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WARWITR IR BN A 110 mm, [E% PCE B ER
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Eb 514 2(PAS-2). 4(PAS-4). 6(PAS-6)Zk 1R &W,
Y wic 035, EREGMBE 1.0%0, HYIHER
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TN INRENE W IR A 22 55 — /KA JBCR I tH B if 1),
o PAS-6 SEZE R AT . 7 LA MR S 45
P2 O AR R £h /K VB 1 e RE . H RTZR IR
H IR SAGMs Kz fE ML MANTE 2, iR
E YR BT IR X BB PR G R 5
Wi 1 75 BRI T

ATAEET W 3-FEENRMPAHE, L
AA. AMPS. WIHMEIE(AM) AR, R B B
EEEHEAEY(AA-AMPS-AM), 77 MPA H
HEXT AA-AMPS-AM 7 T E R ANE, 2T Zeta
HLASE AL A HUBR I B (TOC)IF T T AN MPA F &
T AA-AMPS-AM %t SAGMs % [T W B 3=t 42 ) 5 1)
A, @i Ca®'. SO . AlO, BHLISZENK, W
FAF MPA FIE T AA-AMPS-AM X = BH W5
fE et AR R U, SE TR Ca®'l SO, L ALO,
WAL, KX S 2, BAHH XRD & 24T
AT DL BRI 30 0 2%, B9 1 AN 6] MPA
H & T AA-AMPS-AM X 32 B =30 v i F2 15210
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1.1 &

A TAERH ) SAGMs A BHLFE R 5 A ]
A6 B 1L T R AR IR Eh K Ve Bkl SR B A AT e
BAEEAE T 09I I T8 )1 X ) A R A | ) A

HEMAERK. BARELA 512 1. HiERE
IKYEHRE R ) AL oK IR AR R A5 (C4As S )
Al B-C,S, H ClA S 4115 65%. WAHBETEHEM
IR 2 91.66%. HHKFEH 70.30%HA i
BN 7.35% I BRFRES « BRERTR 2k /K V8 Bkl ALA 8 1)
W H SR 1, BERER S K Ue BB 4 2 R W
* 2. REVEBIER, WHHRRAA) 2-T8 7
FIE-2-H I - e R (AMPS) IR IR IBERZ (AM)-
3-F A ER(MPA) LR LR (Vo) it AL A (H,0,)-
AAMNBINaOH), HIAD ol RBEMENT KA #
BTN 7000 PLENTEE, WSETVLIZEA& )
BHEARAH .

1.2 AA-AMPS-AM HI& 5 R1E

1.2.1 AA-AMPS-AM [HJ#il#¢  0.001 mol ] AA.
0.099 mol ] AMPS #10.030 mol ) AM JiIA 30 mL
ZE TR E R AR H1F 2] A W 0.033 g 1 Ve,
0.083 g ) MPA N 20 mL £ & 1/K P #1753 B
W R B AR B RS IR B ZR (BW100, TR7E
BB A PR BTN 2] =3UR M, =3
A 0.093 g HyO, Al 5 mL 2 577K, IR 1 h,
WINEEH G, RIRRN 2 h, a8 30%[%) NaOH
WA pH HZE 6~7 IRAWERHE, 2N BO.
W AA-AMPS-AM H ] MPA HE, 751008 0.2%-
0.6%, KAV niltn4 N Bl fil B2, AA-AMPS-AM
5> FEmE 1 s, Hd m=1, n=99, =30
122 AA-AMPS-AM Hy4lif, H RS RN
J& AT RE R AELEAR RN S A I BRI i@ A R4 vT
PLERR, BAGPRIT . REWIEBEENEE
TEHRN 7000 FIENTRALHZREMREARA
B, HHERRAE RS TR, 4 TR
BUNE SRR OB I, T E RN ER S
BITENE Y . B AW e L B 7K, HEHESER
Pk TaiK, BETEAELSR. KENaith 5 m
AA-AMPS-AM 7 51iCA polymer-2. polymer-4 #l
polymer-6.

F1 FWEEBREICERARIEAELFEK

Table 1 Chemical composition of sulphoaluminate cement clinker and anhydrite wi%
Materials CaO SO; SiO, Fe 05 ALOs MgO TiO, Loss
Cement clinker 42.69 8.34 791 1.84 34.03 0.98 1.71 1.21
Anhydrite 41.99 52.81 1.02 0.04 0.08 2.49 1.57

w is mass fraction.

