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Abstract

In recent years, with the increasing demand for energy saving and environmental protection in the
construction industry, the research and development and application of external wall insulation
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systems have received widespread attention. At present, there have been a lot of studies on the ther-
mal insulation mortar for the external wall insulation layer, but there are very few studies on the ther-
mal insulation putty for the opposite layer. This study aims to develop a new type of glass bead exter-
nal wall insulation putty by using glass beads as insulation filler, fly ash and silicate cement as ce-
mentitious materials, dispersible latex powder, polypropylene fibre and cellulose ether as additives.
The study investigated the effect and mechanism of glass beads and fly ash dosage on the fluidity, dry
density, mechanical properties, water resistance, and thermal insulation properties of glass beads
thermal insulation putty through one-way experiments, SEM and FIRT analyses. The results show that
45 wt% of glass beads, 40 wt% of fly ash replacement cement, 3 wt% of latex powder, 0.5 wt% of cel-
lulose ether, 0.3 wt% of polypropylene fibre insulation putty with the best comprehensive perfor-
mance, which is the optimal synergistic formulation of glass beads and fly ash.
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1. 5|8

FEA BRBEVRVH FE R S KA PR ORI R 0 H 2 3 R 50, @ SUAT W I T R gHE C B A 3RO
AR IR FEAE SRR A A R L], I8 MGE A MR IR R G — B PRI S REAE
SR (BT H bR R BEER AR 2] [3]. HAT, XPAME ORI R KT R 2 AR Z, (EXHE AR
[ SRR

PRIR TR ORI R G IR A Z DR T Z 00 2 ) SR, B TANRIEE, AR IR AL
TR RAMRER I LA AT RE RN U R T3 [4] [5]. EAMNTFHE L& —EMRIRREAEGRE, CURBIREZ
JLFFRTH R B R IR SR, RIRERR R & — @ T 5. WahtE. J12etkae. WK Re DL Okt T
JREAE 6], KL, FFRVERE R BROARGHL. HEE AL M ARIR A B B B SO [
1) AR AT 5[ 7]

B PR (Glass Beads)EA—ME T . L. AU BRCRIR B R, DRIAR = 00 ORiis i e . 20
s AERRE VL BOKRARSEL AL, O N TR R SN ORI A R, i A ORI 1 B
R BHERE8] [9]. B H BT & T B A RN CRUB TP B 52 M R 78 0 SCRkAR /D>, 1 PRI T A 2% 7 S5 64
BEAMERE NN EARZ MR AL, LA SH T KRERIRID I A KR

Feng %5 \[10J7ERF 78 HP R T T BEIK BAL FUERFIIZ K 22 Bk 5 A2 32 AR ID S I SR 0, sSeie 2
R, IMNBFUEEANIAE, W3R T% R ERC, I HAREHEE R E1. Jang SEA[11]
W FEAT FIVE AP YEVE VA HLORR ALY, 85 S BAERMIZIK 2 Boa S b 7, sk B 2 & IRl
Ko WHFRIL, EWAAERBNBRET TIM FREMERE, (H4 5307 R RHURERE KR .
Mydin 28 N[ 121858 T HE 04T 4E 08 o i A TR e T M RE PO RE MR o 45 R SR, AW ET4E i N . 35 B8 1
k. oKE . FLIR% . Kabay [13]55 CRHFBHERE, K BACERIART 0 5 B AUKTE K 1) 0% 10%
H120%, KRIHSIRFARSLBRZR T, Im AR AP FUARE PR S2@IESE N [1410F 5T 1 A RIS B 35
IR ER ORI IR IO RE RS . SO0 S REIR, AKBSHLAE 1.3 1.4 F1 LS B, BrEfidromsE. FHELKLT
MR A KR . @i SEM AUERIRIE 4T, R I/ Lo i 5 350N S FL IR b, 52m 7 ARk )
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SVERE . PERIEN[15 ]38 Ik e S T AT T A U ER B B KR O R IR A SR I BRI e . 25 SRR, Uk
DAL ER B B DL RSE IOK IR LR 2 S BT % R . PURPIHTREAN SRR . 2R, HFFEM[16]HFK
FH T W S TR, A T R R AN G GRS PR RE A RE A, B LR A AR R Bl P A A o
FEr R EELZEERH, MEKEE 20.73%. JFiEEE 21.49% N A G B[ 1675 RIRED K T8 iz
Ji & EE BRIk A, RIS 2 R, MK RE G B AR ORI KA . PUR B FARE, 4
BRI AP 3 TR R R 0.3:1 1, RIS 3% &% TP AE 8 bl B B dE

