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Orthogonal optimization of the ratio of nano-silica sol-EVA-fly ash cement-based
composite slurry and the effect on its physical properties
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Abstract: To address the problem that traditional cement-based slurry materials cannot meet the actual demand for grout-
ing and reinforcement of large deformation roadways in coal mines, some high-performance composite slurry materials are

obtained by modifying ordinary Portland cement with nano-silica sol, ethylene-vinyl acetate copolymer (EVA) and fly ash.
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The orthogonal test and extreme difference analysis are used to systematically study the variation of the physical and
mechanical properties of the composite slurries, determine the optimal ratio, and further analyze the difference in the phys-
ical properties between the optimal ratio of composite slurries and pure cement, construct the hydration reaction mechan-
ism model of the composite slurries, and elucidate the mechanical properties of the composite slurries for reinforcing
broken rocks. The results of the study show that the optimum proportion of composite slurry is 0.7 water-cement ratio,
15% fly ash, 2% silica sol and 7.5% EVA. Compared with pure cement, the rheology of composite slurry is slightly de-
creased, but the stability and mechanical properties of the slurry are significantly improved, with the initial setting time
shortened by 38.9%, the final setting time shortened by 53.8%, the precipitation rate reduced by 60%, the stone rate in-
creased by 3.3%, the uniaxial compressive strength increased by 39.1%, the tensile strength increased by 97.2%, and the
tensile/compression ratio increased by 41.7%. Silica sol and fly ash undergo volcanic ash reaction with Ca(OH), to generate
more calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) at different times, which promotes the hy-
dration reaction of the composite slurry and accelerates the film formation of EVA to make the stone body more dense.
The injection volume of the composite grout and the uniaxial compressive strength of the bonded body both increase with
the increasing grouting pressure. With the increase in the Talbot index, the compressive strength first increases and then
decreases. The failure mode is often characterized by bulging, and shear dilation deformation is pronounced. When the
grouting pressure exceeds 2 MPa and the Talbot index is 0.5, the bond strength of the grout is higher, and the damage is redu-

ced. This study provides a feasible way for early strength and toughening modification of ce-mentitious composite pastes.
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Table1 Chemical composition of ordinary Portland cement, aluminate cement and fly ash %
ok Ca0 Al,O, Si0, Fe,0; MgO Na,O K,0 SO, HoAth
OPC 51.42 8.26 24.99 4.03 3.71 0.18 0.63 221 4.57
CA 35.85 55.39 4.84 1.63 - 0.17 0.07 — 2.05
FA 5.61 29.24 50.21 3.65 1.62 2.14 1.31 2.11 4.11

R 2 LS-40 kAR ARIEIR

Table 2 LS-40 nano silica sol technical index

w(Si0,)/% w(Na,0)/%

/(g - om”)

pH ZhFE/(mPa - s) kAt /nm

40+1 =04 1.28~1.30

9.5 <35 20

£ 3 EVA IEHEAIERR

Table 3 EVA emulsion technical index

pH  ANERYIRESB%  BAFLROIGIRIT RSB % B (mPa - s)  FiRREM/%  RBiftum  EAUBRE/C LIRS 5%
4~6 54.5 0.5 500~1000 35 2 0 1622
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Table 4 Composite grout orthogonal test material ratio

- ACKIRED) By IR qﬂ%ﬂ& D(EVA

B18)/% B % B/ %
1 0.6 10 0.5 5.0
2 0.6 15 1.0 75
3 0.6 20 2.0 10.0
4 0.7 10 2.0 7.5
5 0.7 15 0.5 10.0
6 0.7 20 1.0 5.0
7 0.8 10 1.0 10.0
8 0.8 15 2.0 5.0
9 0.8 20 0.5 75
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Fig.1 Fluidity of composite grout with different proportions
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Table 8 Range analysis of water extraction rate
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Table 9 Range analysis of stone rate
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Fig.12 Effect of various factors on uniaxial compressive

strength of stone body at different ages

F 10 AERBAEREAMHIERERESN
Table 10 Range analysis of uniaxial compressive strength of

