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Abstract

In deep mining operations, the temperature of surrounding rock increases significantly with mining
depth, and high geothermal damage has become one of the key factors constraining safe and effi-
cient mine production. The active isolation of high-temperature rock strata using thermal insula-
tion materials represents an effective approach to mitigating the cooling demands in deep mines.
Si0: aerogel, characterized by its ultra-low thermal conductivity (0.012~0.025 W/(m-K)) and Class
A fire resistance, offers a novel pathway to overcome the longstanding trade-off between thermal
insulation and fire safety in conventional insulation materials. However, the poor mechanical prop-
erties and high production costs of pure aerogel necessitate its incorporation into cement-based
matrices for practical engineering applications. This paper systematically reviews the research pro-
gress on SiO:z aerogel cement-based thermal insulation materials, covering the fundamental char-
acteristics of aerogels, preparation methods of cementitious composites, evolution of thermal and
mechanical properties, and performance enhancement strategies. The analysis reveals that the in-
corporation of aerogel can significantly reduce the thermal conductivity of cement-based materials
by up to 80% or more, yet simultaneously causes severe deterioration in mechanical performance,
with strength losses reaching up to 90%. To address this core contradiction, various synergistic op-
timization strategies have been developed, including surface modification, fiber reinforcement,
multi-component compounding, and supercritical foaming. In terms of engineering applications,
this review focuses on the latest advances in COz foamed concrete and aerogel composite thermal
insulation materials for surrounding rock insulation in deep mine roadways, highlighting the mul-
tifunctional synergistic potential of “insulation-support-carbon sequestration” in these materials.
Finally, this review identifies the shortcomings of current research in the synergistic optimization
of thermal insulation and mechanical strength, microscopic mechanisms, and long-term durability,
and provides perspectives on future research directions.
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FEFAT Y 5 A ERBEIRTEFEMT 30%~40%, ERRHEN FERIE 2 —. @B SR AR 2 5 @5
REFE) 50%, F a7 45 46 1) PRI BB FA e 70 A2 SEDL R BT RE I G B BR 1% . AR G0 MLERIEA BH U 3R 2K 0
kK. Rl BREANR ARG, (HEME. WAMEZE; THREM B SR Bmek) Bk
REL S, (HSMARE R RESCRAEE, X —5 5T, HEBEERSHEEES A KB KPERER Si0,
AR BN S SRR AT 1 B AR e A

S0, AR & — i B K GO SR AR T BRI — 4 2 FLIE A AT RE,  FLER 2 A 80%~99.8%, =il T4
ZETEZ 0.012~0.025 W/(m'K), A& T# LSS FHRERE(L 0.026 W/(mK)). FR1M, A ER T15
PEREZE S EPE AR T, PRI T HERE TRENA1]-[4]. Kb SKEEMEIE S, B RIESER T
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ST REERL A N S SRR, R AR KRBT .
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2.1. ¥ 5HRTEM gE

Si0, B AL LT VA - BRIRTE A IR Eh 2%, FE Rk TG GRE It T3 B0 T 1488 2 BR VA7)
MRB R = 49K Z AU R . HAZ DS MIRFIEAFE: 9K 28R (1~10 nm) . 492K 24 FLB(1~100 nm)-.
8 EL R AR (500~1000 m2/g) LK K &1 R FL IR 2(>90%) .«

B AR S AR BOR T =ML B LHI A RIS 0. (1) REAARAL 5 R B AR o B A i 1 KT
HI55; (2) AMtE SRR SN 25 50 TP E BRE(Z 70 nm)ii 532 %) Knudsen 2N PR (3) 48
SR IR 40K FLBE ) 22 35 S0 T B B PR . X S LI S O B AP E BRI # B S 2 FLAM EL

2.2. SEBRERRMY

R RRAERE R, AVSERAE AN R O, H—, J12Etk Rt — BRI Mt
Ky 58EAR, PUEGREE TN 0.5~4.2 MPa, ML AR H =, AFgAmmn——@IR AT T2
Sk, RekteE, BRI ERTE, SEMM TS TSR R ok, Bk E RS KT
FRZ MR EZE, WERHAEEMEMEREN EZER R,

3. SERKEEEEMRNHIFESERMRE
3.1. HIgFEELE

KB KPE IR BRI S & AR B =28 BERBRE. WURIIERE G S R0 .