BT OAMIBER, AT LA AGERE R ORI IERE, WK SRR R KR VE N IR EER R, AT 2 Hi:
FURK . RGN BRI, TR T — o B B A Ok SN ORIR IR T B 0K R GR
AL FUER TR B A 45 B0 BTk DR LI 7 1 8 PR 52 T B AR FATLER,, Dy pe A BB A Ak O T 7 R T 7 4
TH T TR R PERE . (kT 2R (9 A AR F DA R HE B s 5001 Re b R 1 dE 2D it B B B 4K
A AR S

2. REMBP55%E
2.1. BRgHR
AWK AL A e K Ve s A B A =] 2 72 P.O 42.5 M@ RERE EhK Ve, ST RESE W E 1.

Table 1. Cement performance parameters

F 1. KEMEESH

bed i LR TR PRAEFFE KSR A0 [A] Lk [R] 3d PULGRE 3d fiifrimE

3.21% 341 m¥/kg 28% 130 min 170 min 30.2 MPa 6.0 MPa

AT TR 0T P SO B I AR IR =] AE P I AR, BB RE S Bk 2 .

Table 2. Performance parameters of fly ash

= 2. MRS H

TN 5 pm 205 5 FLIR A BKE I HERA 2 5 BT [8) L&t [A]
2.8% 16% 0.85% 2.55 g/em’ 1.12 g/em? 130 min 170 min

2.2. fRIBIER
AN TR AT R B M T R F R AR R A IR A B A = BB LR, BARMRESEULE 3.

Table 3. Performance parameters of porous microbeads

3. WUREAMRESH

HERA Al 5 FHRAK BRgOKE  REFAAALR  EBURER
110 Kg/m? 196 Kpa 0.042 W/(m'k) 35% 95% 93%

2.3. 4hm3

AT TR AL RS R A TA R A R 2L (K 48R )6 - LM 3R FL M (vinyl acetateethylene, VAE)f
AT ALKy, FAAPERES Bk 4 s
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Table 4. Performance parameters of dispersible latex powder

4. OHARMIERESH

LN HREE NERYEE FHRi4E D50 FAH R E Wi 2 PH 1&
HEH R 470 g/L 99.2% 92 pm 6.7 MPa 225% 7.2

AT 5K T AR IS R4k T PR =) 52 T4 2 B 40 4 2% (hydroxypropyl methylcellulose, HPMC), B A&
PERES W 5 B o

Table 5. Performance parameters of cellulose ethers

™5 AERMMESY

A Ealifses Tk R PH 14 by, o PRKE R L IR
ERENEN 1.9% 5.8% 7.1 88% 99.2% 1.7%

AHTFCR W KA RE A PR A B AL B9 3 mm PG ET4E, BARTERES B & 6 Fin.

Table 6. Performance parameters of polypropylene fibers

6. RABAHMLEESH

P58 PR PRAE PR I Hit i
350~537 MPa 28.4% 4236 MPa 0.91 g/em® 32.7 um 169°C

24. SKBRTTRE

BT E N AR CRIRR T I, AR E T S A E SRR E 7 iR, RE
FEMEYE N AT 7R EIRRESES, ST Hh 2R & M e s FE I IE A bUAE A ERC 7 (B Ab T2k 45 wit%e,
IR ARKYE 30 wi%o, FLIKEHT 3 wt%, LF4EZME 0.5 wt%, RRML4E 0.3 wt%). SZI0K7F LD 77 LAtk
3D IR T B AR AR S AR 45 B 6 B AN AR O LR T R RE I R

Table 7. Appropriate dosage ranges for each component of the vitrified microsphere insulation putty

F 7. BUREGFRRER FRESEESETER

Moy Z3n
WAL R 35 wt%~50 wt%
LI 1 wt¥%~4 wt%
2R Y F Tk 0 wt%-~1 wt%
P Ay 0 wt%~0.3 wt%
KRR B K e 10 wt%~50 wt%

AW TEAER E PACERAS B, DREFHAMAL D S RAE, SERPAERAIE R (G5 wit%, 40 wt%, 45
wt%, 50 Wt%, 55 wt%), EILXI AN A B FER B R HIE R T REh . T# . S ERE . K PERE.
PR PEREEATIRADT L, WE BBk R ES R, WG, ETIHRERAREKEE, RAEHZRE,
BE— IR ORI AR B (10 wt%o~50 wto) W DR i1 1 BE RO REM - MUTTD B 5 B AL IR 5 A5 SRR Y By
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FsEBEAS, Hm HOWM AR R AR T =2 6 RE R T O &5/ A PERE RS2 HLEE . lic A bh et o7
RN 8 .