stone bodies at different ages

wiAd HE A B C D
% 22/MPa 3.0 0.5 0.4 0.6

3 BEEFER KK >EVABL > BARIB N > fHRIB
FALBLLL A B, C; D,
W 22/MPa 3.9 0.9 1.6 0.8

7 BEERER KK > HERS R > BB > EVAB L
AL A B, C; D,
W 22/MPa 3.6 1.4 0.9 0.2

28 BEFER KK > BB > RSB R > EVAB I
e A B, G D,

R BE VA I 148 A RE WS4 =1 /K e 7 0 /K A6 2
R (AR 8 218 1 i I U 5 W AR S R A 4 O
EVA XK U - 1K A S ol 327 I R . Bl 3%
PRI IN, EVA XK AR SR A 300 il 8RR s 55,
R Y IR0 7 d B, KR IR 15 B i A8
R EZZWHEZE . BTk Sio, BA7 & R kK
T, 5K KA 7= Ca(OH), S W A i 26 45 115
LR UK C-S-H, F AL T Ca(OH), ki, S
JCH B, R BE T AR KA R Y AT [ s
K Si0, WOk FE T A KA PR OR: | H K ik . C-
S-H By=3 B, E S AR RHE 7R AR H, BEAR T LR,
[0 DA AR N O WATUE YAt ' E < & )@ VA O s
HEAT, EVA FIVREVE X 7K AR SN ) 5 M 3 SR A 2 T ek
559, KAk O R AT ) S BIE, K4k 724 Ca(OH),
J i A B I, Ry I G MR B R, R AR
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SR, 28 d S5 A ARPUh R AR EL LA A B,C3D,,
RIZKIK L 0.6, ¥yHEKIB R 15%, HEAIRB R 2.0%, EVA
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Fig.13 Tensile strength of stone body at different ages of

composite grout with different proportions
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Fig.14 Effect of various factors on tensile strength of stone

body at different ages
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Table 11 Range analysis of tensile strength of stone bodies at

different ages

w®ia HER A B C D
WFE/MPa  0.48 0.16 0.10 0.17
3 BEFEK KK >EVABRE > BERKIBE > MIFRBE
IR A B, C, D,
W2E/MPa 075 0.16 0.33 0.10
7 BEERER KK > HERS R > BB R > EVAB L
IR A B, Cs D,
W2E/MPa 053 0.39 0.18 0.37
28 HERFEWR KK > KB > EVAB > R IE A
wALEC I A B, C; D,

EVA W T HAE KA RTIIT K S fokr r= A L 22, Fifi
FARACR AT, EVA IS5 H % 8K AL =1 o
A Ay Ll B AR (9 R Pt N R
PR TBCR RS, I 28 S5 k)R BRI 2T 4R VR, BHLAS
ZABRE Y, ST AR R B R AR T, #E T
PR TR B, (H 5 EVA 52 7K Ak i 8%
NS €1 DAL N
28 # &

SHEUE AR R Ve R aR N8 7L € VAR B a7F /I e 1AL
JE 5 B R B LR . 18] 15 R IRIRC R B 0K
WA RIS 0 485 0 A e L2 1, Al 1 15 vk
Pt o BT 45 R R AE R [R) K- AS TR 4 30 45 4 A r e
LU E R 22, 25 R an1E] 16 13k 12 . Ml 16
AL, A SN RIS I 25 A PR hr e H 5 0 8
KR AR R AKOK LEARET KBRS L R,
B RBUR IEASCOC R iER KB Bl EVA £
BARI RBUR IEAH R, s KB UM ICOE R
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Fig.15 Tension-compression ratio of stone body at different ages
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of composite grout with different proportions
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F# 12 AL EVA XT3, 7 Fil 28 d #0145 A iR He
SRR, Ses i E REAR TPk . 28 d &5 A iR
R ALEC FE ol AsB,C D, BIK K L 0.8, #y 4t k5 &
10%, FEEIRB R 0.5%, EVA 1 7.5%.
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Fig.16  Effect of various factors on tension-compression ratio of

stone body at different ages

®12 ARRHBEREBRIELRES
Table 12 Range analysis of tension-compression ratio of

stone bodies at different ages

wwd A B C D
WZE/MPa 0,011 0.020 0.007 0.030
3 BRI EVABE > WEKEBE > KK > RS
AR L A B, C, D,
W2E/MPa  0.027 0.004 0.010 0.017
7 HHEFR KK >EVABR > (RS E > KSR
AR L A B, C, D,
WFE/MPa  0.003 0.010 0.003 0.026