R2 WBEREICE AR IR

Table 2 Mineral composition of sulphoaluminate cement clinker wi%
C4A3S B-CaS C,AF f-CaO CaO-TiO, £-SO;
65.50 21.80 537 4.06 2.93 0.26
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Fig. 1 Structural formula of AA-AMPS-AM

1.2.3 AA-AMPS-AM Z5MRAE RABABOL
JEHIU (LS) A I 25 147 5 28 (RO BRI 25 1) Bt 11 15 1%
il (Waters 2695, & EIRFRE A R)RAE TR AW
97 = WG s o T [ VWO 9SS AR i
{¥¢[PerkinElmer Frontier, ¥4x3%/RERALE (L
WA R AT, FRETE Y 400~4000 cm ' TXHRE i
F B B P RHAE RSO AT R AE . BRAE T T
FEMBTEE R 200 H R, R 5 4 iR 404 DL
1:99 LbBES, WHEZEYS). FEFHLE 7 MPa
JE 77 FARFE 3 min JEHIE, SN HE TRk
Fe A R AT IR . SR A AVANCE-III 400 MHz
NMR  #i4% (Bruker Biospin GmbH, £ [ 47 & 7 A
H )W A P(AA-AMPS-AM)FE 347 7 '"H NMR
PRI B, SRIGHT TR SR A E M AL S TR ok
K, MJEEHREAEVMARBRET D0 7K.
1.3 BN R RS E

13.1 PEREINR  SAGMs [VRBHE . Fkasmtia) M
UL SRR K wie=1.0. FREL 500 g SAGMs,
REMBEN SAGMs R 1.5%, &84 EEZK
Pt GB/T 8077—2012 M4 AR B AR . Wit G
22 BHME BB MR & 60 mm. F4£ 36 mm. JEfE
60 mm fIHHEF . T E BRI SR A, 30s )5,
WO EREE N ER. ERAEYS5/KIE MG
29 5 min WAWMERBEE, FEIHEK 100 30 min
60 min RSN EE . FEMIRET, FVRAT 54K 3 1 A
e, LB R, HEATRsK. ¥
AA-AMPS-AM UL 1.5%BEMA SAGMs H1. %R
[ X britE GB/T 1346—2011, i F 4R Akt 45
IFIA) o $2 [ K bR iE GB/T 7897—2008 4731 1 4 &
Mke 4 SAGMSs HiiHE¥%], fEIN 20 mmx20 mmx
20 mm PR EL , K JBOASE (RO it JBCEL T s v [ 4k =5 [
FE: (20+2) °C, SR : >90%]H [E1k 4 hy 12 h.
1d. 7d#28d.

1.3.2  Zeta FLALFIIR & TR T AR
AA-AMPS-AM 57KIRRURLZ [AI1EF, A FH =ik B

Zeta HL AT 93 BT X (Zetaprobe TM, 3 [E Colloidal
Dynamics 2 &) E T /KJEBIF I Zeta AT, il
#% wic 9 100 [*) SAGMs B¥F, 4 AN 1.5%1]
polymer-2. polymer-4 1 polymer-6 54, ¥
TRA Y 513047 30 min RN, I 52 0RE R ] (1717 L
5. ] TOC [Sievers InnovOx, fE[Et&R-L
SR G (LA RAFIE 7RGV E.
B 15%REWHR 80 g LB TAKIRERS, B
60 g MIREWIEWAM 60 g 1 SAGMs ¥J51HiHt:
120's, #RJE7E 8000 r/min A1 20 C KL 10 min.
1E TOC MHARZ A/, ¥ i R B B S Rk 5
(1) 1/10. FR4E W B A AR B S EIB VR TOC & &,
THHESY IR . BAEERNEI R, FFECF
1
133 Kfb# RH/EESFRME I (TA/TAM
air, £ [H TA LA R A 7)) E KK 17K 5 /)
2, wie=1.0, SZIASEEN 20 pW.o EMART, FRE
4 ¢ SAGMs, HHr 2.5 g KIBHKL, 1 g A FE
0.5g AKX, #ZMIKIEFTER 1.5%PE polymer-2.
polymer-4 #l polymer-6 &%), ¥ SAGMs IR &
WIEIN 20 mL R . BEFHR A A G I E
i, TR HGRES, id3k SAGMs /KL IR
134 MUKARABHT K AA-AMPS-AM DA
1.5%4B 8 SAGMs, w/c A 1.0, K4k 1h J5,
BIBTE 75% MoK S BE WP KAk, RN
45 CHIEZ TR T 48 h, WHEE IS 1FRIFE Sk
17 XRD 1 TG ik f#H Cu-K, &5 (= 0.154 nm)
(1) X 5 2R 75X (Bruker D8 Advance, /i [ 1 & 7
A A KA R AR R B AT T b, R E
5°~70°, FAHHHEZF 10 (°)/min; ff ] PerkinElmer STA
8000 [R5 #443 BT AX [F1 4 122 SR BR AV A B () A7 PR
2d]], BL10 (°)/min FHEIEZFRLE 40~1000 CEHE A
DU ol 1) EE R R
1.4 #YREIH