Table 8. Design of mixing ratio for porcelain microsphere insulation putty

8. WHHEKRER FE SR

G 5 K KK FLBH LR YR R4 WAL TR
Gl 840 g 360 g 36g 6g 36g 646 g
G2 840 g 360 g 36¢g 6g 3.6g 800 g
G3 840 g 360 g 36¢g 6g 36¢g 982 g
G4 840 g 360 g 36g 6g 36g 1200 g
G5 840 g 360 g 36g 6g 36¢g 1467 g
Fl1 1080 g 120 g 36g 6g 36¢g 982 g
F2 960 g 240 g 36¢g 6g 36g 982 g
F3 840 g 360 g 36¢g 6g 36¢g 982 ¢
F4 720 g 480 g 36¢g 6g 36¢g 982 g
F5 600 g 600 g 36g 6g 36¢g 982 ¢g

3. A%

PAL TR CRIE IR FIOPUE SR . T3 WoKEMEAL ZECRH 70.7 mm x 70.7 mm x 70.7 mm [ 37
TR B, PP o AR 40 mm x 40 mm x 160 mm K 7GR FbAT . W EEEERETRYFE N FE
R IIET 2 d, RSEEBRATERMN 105°C £ 5CHERIHE.

3.1. HAE

LM 2 JEARE JGU/T 70-2009 4T, AF WSS FEOGHEAT RS« MARIR NN =], KRG
EAENMEE, THE SRS 1 mm.

32. THE
T MRS IEFRHE GB/T 20473-2021 AT . T-% B i+ 55 A R3%H GB/T 5486-2008 K(1)iH45, 4541
6 MM, ISR SAR TR

p=— (1)

K p——FRITHEE, kg/m?;
G— iR E, ke
V —— AR, ms.

3.3. Eaemh

Z 8 GB/T 5486-2008 #EAT /1A EREN B, AIFHUE SRR, 3777 R Bl AF FE L i o A
IS 3 ER MO BE 2 10 mm/min) ERGTE IR ; KI7HARPETUS T — AN LTI omE . 45 R

DOI: 10.12677/hjce.2026.152036 166 T AT


https://doi.org/10.12677/hjce.2026.152036

e, HRIEH

SR AP ME, A 22 B P A £10%, T 5IBR 5 B AR 45 RT3 ME . DU TR A

RHAQ):
f=t @
Refte [ —— (R TR, MPay
F—— R R R KA, N
A—— R R ETTRL om
BT A R IR ():
1.5FfL
b = b3 (3)

Kb f, —— ORI T BRI TLITHRSEL, MPa;
F, —— B Wi it in2e il B B 8 N
L ——3CHE RPN S R 2 R BB, mmy;
b ——RBLEIEA HL K, mm.

34. FHERY

PRI T 1) T PR FH B AP T R . DRX-IT-PS S R A A 3 SHRLSHU % 9,
LT 80 mA,  PIELRI =K K AT (E

Table 9. Parameters of probe No. 3 of the heat conductivity meter

9. FREHM 3 SREEH

S HiREAQ) 3k B A% (mm) 5| 22 28 (mm?) TR (A)
B 81.1 25 0.25 0.08

3.5. KEFEURE
Z8 JGI/T 70-2009 MHAMK 2 S8 R WA Pd, R4 3 H, @I 28 d, &4 F(S5)it

HR KR S A R EL
_G 7% 100 4
WOr = v, p. x 4)
L o, —— R ERBIRKER, %;
G,— IR &, ke
G, —IFRIAKET T B &, ks
v, —— AR, md,
p, ——BHRIKIEE, B 1000kg/m?.
_f
K—F (5)

b K —— e 52506
f—— R KRR N TR 3R, MPa;
F—— i FETHIRE T PR #E, MPa.
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3.6. AR FRMBE(SEM)