28 PIFEER  EVABE > BMUKEBE > KK L=rER A 1

AL H Ay B, C, D,

29 EMELESRMERE

ZEAIEACIRIR 25 5] LUK B, 2 e e 3 41
F12PERE, IR B B AN 15%, TR 15 i
AE R 2%, EVA BEXTE A3 12 PERE RS
K%, B E LS I R], X LY B P A R
M), L B B s BN [ B %) AR, (HGE 24 1
EVABE S RIEAE S KM, 26 %8
EVA BB 8N 7.5%. KK E A A 01 BERE
i) 4 35, (H R PRIESRR A T sk 5 26, KR e AR
ALK ZEA 45T AR SRR AR, B2 B A M
PREC LR ALBLCsD,, BIZK K L 0.7, By K5 & 15%,
FEA RSB 2.0%, EVA 181 7.5%.

X AL H A2 A S R4l KRR R Bl L B
JE | BELSETIR], MK, S50, PURSREE | Prhiam g
M, 250 0L 13, 14, WF5E R BB T aiKe R &
g1 B R e SR N (ST R ek i A e o i )
A E T, VI R AR5 T 38.9%, Le¥ERT A 45
T 53.8%, MKRIENL T 60%, G547 R4E5 T 3.3%, H
PR R R T 39.1%, BUHISRIEIE R T 97.2%, $i
JEHAER T 41.7%.

R 13 s

Table 13 Grouting material properties

. WA BREE, WIBERE  ZREERT HOKR HiaR

mm s [f]/min  [B]/min % %
gli/k e
L 315.5 35 270 520 5 94.5
AT
ol 300.0 42 165 240 2 97.6

T 14 SREHFHEEE

Table 14 Mechanical properties of stone bodies

RRCEE E/WiS - HhrhL RESENA
e R E/MPa 54 £ /MPa JE /%
3d 7d 28d 3d 7d 28d 3d 7d 28d
47k
g 333 656 1195 037 085 143 0.11 0.13 0.12
eRERiR 4
e 531 11.03 16.63 085 199 2.82 0.16 0.18 0.17

S IRBE PR BE Y 1 1 2 TR R BV I L B K
EVA FIRRREE K RS FIVE IR AE R o X Se el P30 7
IKAG LI AN TR 30 45 1 4% PRI, 3 T =5
IB DU SR B 10 [R) L4 i T PRI . BRRER K
PRI 88 FE LB P P LA g LA K T B iy %,
HNEZ C-S-H U WIS M AL D . By A
ISR 5 15 Ca(OH), & A K ALK R, {4
NS . EVA SRR AL PE i AR 41 i 244
Ay, HESRBIVESRG TR AR BEIR, BE— 4R & T Phsm e .

3 EERHRANIR LIRS

MO A7 2 %, i ad X SR AT EE (XRD) 4>
M, it 4 - AR (SEM) ES IR 7K A
P WG AS B ALBR A 53 A 55, 43 B HASOW B S
AR AR, DFE 55 M KA
3.1 XRD #tE5

K] 17 SR8 3m iR EhK U8 5 52 A SR M PR EFR P 3.
7. 28 d {3 1% XRD &3k, 38X b AR S 6
A8 AT DL IS JRObE 5 0 ik 2 R 7K U ) AT S i
BT, R 2 FoRA YRR —E
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Fig.17 XRD patterns of composite slurry and pure cement
stone body at different ages

