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Abstract

To address the intensified thermal hazard caused by fissure water seepage in deep high-tempera-
ture mines, this study aims to develop a novel grouting material that integrates excellent injectabil-
ity, mechanical strength, and thermal insulation properties. Through orthogonal experiments, the
effects of water-cement ratio, polyurethane content, and water-reducing agent dosage on the perfor-
mance of alow-heat-accumulation polyurethane and ultrafine cement slurry were systematically
investigated. The results indicate that the order of significance of factors affecting the overall perfor-
mance of the material is: water-cement ratio > polyurethane content > water-reducing agent. The
optimal mix proportion was determined as follows: water-cement ratio of 0.25, polyurethane con-
tent of 5 wt%, and water-reducing agent dosage of 0.1 wt%. XRD and SEM analyses demonstrate
that the phase change materials (PCMs) were successfully incorporated into the cement matrix. The
reaction between polyurethane and water produced gel-like substances, which formed an interpen-
etrating network structure with hydration products such as calcium silicate hydrate (C-S-H), signif-
icantly enhancing the material’s compactness and durability. This research provides a composite ma-
terial solution with optimized performance for grouting engineering in high-temperature mining en-
vironments.
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1. 5|8

TEN R, iR K BT IR ATE,  H AT AR XA 0] B A R F B R [1] [2]. 2R
TERIZ I RN 5645 R, ARGUKIR IR LS, BAEIRE N JER FAKIERT e RATFH, T3
TWRBKKRAE . R, WERER TR IR R R . BRI R R i & a

BN U R R R AR /N . AR TR R, ZEAH [RIZK K L 2 B0 H B Sl /K U8 SEAR AT K % . SE A1)
e PR DA P S A AR R, TR L — KV K B =3 £ [3] [4]. Chen Z[S|WF R, 76 @
IKPEF 5N 10%~20%iE8 407K e °T B 2 08 OB sl 1t 5 715 e . ek, 4K e 5 48l i v 9] ek
PERCNIEFUE A, ZOBURER (6] R I SR B IROK R S IR RIS B 0, A/KIE S IR s BT 25%,
MK R 2.1%. [E4M%E Markou 5[ 70 A FIKAZE(10 pmy 20 pm. 100 wm)EEAH /K Y8 1993 5 CR #E1T
XFEG, I 10 pm ZEBGHKJEXTEIE R AL 107 em/s FILIHD E R A ZIE 92%, i = T K TR 1) 65%.
BN, AR B S K BEBIE 52 B 0GTE . AR R AEAR (8 E I R a0 R I, 4K e -
T HE R TEIR RN 3.2%, MHEKIEIKBIE 8.7%, K HAREYH /K Je E M HEA B AL 1 A
(BN VEIIRAIAFAE Gy R BRI REIAS R G 8hEG, i@l 5 AR S &3 — S 9].

BB — P DURIEM B SPEARAR, SR BRI Bl i A AR —Fh 2 ThRe & ot iR,
A SRR TR L FH T 7K 8 R S5O [10] o SRR SR ARG AR S T S M R Y8 J2 B ] mT 9 S50 A
R TR, 2 H AT E bR FR R ORI O AL S AR 1] [12]. REARE S5KEE S IERM LS
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TN R s S A UM R Rk, RO U R . Zheng S5[ 13 1R KR R & IR K P 2 =
HAEL, 28 KRG GREILF] 13 MPa, PURISREE 6 MPa, FLHILS AR . Fan 5514145 3K B KIE HK
PERAME S, Wil RA RIFPURTEREE SR R, AR SERMEIZMET s 540
BUEREIUAL, SRR H BRI R AER DI BCE AN, HX T 40 B LU R 2R 5 1k BE RO RE M AL
il 1 T AR AW FE[15] [16] -