AR AR = T4, A oK iR B S A
IKBRER RS AT 5256, 76 Ny U4 N, £ 500 mL 12
AMEEAAASE R BN 0.1 g Jo/KBR RS Fl
0.01 g JL/KBREERES, RHMA wie (5000 : 1 Al
50 000 - 1)fsi AR SLie i A2 v RVEMEADTE, FFPE
25 CRAMMANBRT 2 1.5%8 K &% (AA-
AMPS-AM), {8 H] #1354 [DDSJ-308F, R #h+E
H 2 [ bR 5 G (bt ) A R 2 7] 190 5% 9 R TR B
Smin B S, FEIN S min B—XEWR, 7
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BT BOEAT I I8, AR 20) FIEHA 5% MR
FiRE 10 15, 157 FH FL AR & 55 B 1R R B (Pro
X ICP-OES, FEER CHH/RBHA R A a)xHaw =
TR BE AT AR o 8 kI R R A
Ca™". AlO, . SO B TIE KK AA-AMPS-AM
XL ) 5 AR 26 (1 5
1.5 AA-AMPS-AM 337K 4k 7= 41 B9 220
1.5.1 AA-AMPS-AM XF 50147 e i FE M52

FREX 0.3 giBHTJ5 it AA-AMPS- AM, VAf#{E 100 mL
ZET KA, FCHIRL 3 /L AR 500 mL =
FH, 7E Ny SRR, A BT100M I63h4%,
# 0.12 mol/L NaOH. 0.06 mol/L Ca(NOs),-4H,0 Fl
0.01 mol/L Aly(SO4)s-18H,0 (0.01 mol/L)/K & 53 5
PL 0.5 mL/min FRJE & 3 2238 A\ = 0ee H o 7E it
FE b, (8 S R AE 2 min iK% 1 VB S K.
Ik 4h, 5 min WA — JOERFE R JE A
0.22 pm FIREE Al D2 BRI B [E AR 0k
KPR 2 E AR 10 fi5, A A Pro X
ICP-OES MR A H Ca®*y AlO, 1 SO,% 3 FhEs 1
IR

R G, PSRRI TTEY, )5
1E 45 CHIBEZHAR P T 12 he TR Aok R
BN O R A AE B B BT, T SR A
FAE, B XRD. TG-DTG VLMK S HE TR
TWEE(FESEM, [ -R /R 2w ol 2 AN 28 42 A1) 550 &
AR EVIESTUAFE ST I RAE .
1.5.2  AA-AMPS-AM S 4RIt i it B2 1 520

FREL 0.3 g iENTIG Y AA-AMPS-AM, TRARTE
100 mL 25 & F7KH, Feilsk 3 o/L REWHR, ¥
7.5 g Al (NOs);'9H,0 73 Hl¥E T A FE RGP K R
A 30% (BiE 7 HO)ZK, KSR pH &
WA 6. HBAUKAERET 2 XES O, {f pH
HIEHNZ) 7.