SrMTIE 17(a) ATAT: 3 d IS A2 & 20 6 45 4 1k
Ca(OH), W ()i 5 58 B IR 8 2 T4tk 8. Ca(OH), W&
TS B, PR R R R SR 7K U i DR K A RG] 3253 ek
FRER K VR A AL R (R A PO BERR 45 (C,S)
ETRERR =45 (C5S) Wi B A RAP 2 I RV S 14 K Ll R
T PR KA SN A R A

SAHTEL 17(b) I 7 d BRI A CS 5
C5S FRIEE 77T 558 B B AR F 2tk e C,S 5 C;S #¢
TEME AT ST 5 B, (B G M Ca(OH), Ak WA i 5

58 HE A1 55 T4l K 8 Ca(OH), 7 A W Y 177 5 988 32
IR R T REV I ELA O RS 1, 5K T kK AR
J A B Ca(OH), % 4B K LB B i A B C-S-H
JBE, SEAR R N Ca(OH), BTt 0 BT R, SCHR[27)
TIF G AR T B A 7K U8 b Ak v 1 7 FH Hp 3 A 2
RIAIE5S .

ST 17(c) I 28 d W IR A3 £ Ca(OH),
FRAIE G AR AT 5 5 BE IR T4l /K P8 Ca(OH), FRAE I 1177
SR . RPN KA SN (RS T, MK
TGRS B K, SRR HIR Ca(OH), &4 K ILK I
M AR C-S-H 5 C-A-H, #E— 5 THFEXT 45 A PRs® BN
FfY Ca(OH),. TEIEFSIBRSE TR I AE A 4 RSt
R FE A A1 LR, & BRI A 2ok
N, BVl 2, Bl FR 8 A A3
BRI A L B 3 MV R T B e, AR 45 1 5
—.

3.2 SEM WA R4

P 18 Ayt id ek R R /K Yo A G KM IR R TR %
WIHARER OIS SEM &, H &1 18 nl %, K% 7k ik
WS HA I NG N, 25 A R SRR SS F TR N4 5 | 35,
3R B AT DA R AN [ 1 1 52 6 M A iR
A ek TR R 7K U8 5 A AR 1 SO 45 # AT A A Sk BH B 7Y
X5

I3 HTFE 18(a). (b) AT %: 3 d i HAA K P 45 A 1At
FEPAFTENCIR Ca(OH), dhiA, 768 FilA B IR AFt
s, FHEERE G AN C-S-H BEIR KAL), FLBR 22,
IIARAELICEE . AR A 3 d I IRE R 25 R
S B R, X2 BT BVA FLR ORI K
Ye JoUk 2R TV G REE , R TSR S 25 4 1A B 4B AL 45 A,
BEE KA B HET T, EVA SRR 5 K KAk 0 IE 1%,
S HEARGE R, TELS AR T Y PR VR, e A
TP IX, TSR EE A R R A KRR
R, R IF A S R 7K Ak S B, X R T
PR B RS 1 2R PR RE S GO DE O R A SR R Y

A 18(c). (d) AT 7 d I 4l K e 45 A7 AR
FErh C-S-H BEIR 5 Ca(OH), Jfi 20 Bz s fin, FLER
R, (B A B W B A FLER . E A MRS A iR
HKALFE YA HE LS I8 APt (8, Skt — 42
T, X 45 25 FARRRER K Ve 5 RE Vs o R K AL R 1
PRHEVER, [l RSN EVA BB, 4k 5k 4k 7
VI 2% 2540, 25 A0 RS MEUE . SCER[2910F5 T 94
KPR A YK IRIEM B TERE, FIAGK Sio, B
AL AE B3 2 = P K Ak R, HRBIEHER G
BB, FEARER A WK Te S0 B FLBR R I AL FLBR 45
¥, ARSI 45 AR —FL
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Fig.18 SEM diagram of pure cement and composite slurry at different ages

