes[J]. Cement and
Concrete Research, 2015, 76: 98—106.

DE-GENNES P G. Scaling theory of polymer adsorption[J]. Journal
de Physique, 1976, 37(12): 1445—-1452.


https://doi.org/10.1073/pnas.0902180106
https://doi.org/10.1073/pnas.0902180106
https://doi.org/10.1073/pnas.0902180106
https://doi.org/10.1103/RevModPhys.77.371
https://doi.org/10.1103/RevModPhys.77.371
https://doi.org/10.1103/RevModPhys.77.371
https://doi.org/10.1016/j.conbuildmat.2018.10.221
https://doi.org/10.1016/j.apsusc.2020.145435
https://doi.org/10.1007/s11771-021-4582-4
https://doi.org/10.1016/j.conbuildmat.2021.123210
https://doi.org/10.1016/j.conbuildmat.2021.123210
https://doi.org/10.1016/j.jclepro.2022.132385
https://doi.org/10.1016/j.jclepro.2022.132385
https://doi.org/10.1016/j.jclepro.2022.132385
https://doi.org/10.1016/j.cemconres.2021.106392
https://doi.org/10.1016/j.cemconres.2021.106582
https://doi.org/10.1016/j.cemconres.2021.106582
https://doi.org/10.1016/j.apsusc.2020.146830
https://doi.org/10.1002/admi.201801247
https://doi.org/10.1002/admi.201801247
https://doi.org/10.1016/j.conbuildmat.2020.122213
https://doi.org/10.1016/j.conbuildmat.2020.122213
https://doi.org/10.1016/j.carbon.2020.02.014
https://doi.org/10.1016/j.jcis.2020.04.022
https://doi.org/10.3390/ma14185407
https://doi.org/10.1016/j.cemconres.2015.05.012
https://doi.org/10.1016/j.cemconres.2015.05.012
https://doi.org/10.1051/jphys:0197600370120144500
https://doi.org/10.1051/jphys:0197600370120144500

	0 引　　言
	1 分子模型构建与计算方法
	2 结果与讨论
	2.1 相互作用能
	2.2 黏附功与脱黏功
	2.3 径向分布函数
	2.4 均方位移
	2.5 微观试验分析

	3 结　　论
	参考文献