JEERM BT T CBUS — g BE R, (BE X IR A H NI LR A O A& GUKIeREA R TE
P2 Pmi/KRIRE /198, AR AR . RMBEAE,; @ WA B SMER TS H R
PR IIRE, MELAECK RIS T #0E: @ BT M RHER & TERE RO R RV i AN BB, Bh=Z RGEH)
PALWEFE[17] 18] T8k, AHFFEE IR LR E AR E S - KR E SIER MBI, 2R
HAsavkRe . ENE SRRIAERE, JvsniR s R TRER HLEOR S

2. MRRHIE
2.1. SEHHHY

2.1.1. BLKE

WA /& K1340 EBARERGh/KYE, HALFERM R 1. 32 2 fos. ZKIEMPEN RO S
BAFE: WRMEH 920 mPkg, AR <6 um, HAKAE <20 um, 3 RPUEME >30 MPa, 28 Kt
JESEE > 60 MPa, J# & 4HZLRR A2 R [19].

Table 1. Chemical composition of ultrafine Portland cement (Unit: %)

= 1. BEERECRUFE RS (B %)

CaO SiO2 ALO3 Fe203 SO3 MgO Na2O K20 TiO2 LOI

62.51 21.53 4.08 2.89 3.04 3.31 0.21 0.57 0.3 1.25

2.1.2. REAREE

A IS AL RE(FS) K & #h R U T — /K & W3 (DHPD) i % T AR A2 € 16 € HH A2 A BH CPCMEs)
A BHCPCMs) 5 2 & 5 4 B2 (RPEG) & 2 1. T 5 2 K 5 2 R WL I (PAPD#Z AN R i B LR &
FFEAEE ISP T ] %K & AR AR I & H(CPCMs-RPUF) o

2.1.3. Rk
I WH-A BURRIREKS, AERAR, TR, TEME, B EEE 0.1%~1.5%, BEWH
MBS B, $E K YR SR 2 B [20]

2.2, EXZRE

2.2.1. RBERSKFE

R LE(A) s B 15 (BRI B (C) =<K B 040 52 4 PR RE RO 31
ERMEL, ABFSORA=HE AP ERSE R, WL 2. (KIE LY IEsc stk o M5k, tnk
3 i

22.2. EAMRRHIE

e RS LA A 58, AR DR SE R F AR LLARBUCR &R KIBAUK, BEPEL 5 B 5], i
IKHFFEAFEAEIL 5 /080, BLEIRIENE 2R, IRSNESE, FE 24 ML, HIGTEERE 25°C. W
FE 98% 2 F IR 28 Ko LIRS T 1 fiow.
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Table 2. Factor level table (%)
2. BFKFEER%)

FSEN
K — o ISV
JKIKEE A KA E%) B AR (%) C
1 0.25 5 0.1
2 0.30 10 0.15
3 0.35 15 0.2

Table 3. Orthogonal experimental design based on the different mix proportions

3. ETAEEALHIERZ R’

ARG S TR IKIKE A Rl 5(%) B & R K (%) C

1 A1Bi1Cy 0.25 5 0.1

2 A1B2C2 0.25 10 0.15

3 A1B3C3 0.25 15 0.2

4 A2BICs 0.30 5 0.2

5 A2BaC 0.30 10 0.1

6 A2B3C2 0.30 15 0.15

7 AsBICa 0.35 5 0.15

8 A3Ba2Cs 0.35 10 0.2

9 A3BiCi 0.35 15 0.1
ma |
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Figure 1. Flow chart of test steps
E 1. R LRRIEE

3. MR GR Ko
1. ¥ILREERTIE) R AR A BE S A
F 4 R ARG - BT MR AR ) DR 3 4124 e 1) 2 07 8 B 45 21
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X2 5~7 AT 2 1R] S A BEREAT AR ZE A b, 8 I AT DO KT R ) KA RN B ME R ZE AR,
iy = DR AN [R) 7K S AR A Ko 58 R 248 s T ) 52 i DA 22 5 1 o

5 ONWIEE IR ZE TR, T DU HEAS [ DR 36 B2 A A R AT P ] 6 B2 R B HE PR AR O s 7KK
th(A) > RAMRBEB) > BKFIC).

Table 4. Test results of different factors on the initial and final setting time and flow rate