ST 18(e). (F) T 28 d # 4K Jeistatd C-
S-H SEMORF 25 A R, 2540 PRI 235 SR A5 31 i 3 4
PARELT DY) IR S =Ry P S AP AR LN = =TT WU ETA
FLBR, oy B IR ok 3 1A 22 5 /K AL ™ ) LRI I Ak
B W] D, X R BTER A o K SR R
Ca(OH), &A= KK N, [ 45 40 (R 1Y 77 2 1 R gk —
AT, HICER[16] TR R K e K Ak
FEYIE T 28 d IS, RIEAY) G, KR
WOIKS 5T KA, BS54 5585 0 A AN WA B 28 5
A, SRR TN, JLT R AN S48
33 EGEMKURBHIES

BAEFMIRR KA BRI A 19 s, &
GHMARACHRR N 4 DB

(1) VIR . USRS KBS, K e
B C,S. C3S. IR =45 (C3A). A B 5 MK ik &
T TV PR A, K PR OR B o AR
fifit B CoA PR & A KA AE G C-A-H, C-A-H 5[
N ZH Ca(OH), 41 AFt, W3 (1), (2) s, HFE
AT REER RO 7 Az Kt KA 3R, BT K A e —
HARPE T A0 WA o 0 A, B RO iR
P RS TR AR 1, UKL R AR
I AT,

3Ca0 * AL,O; +6H,0 — 3Ca0 + ALO; * 6H,0 (1)
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) W S, K ORL R Bk
frgete, R R M oHRIL A B C-S-H M, 4 i

IR AR BT, KA By i A, an=k (3). (4) fr
No EHEFIIN, GOREER I T HE A KRR
5N R, XK e P 7K 10 B I 1 A% 2o R e
FIEHEVE R, R R AR I LA R m i kil
JRIEE, TR 15 S 1 5 01 iR /K i 77 A 1) Ca(OH),
K AR RO, A (5) FTR o et AR g ca®
W REMRIFIE A C-S-H fbFl, C-S-H S PP A AERES
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Fig.19 Schematic diagram of the hydration mechanism model
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UKL 2R T AR AL S, BRAIC T KU R A 7K A
{H T8 R R A VR FE W U A AFR301 72 A KK AR B, 1A
R AT AL TR
2Ca0 + Si0, + mH,0 —xCa0 * Si0, * yH,0+
(2 - x)Ca(OH), 3)

3Ca0 - SiO,; + mH,0 —xCaO - SiO, * yH,O0+
(3—x)Ca(OH), ))]

Si0, + xCa(OH), + (m — x)H,0 —
xCaO - SiO, * mH,0 5

(3) . fEnEI T, C,8 5 C5S M &
TARZ T Ca(OH), By BEIF M T C-S-H &L AT
OB K AR SR 2 B PO B IS, LR RO
IR I BE A AL . Hh CoS /Kb C-S-H 1Y
FMBUNIE e, BRI T8 C-S-H 25 S i AR il B 1t
Fl Rl R R B C-S-H BT R A O i, DA i K
A6 S 4 3 B2 Ca(OH), 5 C-S-H B 191 i B
KGRI, KA =W 4 i 5 R B A T R 4T
(TR . Bl Ca(OH), Jit i B RFL s, A
WA= Doy B IR TR 2 TR P BB B AR, O S5 BB I e A e
AN, T SR IR A D AR 2R, ALO; T Si0, &
A KRB, A i ELA BRI P e 1 7K Ak = 4, an=X
(5). (6) imn. TEZB B, EVA W B 5 KL=
S G, TE AR EEH

Al O; + xCa(OH), + (m—x)H,0 —
xCaO + ALLO5 * mH,0 (6)

(4) =R STEN . iR ST, K
FOURE AR 2 1015 3 B A7 DR KA = 0, TR A 8] AN
Wi A, A 3 N A58 PR ORE ] B9 e 0 28 B i e i, AN
[RI KA BR UL AE AH EL AT FH 77 A0 e B SR AP e 2R
PREEHE, B I E] B S, 45 40 50 T % 5, R TTIE BLK
BEVERAS, TR BE D, ERE BRI AR L
BRPEAR, BEAE KPR L B RS2 A T, A5 A AR g 24