BHEBIRT R AR, ARG KRB 5K IPEEM R BEERABHEE.
JEAE SR AR AR IR K3, I TSR ARG . T2 25 R A KHS 70 Fef e i e < sk
R EAT e OOV 5 SRR B b, ) T OO R B R KRS B A DK [5].

TR OIS FH T IR A TR P 1 PRI 1) % o Sl AR S RO AR TR & i, SRR FE G o
TR SR B R RBER (75 kg/m® YR B AL RE T SERL (170 kg/m?), i SRR E #7720 % 7 4%
BB LR TR B[ 6].

Il T COy RIUBIEIIIZ 0 JF B2 F H R I 7 COL FEZK e SAR IR AR — 48 - IOSERE, Al g <%
T PO E 5] K CO T H IR, & T RIm A COL JRIARTREE 1o Z 710K COL I 1L IE & SRR i
FHZE A, AE RS [ RO E T RE[ 7]

3.2. BT MR

KEWFRY, TEREBAEEFOKREM B SRR, HFRESERSE R EML.

TEH KRR HK T, Gao 55K 60 vol% I BNIREE L5, FHAHI 1.95 W/(mK)FEE 0.26
W/(mK), [EIEL) 87%. Ng /5 S PEREIREE LB 60 vol% &K, FHREM 2.3 W/ (mK)[EZ 0.26
W/(mK) [3].

FEIRRIREE LR R, BRI TR . 5Kl 0w 55 1) 4% (1088 2 ot B R VL R TR Bt AR VR IR AR AR L
T0%H}, FHRREMEZ 0.058 W/(m-K) [6]. Liu S5l & 1SR R E - SR REUE 0.049 W/(mK),
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AR () B AN LEL AT A ROUL 2 T B SRR R AE K Ve AR R 5l N KGR AL, X LA
N T e SR AR i3 B, i ELALBR P 923 SR Knudsen RN 17 5 404 R BOK IR B . BB AR,
MR BYUR R, SRR SR R ], MR SRR B 2 TR

3.3. WEFMRE

SRS NF KPR B AR 7 25 R 1) 7 T S0 2 1) 2 0 0 FH A% 0o il J . BRI, Bl SR 1B
BN, EEMEIPUE. PiirmEY 2 RE TEEH.

TERP IR R R, T AR SR RIS SR S AR AR B b I LL A AN 0 39 22 40% 0, 28 d IR GRS I 45.24
MPa [£% 14.45 MPa, [&MRik 68% [5]. fEVREELARRY, Gao FEHIHF ALK 60 vol% BB E FHiE
B 75 MPa [% %2 8.3 MPa, FEIREZIT 90% [2]. 7EmtERETREE T, Ng S5t %2 3 0L A o 5 5
[3].

SRS EE R EFE: (1) AERMRL B SR EEARAS, TTEARORE T #: (2) B IEKR
5K RS 1 22, SV X AR R B GURIALER ;s (3) AR I WK R 2 I B R Bk, 5
i 7K 3 B 1E 35 7K A4

EREERE, [EIRBES IR IR PR R R PEERISERIL, £EHRBEMN
0 M % 5%, BAGHRAENY 28 d PR MEMLK T E 1.93 MPa, HIUEEHT9]. XnlREJET
b B SRR FL B R R AR A KR

4. MEREHESE SRR
FSE “ kG 5 RSB M0F IS, BRICERIE T 2R DGR g

4.1. REKE
R AU A SO TR 5 K B R ST A A (Y 2 B . KHST0 R e K71 M )32 (el
HlZ—.

TARHGERIHFTRE, 4 KH570 /G, ABRROR ] 5 58 BB AR /K VR RD 2, FRTHTRG 45 9 15
k. Bt E AR 28 d BURSREEM 17.13 MPa CGRECHE)HRTFZE 17.92 MPa, HUifi5aE M 2.83 MPa
$2TH 4 3.05 MPa. FTIR 4MHT1UESE, KHS70 fE SRR HIBAL 1 A BRI EE ], B /KR 1 #28 ysr kR
&[5,

T AR YK VA I NN Bl /K Ve 35 52 B B, ) R RV e e s 7K A 4 5 i 2 R P = 4k AR
ZEy, NFUSRIRAE T 1S 8, Wb T 3R R T R IR . MR IR RN 10%0, LRI 53.53
m?/g #ZE 72.92 m¥g, IEEIL 36.22% [10].