BURE TR 22 28 d SR L ET 0.5 % 0.5 em [P IREE AL, 0HRE S BEAT AL HRR (F H S 33 e T
SBE IR UAHIBOR 50 £i% . 1000 £ BB .
3.7. LISPKIBSIHT(FTIR)

FTIR X560, it 20 APt il e i e i o7 B R0 i P2 07 o i AL 22 AL BN 23 T S5 A 0 5 8. BB 0418
B E B A 4000 2 600 m™!, FHIXECH 32, R BIEN 4 em .
4. BRE5H
4.1. HE

M1 T RUE H, BEE B ER IS B RN,  DRIRR TR B RN . IR R D BE A B
BRI, CRRIL T b AR SURL R ) BE b 3K, SRR T R s, AR, H
E B R B ER BRI ICE 2 A K S E8E K & R FERAN, 187 5 5 U A BUR 2 5O 3507 2E A1 2R
MG, AEFRARTE nHE LRSI 17].
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Figure 1. The effect of glass microsphere content on the consistency value

1. WAL BT EERF M

M2 R LUE H, BEE R BB AR RN, ORE 73R AR R R X R D B R A
RN o B — Rt EARIGR S5 7 A 00 AL B 7= i, FEBOREE 5 23R, BENS IR ORI I 7 45 420 3
R I ) BEEBE 0 OR 1 B3~ B S s itk s UMY AR BZ B/, RE SR 7e ORI 18 1 /AL BT AR
RIS R, Al DR TR A P R R 18]

42. FHE

K 3 SR ARSI RHER S B SRR T T M. 55 wi%BE T, Bl 7 d MLk,
R 28 d Hifii . SRR, BEBLMERB RN, RIEMT 7 d. 28 d T EFFEEFEK. 45 wi% vie
oo, ZHTBRMRERE, ZJaiag. XA T B TER 5T 2 FLAR P8 L3RRI AR Tk e 8 4 73 - R,
BRI, PAERBREE 2, BURERORL 4 5 HEA S BT R T B IR [19].

K 4 BoRAN R AR B ACE X ORI T T3 B s . G5 RRHT, B BB E N, 7d & 28d
TR, EERBUY: IOV R FIRL, 8 B /N T K KA (201, HA ARG VE AR,
BAUKIR R U B2 5RO, DRI 2 A T DR 7 B AR (2100 Bk, A BRORAEREFE 53 5
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Figure 2. The influence of fly ash content on consistency
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Figure 3. The influence of glass microsphere content on dry density
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Figure 4. The influence of fly ash content on dry density
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4.3. UEREMITITRE

E 5 IR E B E AR BRI T A M RE IR . 55 wtooB AL ki, RIEHRT 7 d PiER
FERIAR A AR, R IEs% 28 d Bl . 5 Eon, BEBLRERIS BN, PiE. PUPramERrei iRk, %
M43 A 21.7%~34.2%F1 11.18%~23.09%. X &R NBALMER VR E R . [KIREM R, HBEENTE

TR KYE AR, HI5S T BRI RE
XL, H5IKNA%EY, MROARLORE, #—PH ik, S 23].

Figure 5. The influence of glass microsphere content on compressive strength and flexural strength
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B 5. BALMERIS EXHUE R R MU iR E AR

—
=)

(]
Flexural strength(MPa)

By, mpESI

K 6 SIRAN RIS AR B R T 7 PR RR IR o BRI BRI N, YUK BLaTom s R
BRI, MRS N 4.5%~12.8%F1 6.71%~14.38%, HFEIEEE &R KTk, FEERFN: FHEK
BROKIE, SEOKFYIE R AR, H155 7B AR . BRI K B — e KLkiEdE, (2
HRP W RROERNE, S RREMEA . mBRET, RRPMWEKNEZ, FEREAERH, HAg5m

FEARTARPEARAG T, ToidAT ROR AN K PRI R (S R, B3O/ I JEE T 1 K [24] o

Figure 6. The influence of fly ash content on compressive strength and flexural strength
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4.4. SHREY
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FEME 53 09 18.70% 19.15%. 10.74%- 9.85%. MIAMFERB EEIT 45 wt% )5, SFRECFER L.
XS RN R SRR 1 R H B AL B P 5 N 2 FLAS IR 40, AT T #vik S8R, BT MRS R
(251, A0, =R S FEBACERTERS R Ll T s, IR 2L, M TRRARIR . b, B
BRI RAE BRI, il — e EE, S SREBISCEERAMR, Rk SREECN FEeR
TR .