REAWE R,
4 EERVMEHESRFERR

4.1 KIEEESRAFNELR
4.1.1 KA

HFEEUE WLV R A BAE L 9 SHRE IR, A
W o M TR A i RT 80n X e 45 S L
AR, PRI T 56 [ b L 5 10 b 25 1 R
T ASHRFE B R AR A R, S5 AR H.¢50 mmx
100 mm, BERE A A S RRAR BN T 12 mmP, 76T
FESZPRh, B A IR AR — ROT, T 2 R R

LA, IR Talbot 24 it BRASH A B f  A R) R
R
M4 Talbot R HCBRE, iRRE T AR K TR A A HL
12 d WIREA i M SRS B M, R HLEN P
M d n
PZM:(dmax) (7)

A, dee FBEIEA A B9 B KARLAR, mm; n A P IE Y
Talbot 544,
WA= (7), RARTE d,~dy I i M

i) e e

JEHL Talbot $5%CK 0.3, 0.5, 0.7, Bifeh 6~12 mm,
7R 34X [E 6~8 mm, 8~ 10 mm I 10~ 12 mm,
Wit A BT 240 g, ARG (8) sR5A[A] Talbot $5
BORAR X [R] AR A e, DLER 15, SR Talbot 45
BT A A RS S A A T4k, Talbot FEEE/ N, 2
WM AR A R B 4, s 2 W ERkEL . &1 20 A Talbot
FRE R A ORI BC T £k, Hh BT 20 AT RNBRE
ATURE T 7 LU IR A Talbot K FC 2k -

£ 15 A[E Talbot EH T EHNERX BHESARE
Table 15 Crushed rock mass in each grain size interval at
different Talbot indices

N A XA T g
Talbotf& $n
6~8 mm 8~10 mm 10~12 mm
0.3 212.25 15.00 12.75
0.5 195.75 23.25 21.00
0.7 180.75 30.75 28.50
1LOF _—:E"
- mcIcC
- ,.’ y
- A
0.8+ -,
/‘
0.6 F
R
04t/ ,
/ ---- Fitn=0.3
Ll o {%n=0.3 ---- #itn=0.5
021 o kBon=0.5 -~ Hifn=07
’ 4 i 5n=0.7 Fign=1.0
0 0.2 0.4 0.6 0.8 1.0
d/d,.

P20 ANIF] Talbot F5 %R A1 R0k L C £k
Fig.20 Particle grading curves of aggregates with
different Talbot indices
412 TERUCE SO
IV R HY- 1893 e i el e L, an &l 21
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e, B R B B . SCHEIR ], TF A
HARRT S HA R, RN . eSS
K S TS BT, TR T, JFE R
JIEE, R T IR AE 9 ) e A TR TR T B IR TR
T 30 min AR, SCHERGE . U SR BOGR
B L2 ORI A SR A (R 20 °C,
VREE 95%), TG BEBESS, 24 h JGYFRBLIFAREEFH 6 d.
42 WHREAREENZESHREE
4.2.1 JRE5ETFRE
A 1 IR R S R IR R S T
Wewrs A B 22T . K] 22 SA[E] Talbot 1544
T, R ARSI R A2 MR
4 0.5 MPa I}, A% F Talbot 5% K 0.3, B & Tal-
bot FEE A INHBE A LR T 2.72%. 6.81%;
MR LTI 1 MPa B, #H# T Talbot #6404 0.3, B
# Talbot 84X A I IE N =43 3L = T 2.78%.
6.55%; 4 1E W J12h 2 MPa B, #H#Z T Talbot 5 %k
4 0.3, Bl Talbot 4545 138 i i A £ 43 ) 4 =5
T 3.23%. 5.36%; 41EI K TN 3 MPa i}, M T
Talbot & %0 4 0.3, B % Talbot 5 %5 At 34 hn % e 13 A
MR T 271%. 4.13%. B 43T A
Talbot 5 £ A 3G TG I, 2 BB A A FUkr EOof
AR,
24 Talbot $5 £ K 0.3 W, M FiHEKE R
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Fig.22 Variation curves of slurry injection volume and
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