= 4. TEE R THIL R E R E R R

RS TR IKIKEE A RETEZ B (%) B J80KFI(%) C - HIEE [A](min) 258 [A](min) #2305 (mm)

1 AiB.iCi 0.25 5 0.1 133 338 240
2 AiB2Cs 0.25 10 0.15 146 354 235
3 A1B3Cs 0.25 15 0.2 137 365 230
4 AoB1Cs 0.30 5 0.2 178 355 280
5 AoB2Cy 0.30 10 0.1 165 362 275
6 AoB3Cs 0.30 15 0.15 153 378 270
7 A3B1C 0.35 5 0.15 189 365 325
8 A3B2Cs 0.35 10 0.2 175 376 315
9 As3B3Cy 0.35 15 0.1 164 395 310

Table 5. Range analysis table of initial setting time under different factors

F 5. NEREZRETYIERREIRES R

Wik JKIREE A RATBE%) B WK F(%) C
Ki 416 500 461
K> 496 486 488
K3 528 454 491
ki 138.67 166.67 153.67
k2 165.33 162.00 162.67
ks 176.00 151.33 163.67
R 37.33 15.34 10.00

Table 6. Range analysis table of final setting time under different factors

F* 6. NEEZRETLEREIRETR

UES IKIRLE A RKABDE (%) B K (%) C
Ki 1057 1058 1092
K> 1095 1092 1104
K3 1136 1138 1092
ki 352.33 352.67 364.00
ka 365.00 364.00 368.00
ks 378.67 379.33 364.00
R 26.34 26.66 4.00
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6 NAB TR ZE TR, W UUE AR 20 B A ARFHZEE 8] R 2 m FE L HE AR O : SRR
BB E(B) > /KKEL(A) > JHAKFI(C).
7 NN EEMZE TR, AT LA AN [E R Z6H S A R ) 8] () 52 M R FE HEFP AR N . /KK L

(A)> R4 E®B

) > kK FI(C).

Table 7. Range analysis table of flow rate under different factors

#* 7. FTRIERTRIERESTE

Wik JKIREE A RATBE%) B K F(%) C
Ki 705 830 825
K> 825 825 840
K3 950 825 815
ki 235.00 276.67 275.00
k2 275.00 275.00 280.00
ks 316.67 275.00 271.67
R 81.67 8.33 1.67

LR LTI RD, = TRIEOG AT 8] & Sl B AR AR S KN R F N KOKEE > REBB & > Hok
I, PR AT 1] IRt 30 D 2% S e bm i AR A LE A ABCs =R 3R 238 F ] (1 52 MR 2 B2 K /NG R
N BREBE > AR > oK, 35 BRI 18] 25 SR PR R L A HE N AsBICae

3.2. fnERE ST

2 0 28 d FRYMIEIHIRG O IR - AR/ B bR 5 P e BB, HSi EEVE FEIAE 7.6~20.5 MPa.

EEE (MPa)

ENGR T

Figure 2. Visual graph of compressive strength data
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8 NPURREWRZE TR, UG AN R 20 A M R 5 5 (0 s e AR B HE P AR U s 7KK
th(A) > REMEBEB) > BKFIC).

Table 8. Range analysis table of compressive strength

8. JUEBEREDSMR

WS IKIREE A ReEBEZ (%) B JKFN(%) C
Ki 49.8 45.4 39.6
K> 35.6 37.9 37.5
K3 27.8 29.9 36.1
ki 16.6 15.13 132
k2 11.87 12.63 125
ks 9.27 9.97 12.03
R 7.33 5.16 1.17

FRAEARIR S5 Rv . A IRFIE Ko, B B K A C IRV Koo KL, B0 2P RE 00 fe
HKPHE N ABICr, RIZKIKEY 0.25, REABMREBEN 5%, BUKHKRESEN 0.1%.