4.2. FuEisE

LR Y3 s M R ] S R AR R R RO& AR

5K S5 BRI TT T R AT 4R B R K R R A R RARL I o AR 4RI IR 1 wi%olt, E&H6
R B T 2 A 22 5 f1K(0.085 W/(mK)), BRSNS PEAK 21.15% 0 BREFHERIMR RN SCHEAE 38 9 1 AL
WIME, FLARFIFLAA Frdem[11],

EREIRBK ek R, BWEALEMBNFEEKIE T REMIEPACR . Hou MFFREMH, 2K
SOV IR SR TR 41 4 5 B IR /K e B AR T R 1 BE SR AL &, 75 G AR Re I RIS 1 B A MR e
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W SR FAR IR B R R B A R ST, PTTE ORISR A R 4 [ B 83 7 4 Mk i o

BURNIZRHS Si0, SBH SHEN . WK HRE ZRCHI & 2 & MR . RN S & R AR5
A5 UK, TER C-S-H BERR, FMERSERGIN FBIBREL . MBS RN 5%, Tk
FHik 0.0904 W/(mK), 28 d Hi/E58E A 1.93 MPa [9].

F WG RBR 52 OB ER T AR KE . 2 OB MER IS R %20.031
W/ K)) R s I BUR SRE , FEANGE B4 R AR R A T B2 R 4T T A RH 122 R RE13]
44. BIEF L BHEAR

b LG 25 % J AR I S COp AR ML ARARTR T S B /K e S A1l 48 R BT 77 1) o 1252538 I 7
I PR S 2 T AE COL VEMR T KB4, FEERIEE R 51 & CO TR, TERFLE51(4) 0.2 mm).

A E ST AL . A& R IG AL CO, kIR EE L 28 d PUEIRIEIA 4.90~5.79 MPa, S ERHH
0.1246~0.2226 W/(m'K). HEEMZ, ZEERE CO, FmRIIAE, [HKZFIX 6.27%~10.36% [7].

4.5. HIRREEMLEERTEE

E IR DU e SR SR AR FIALER . SRTHRCR K S A AN, AT RGTHEL £ 1L
T B STV REARTHIRE X P AR BIIFEM . BRI BAZ OISR A

Table 1. Comprehensive comparison of performance enhancement strategies for acrogel-based cementitious composites

® 1. SEREKREE MR REIEE R R AT

e JIEMERE O XISHGEAN HA W . \ \
w7 L e e I i 4 1
i D T > % ’ N .
wme OOV A EEer ses o WiERM, 0 SRR sk
(KH570) o T G e ] 5 HAE Ve RNk 7
Tt 7.8% i
BREFUE LATIRIEAR  BEMR 21.15% s o DRERHEE, S %ﬁﬁggg S R 7
147 I (1%35 L) - HL S A AT ’iﬁ%'m {0F 7S
ZuUER  28d¥HiE 0.0904 . [ EFRIAH, & . R E AR 4
GHEF) 193 MPa W/(mK) T K A LTI ATIR W
- o e IR
mimn BATE o6 00006 L L AENS, B Remky,  OHERS
coin 0T Twimky T E g rzeg COEMH

MAEFIRVER S 1 73 A, 2 S e A 2 AR AR B R T o, B L K e, AT 5
G X RO A, BT SR TR Yulh. 1ZSRIR ML AE T E YRR, TP ER T A R
- KRR GR, HTRAANR RSREGRIETCREY 7T o LT AENE 5 M5 2T HE IR IO ON A FE RE AL
HERIETHRPRHPIPERIPURAE S, JB& T “ 22 abom” sng, HACREUR T 480, Kiztk, S8 &)
BB . 2T Y AL 3 AR B P T I e, SR DA A 2 4 P e S e ki T T3 . &2 oo R it 5
NS R A2 5 KUK RS, A2l C-S-H BB IRAMLER, J& T “ILfRuifl” Shng. 1250
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5. TRERSREISHh