R G, BOPSECEFEETTE, )5
1E 45 CHIBEZHAEF TR 12 he TR Aok R
BN Ot R A AE B B BT, F T SR A

FAE, 45 XRD. TG-DTG LL % FESEM &% &4
RV RE S AT MR RAE -
2 HRGik
2.1 BEYI(AA-AMPS-AM)ZEH R AF
2.1.1 EHRBEOIRGPC)  H GPCHRHHE S
WAL R &2, A BT AA-
AMPS-AM HyLuf. @0k 3 Fras, 7E 3 HFEsH,
B R A HI T 25 B 98% VLl Y, R B BT
M RARIE R R T . B A G R MPA =11
ahn, #BHFREM,) B TREWM) 2 ¥
TERM)BEIGmES, 2758485 PD)E
1.9~2.3 Z [8], UL G oy 1 Rl B BE G 7 1 3
Iz EARH B . X T MPA MY R H R
86 BAT IR 57 s AEM Y, I B A R L e R
SRR E Ba EER R, Wik
MPA FE 3N, AA-AMPS-AM [¥) 45> F &0,
AR 22N 7000 2438 50T DL 2B & et
it R B ) AR SR, BE S B LR R S
AT D RAE, DE AA-AMPS-AM H &A1
B RS
2,12 44ME1E 5 BT (FT-IR) Faife fE i 3L R
YIdEAT FT-IR W0 47, Wil 2 fios, 7 3400 cm'!
Ab R EEF)—NH, JRB1&, 7E 2930 em ' AW 5 F
—CH; $8ZhUE, 7E 1700 cm ' J&FE NIRZENIEZ AA
th C=0 4, 7£ 1449 cm™ ' KLWELH|—CH R4,
7E AMPS #E ¥ 55H7E 1036 cm ™' A1 1170 cm ™' &b
MEEF—S0; Rz, LLEEEEY AA. AMPS
A AM LRI
213 'H NMR  xHEH4LER AA-AMPS-AM
BT TS ARAE D,O 1, #E4T 'H NMR s,
HE— X RGN 3T G5 AT RALE

M3 ATLLE B, 0=3.30 £ A7 % 244 7 R I
(A5 U, 5=2.01 Z2 47 %5 B 2 FEIR FE 2R AL, 0=1.42
FEATKE N FFE A . S5 K I, AA-AMPS-
AM (153 T 450 5 TR AT o Gl I AR 43X SURFAIE g

%3 AA-AMPS-AM W FERESH
Table 3 Molecular weight and distribution of AA-AMPS-AM

Sample M, M, M. M+ PDI Mass fraction of polymer
polymer-2 31725 60431 111777 126 087 1.904 254 98.99%
polymer-4 41195 94 850 134 497 162 868 2.053 240 98.14%
polymer-6 53343 124 376 166 876 191 661 2.331 616 98.36%

M, is number-average molecular weight; M,, is weight-average molecular weight; M. is z-average molecular weight; M., is z+1 average molecular weight; PDI

is polydispersity index.
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23 BERNFMERE
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24 WRMfILEE

241 TOC  ME 6 mLLAEH, & polymer-2 Al
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Extended Abstract

Introduction Sulfoaluminate cement-based grouting materials (SAGMs) have emerged as a high-performance solution in modern
civil engineering, prized for their rapid setting, high early strength, and volumetric stability in applications ranging from rock
reinforcement and concrete crack remediation to mine tunneling support. However, the intrinsic drawback of sulfoaluminate
cement-its exceedingly rapid hydration kinetics and short setting times-severely restricts the operational window for grouting
operations, challenging the feasibility of large-scale field applications. While chemical admixtures are conventionally employed to
disperse cement particles, retard setting, and enhance fluidity to safeguard early-age workability, the distinct mineralogical
composition of sulfoaluminate cement (characterized by ye’elimite and anhydrite) compared to ordinary Portland cement creates
profound compatibility challenges. Conventional superplasticizers often fail to perform optimally, leading to issues such as flash
setting or uncontrolled fluidity loss. Therefore, the rational design of molecularly tailored admixtures specifically compatible with the
unique chemistry of SAGMs is of paramount importance. In this study, 3-mercaptopropionic acid (MPA) was utilized as a chain
transfer agent to regulate molecular weight during the free radical polymerization of acrylic acid (AA), 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS), and acrylamide (AM), yielding a series of AA-AMPS-AM. The influence of MPA dosage on
polymer architecture was systematically investigated, and the effects of molecular weight variation on the rheological properties,
workability retention, and hydration mechanisms of SAGMs were evaluated, with a specific focus on dissolution-precipitation
dynamics.