3.3. FRIRMEED R

K3 Jy 28 d RSN 9 AHARE AR EEE - BAKE IR SRR B EE, HSRAEEHEE
0.312~0.413 W/(m'K).

0 BT SRR ENER, BERAR, ARREINE SR SRR R A
RABB & (B) > /KIKL(A) > HIKFI(C).

R RIG Rl A RRVIN K, BREZEIIM KM CHEEVIN K. Bk, BRAER R K
AN AsBsCr, BIZKKLEHN 035, RABBEN 15%, HKFIHN 0.1%.

0.50

e 3 SAEH

[ 0.423
0.40 F 0.394

0.406
0.368 0.371 0.374

@0.35 ! 0.345 0.339
0.312

ZNES TR

Figure 3. Visual diagram of thermal conductivity coefficient data

3. FRRBBIEENE
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Table 9. Range analysis table of thermal conductivity coefficient

9. FRRMREI MR

UES IKIKEE A RABBE(%) B K F(%) C
Ki 1.187 1.204 1.108
K> 1.122 1.105 1.113
K3 1.026 1.026 1.113
ki 0.395 0.401 0.369
ko 0.374 0.368 0.370
ks 0.342 0.342 0.371
R 0.0536 0.0594 0.0016
3.4. XRD 53#fr

Kl 4 R TR RENE - BAKRE SR EHY XRD #iZext . MiZont b Bl Ha] LA g2
B, RENE - BHKEEETEME I T A AT, 00T 20 = 18.9°, 23.1°H1 47.6°. 1E
20 =23 1" IB ATt UE, XFRF CPCMs [HFAEIE, UFEBIFHAS AR U Th 5l N KR a4k . 7E 20 = 18.9°4b
HIL AT N 5 SR A BRI 45 S A 0%, RREMEE SR RTIR T A FAH, X 0] 5ex H ) &

g & e EARRAE I .
29.4° — 4li7k7e ‘
— AR -4 K e
. I I l 51.7°
23.1°
18.9°
47.6°
Ty | LJ MM
1l0 2I0 3I0 4I0 5I0 6I0 70

20 (©)
Figure 4. XRD plots of pure cement and low thermal storage polyurethane-ultrafine cement

4. SKCRFMIREAR RS - BHAKIER XRD

3.5. SEM &#fr

HEERME SEM BRI 5 Fror, APkErb S s DS BRR SO0R T 853078 TR e Sk fL I
HKPe ARG & RAf, FHHA T REERT, TCRETEEUECIR C-S-H @ 2 Z2UREA 2R, /KRR £
TR, RAMS C-S-H MR EF MA L, g &mZam. K sb) b LA B2 AR
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FLIASEH), X AR BT /K IR AR A A 58 4 S B4R FLRR, B R SR A IR R B 5l N AUk, fE—
SEREE BRI R PURRE . ] S(e)FIE] 5(D AT LUE B H ILAT IR BB IR fR A Y AFT, 385 7E KA 5
WITERG, AFT B4R BER B /K Y8 R AR RR B AH (U C:A) SRR R AR T W o

i FRERBRLE R (5 3)dE— DM R, 3R 1 5 20 R B SR = s 45 B 13 i B 5 BRI, X
HHMMER B, MRATRS BRARK WA 1), KEARM=IENE S, LB, FREH
X (0423 W/(m-K)). BEERARGS B8R AHRFE 9), MR R T 5 2 (10 HLEE I X 2 Fidt P
ALK S(e)~ B 5(0). RABEA S FIMAREEBUK, FES A A MPHE T /K RE A AL SR
W, AL RS BUR AR HR, P KT M BB SR RE 1, 3KFF 9 (AsBsCh)IF#4
AERA%(0.312 W/(m-K)), FH SEM EUGH AT ILB B[ Z L5 AR AR & 4 X, XEFHE LR AR T &
R RRHGE R . BEAh, REMR 5K SOV AE B AR 5 C-S-H TR B 58 W28 2540, AT T AR
B A A, 5 AN IK S RAE VA E PR, B EE TR AERE