AR KU 35 B A RHE iR 25 A B A F T R (R B R B . IR IR ER T, B IR
JE B SRR I N T 3 T e —— R SRR 1000 m (I, BRI TIA 40°C~45°C, TAFHEEIA
34°C~36°C. [FIA TR IR I AE 1) T ZRIE, RARRAM B S s BT E3RR 5, —Frt:
Béf il ] RV AR 2 —

5.1. AR BRLTESERARAFHNA

ARG R B . BRf MRS A, B N T T AR TR . B SR 5 A
0™ FIRG AR R IR TE R FA BRI BT 7T, SR RITEARIR R - RE AR RE R . ABF A BRI,
5~10 cm NiREERR B[ 14]. DHFCHE— BRI, R B SR ABCSBIERIA R E 20K, R
FREIR IR G FRIR G BE R A IR BOR B2 . R DB IR EKTE . R W MB AL ER
MR ENIEASAIG RS EE, W — AR BRI HARSREE iR IR # R RH 151 A BAR AL
Bl RGURAIE T BOR IR ACEIE AT, SERRBEREERZER, MAHSSCREE,; R
B R AT, PR IACRBT .

5.2. CO, fERR R T HRANR S E % E

CO, VA TR EE A AT BRI R, BERT RS TR - vE IR B, T sREl CO, MEFRIH, ¥
BT BRI + AR P FIEAR MR . BER IS R T AN RIS AR R R B 2R,
RIUAH R 2 S T CO JRRTREE -1 SR BIRAK, N 0.1158~0.1963 W/(m'K); AHEE T CO, AR EE
+, BRI L FIMREE 21.9%~32.9%, TRIEEKERE L E 25.8%~36.6% [16]. O BT,
CO VAR TR EE L 1 FR R FLA T ALTE > . SFLAE TS . KA =P B RAS S B £

Tl SIS S i — 28 R W T I 5 CO AR R R & YRR TR B L (M 7% . TE T 787.14~993.52 kg/m®
JEEN, BT COL IRTRE - S REUN 0.1246~0.2226 W/(m-K), 530 i ok TR 1 B AT S Ak (1 BE 4
PERE[7]. EMBHI IR ZIE 6.27%~10.36%, FIFGLH) CO, fill &I R E: - T4 57 R FHHHE
B ATATI . B TARE A « A BRI e i BUE IR TR B, CO, WA EE L] A I 1E
PATRCIRLE « I 55 PRl A

5.3. SEREERAMRERHEETHRR

Si0; B MR T A R B AR R EPIA 2200 . 4 eSS T R4, Sio, <
B b LB RN AT R A R 2 S BRI G M RMA R, T T IR & @ AR BE T fa #4 [ 17] dlid 1R A2
SeEe 2 HARA, SAERC (6% FEFTF A4 3% SiOr BHR  10%%G LFaRL. 0.9%4MAF4E)Seil 1 Hi ki fE
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B T AEIE PR G I — IR T A R . PV AR Z AL SiO, B IR A FORAEFT 41 4E 2 o0 i k)
il T AR RRAARL, TE 45°C~75 CIRLEZEIEH M MR, HIRARBEZ K TR EMR . REMES
ML, B3E AT 55 8 AR IR R B[ 18]

CEERE, SR R AT RLERT 25 A B HHh 1 B FH  M SE 56 2 B 7 1) T AR BRI Y B
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H=, WO REREA RRA . SRR S KT KAL) Z 18] ) IS5 BREIR AN AR LIRS KAk
BERR TSN S OU R, SR Z R G AL AR

HU, 2P 2R T o R T TR BOR O35 AR TR A A 7 A, (HEAN S
iz TAE SR IRAT R WATAETERES A Z R UAS-T T, & TREHE ok

6.2. KEKMHFESME

JEERAK, ABHBK VeI R IR BLRIBT FT AT EA R 75 TR o

(1) RBRATEERL T R A o AR FEA A B S8 MV R SN R % e, mT R A1 e
J&AS . Abbas 55 CLMETEACH R ] % BT HI T KB AR

(2) ZREZHRAR M. PO RANRAARE . 1 805) . ORGSR 4E) 5 A iR sk
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