Methods A suite of AA-AMPS-AM with tailored molecular weights was synthesized by modulating the MPA dosage during
aqueous free radical polymerization. The successful synthesis and structural confirmation of these polymers were rigorously verified
using Fourier-transform infrared spectroscopy (FT-IR), gel permeation chromatography (GPC), and proton nuclear magnetic
resonance ("H NMR). The performance of these polymers in SAGMs was quantitatively assessed according to Chinese National
Standards: fluidity (GB/T 8077—2012), setting time (GB/T 1346—2011), and mechanical properties of hardened paste (GB/T
7897—2008). To elucidate the interaction mechanisms at the solid-liquid interface, adsorption behavior was probed using zeta
potential measurements and total organic carbon (TOC) analysis. The modulation of the hydration process was investigated through
the framework of dissolution-precipitation equilibrium, utilizing conductivity measurements and inductively coupled plasma (ICP)
spectroscopy to track ionic concentration variations during mineral dissolution. The evolution of key hydration products was analyzed
based on these ionic profiles and subsequent solid-phase characterization. Final hydration products were comprehensively identified
using X-ray diffraction (XRD), thermogravimetric analysis (TG), laser particle size analysis, and scanning electron microscopy (SEM)
for morphological assessment.

Results and Discussion By maintaining a fixed monomer molar ratio of AA:AMPS:AM = 1:99:30 and adjusting the MPA dosage,
water-reducing agents with systematically varied molecular weights were synthesized. Experimental results indicated that reducing
the MPA dosage from 0.6% to 0.2% led to a controlled decrease in the molecular weight of AA-AMPS-AM. This molecular tuning
significantly enhanced the fluidity of SAGMs; specifically, the incorporation of polymer-2, polymer-4, and polymer-6 increased the
initial fluidity to 370, 365 mm, and 345 mm, respectively. Notably, the formulation containing polymer-2 exhibited exceptional
fluidity retention, maintaining 100 mm of flowability even after 60 min. Adsorption analysis revealed that lower MPA dosages
reduced the polymer's affinity for mineral surfaces, allowing a greater proportion to remain in the liquid phase to act as a steric
dispersant. AA-AMPS-AM influenced the hydration process of the SAGMs, a lower MPA dosage strengthened the polymer’s
inhibitory effect on the dissolution of anhydrous calcium sulfate and calcium sulfoaluminate. This is attributed to AA-AMPS-AM
effectively coating the mineral surfaces, creating a physical barrier that limits direct contact with the aqueous solution. Furthermore,
AA-AMPS-AM reduced both the rate and total heat release of hydration, with the retarding effect becoming more pronounced at
lower MPA contents. The polymers suppressed AFt formation and refined the particle size from 1600 nm to 200 nm, altering AFt
morphology from long, slender rods to short, stubby rods. Conversely, lower molecular weight polymers (higher MPA dosage)
promoted the formation of an aluminum-rich gel phase, facilitating particle aggregation on the external surface.

Conclusions This study establishes a clear structure-performance relationship for polymer in SAGMs, demonstrating that molecular
architecture-governed by MPA dosage-dictates their efficacy as water reducers and hydration modifiers. Reducing the MPA dosage
yields polymers with lower molecular weights and narrower distributions, which optimizes slurry fluidity and effectively retards
setting. Crucially, this reduction diminishes polymer adsorption onto cement grains, the resultant increase in free polymer
concentration in the pore solution is pivotal for sustaining fluidity. Furthermore, the adsorbed polymer layer acts as a steric barrier that
inhibits the dissolution of reactive minerals (anhydrite and ye’elimite), disrupting the dissolution-precipitation equilibrium. This leads
to a delayed and modified crystallization of AFt, shifting its morphology from acicular to stubby prismatic crystals. Finally,
polymerization conditions favoring lower MPA content promote the co-precipitation of AI(OH); gel alongside the polymer, which
encapsulates fine particles and creates a distinctly rough surface topography on the final product.

Keywords sulfoaluminate cement; grouting material; 3-mercaptopropionic acid; adsorption; hydration; fluidity