FREKVE S IR R b, BEEENR S ONAK IR KAk SN B I 34T, SRS 5 7K B A B
B, B RAR AR AE KPR IRAG =, S5 7KVE KA =T B — A B A, 3T B8 A 5 A R R AR AT AR 1
BERAMRBRIICHT, Bk, BT LU SRR K e /K Ve iR AP RE

Figure 5. Microscopic morphology of specimen

5. IR SR E

3.6. RIEEAELHTE

IEAZSZ F AR 45 RN 10 fizr. ATLLBA N, ARBEARFRRIG G, RE MRS BAFER
TERIPPSR . BEhdE— A BT RE S m R Tk RE, (E RIS AT RES X 3 — Tk e r= A A FIFE . N T
AT IX SE AR HLOP JE RS IR R, FRATT R B REFR AR AT TV RAIEI b . FE L, HERE R E AR A -
KB S EEM B R B AERL L KK L 0.25. FREBERINE 5 wit% MK FIRINE 0.1 wt%, BIfLE
H: A1B1C1 o

4. 578

AHEFORARE AR AN 5 AR A R, il — RS PR - K Z etk
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Table 10. Performance test results of orthogonal experiments
= 10. [EAZKIAIMEREMIREER

R e Fe FJ ki 18] LI (] N (mm) RWE L P I FMARK

(min) (min) (kg/m?) (MPa) (W/(m-k))

1 A1BiCi 133 338 240 1528 20.5 0.423
2 A1B2C2 146 354 235 1412 16.9 0.394
3 A1B3Cs 137 365 230 1202 12.4 0.368
4 A2BiC3 178 355 280 1446 142 0.406
5 A2B:Ci 165 362 275 1338 115 0.371
6 A2B3Ca 153 378 270 1128 9.9 0.345
7 AsBiC2 189 365 325 1358 10.7 0.374
8 A3B2Cs 175 376 315 1239 95 0.339
9 AsBsCi 164 395 310 1065 7.6 0.312

RERAL AIBIC) A1BICi A3BIC2 A1BICi A1BICi AsBsCi

FFIE R GRS ) E AR T

1) @ IR ST, BB . SRR 5 B ARG TR0 A AR5 T E )5 i A
o KRR R MR RS B 5 DU SR M iR R BE R 3R s RABR S B2 JUE M RIR AL RE(IR S AR EO M
B EBHE, JEXEEN AR50 s AR B RS AT O

2) PORIRERY], R E AR B CPCMs)# L 51 N KJE AR . SRR -5 7K SN 2R R R 1 55 7K
TesKAL (N C-S-H)IE R T BU# [ I 27 W28 451, X212 R & AR R U i AVE S BTV RO AL ER
Bhifio

EREBETARNERE . J1#smfE K IRINThEE, € VG T il HER TR St RC oy : KK L
0.25, FREBERINE 5 wt%, WOKFIGINE 1 wt%. ZAE iR BURTY il K 3 A E RS ) e it 7
— AT DD RETETE S A R

SE
(11 ZEW. ERSEE T /KRG B B B 1375 FiA % R FU[D]: [t 221850, HR: H RIS K2, 2021,
2] TKE—. BRI P AHR R RN FE LB S [D]: (k2 A 5], R AR, 2015.

[3] XDGFE. B /KR IR A HE R A K ey R ARG 5 T2 N A 7 (0], 3 BORHE = Bt S (B 2R B2 AR), 2016,
18(4): 8-25+76.

[4]  FE W, B0, k. SiEKVE 5B KR KRR /BT K 3 i SR EUATF AT (D). RERR Ehid R, 2017,
36(5): 1673-1678.
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[71 Markou, I.N. and Droudakis, A.I. (2013) Factors Affecting Engineering Properties of Microfine Cement Grouted Sands.
Geotechnical and Geological Engineering, 31, 1041-1058. https://doi.org/10.1007/s10706-013-9631-9
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