Bt
=
N

.
—
=
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Thermal conductivity (W/(m-K)
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Figure 7. The influence of glass microsphere content on thermal conductivity

B 7. BB ENSAREHFN

Kl 8 R FE A B AR E N REIR T SRR .. B KBRS, SRAEHEL T,
PR 5N 3.14%. 5.91%- 8.99%. 7.71%, H.TE 40 wtO%lf FFIRZEHE L. XRER N EK A RSHA
ARG, BAKESE, RIERTEESHAREIHE. EBEEVNS, R SR8 i B 5 [ 1A 4
55, (AR DHRIE MK B ROK IR R SRR BEE SRR, B AL IR M5t T Akl
BAALLIRE, LA RICERAENZ, 3 THEERA SRR — P FC, HERRE K.
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Figure 8. The influence of fly ash content on thermal conductivity

E 8. MRS EXNSHRRBHIFNT

4.5. KBTI RE
K9 Sor, BEILHERBERN, HERTHBOKREETE, BIFEREZE L, tHAERT

DOI: 10.12677/hjce.2026.152036 171 T AT


https://doi.org/10.12677/hjce.2026.152036

e, PRI

45 wt% Ja HIE B2 . BALAER BRI B A ds AISOK PR, (B A B2 SLASMAEBEREIN D i, R E T
WL R R . ARG, WER SIS RER, TR ILR, SEROKE LT, BIt AR EEE K.
I, AL R EBE DAL ER B S N BRI . 3 PR RER ™ A B FLRR BB 3G I, 53 51 R N i, i
PRGBGSR NI A M As e v, S EPURSRE T R, 2R R AL

45 0.90
-@- Water absorption rate
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I 3
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Figure 9. The influence of glass microsphere content on the water absorption rate and softening coefficient

B 9. WHRIRIZSEXRK R R IO

K10 R, BRSO E RGN, PR T ROKFEREETH P /80N R R REY. KEBE
W, AR ANRAS A ROE TS SLER, 58 TRURIRIC, $RTT 7B SR, R I KA OB AR K
Wik — IR LR, D ROKR AR, SRR R BER . ART, BRI 20 wt%)s, WUKFR[ET].
FHEER: E£mBET, WERTR G DI AR, T E S 2 EMERSE T R 7
FORHBOK BEFI[26] 0 AL R BT IR T i 35 i, AR S N eI A2 K e /by R R s E A 2k, 7K
PeIs > S BRI T 1SRG MR EVE I 58, MOREE 5 32KAR bh, BRI R B E T B2
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Figure 10. The influence of fly ash content on the water absorption rate and softening coefficient

B 10. BERZE WK R R AR

4.6. FHBEFENEBE(SEM)

B 11(a)s B 11(0) AR TR 50 f5(72)F0 1000 f5(47) K SEM Bl 43 MERB E M 35 wt%it
2 45 wit%, PRI ILBR S K B %A, WMHERkE 2 .. XRFNEBE T, WMEkLiErAs, RBE
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TR DR AH AR Ao G P TR L RGN, A BRI BT FLRR, BN T LR AR . RIS, B R
WIAER AT BESEME KA P &, BRI ARG S, 3t — AR BEALBE R, BB & 2R AR 28]
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- o I Reouis
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N

n
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(b) BFAbERS & 45 wools (R R T ) SEM K&

Figure 11. SEM images of insulation putty with different proportions of glass microbeads
11. TEER NS ERBR T SEM B

& 12 SEM 5o, WIEKBEH 10 wi%l £ 40 wt%, FERFILRREL, S8, Bk
BN, EBE T RE SOA T KT BR FoKAE PRI R, AL SRR . R, R BEARAE kL 2K i
FERE, oK SO A R I, B DA TR FLER, REALURLIE] SE RS, , M B IR AR T S .

L BUA ) i W 0

Reguiusa100 5.0k S.5mm x50 LM(UL) - fioomm' [ Regulus8100 5.0kV 7.3mm x1.0OKLM(UD "50.0um '

(a) BB 10 wtol SRR 5 ) SEM
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Figure 12. SEM images of thermal insulation putty with different amounts of fly ash content
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Figure 13. Infrared spectrogram of insulation putty under different proportions of glass microspheres
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