Hans Journal of Civil Engineering =K T#%, 2025, 14(7), 1723-1735 Hans XM
Published Online July 2025 in Hans. https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2025.147186

ETRAERBIRITERTENHLG] & &1t qE
53

FRW", AREFR, FHY, PR, K R, T F

TR TR R TR SRR, Wb sl
SBUTT RN SR TR IR A ], b L

Woks H . 20254F6 220 FHER: 20254F7H12H; KA HM: 20254F7H25H

R

EERMEGRIRKBENER I (NHL) FORME B O . R EERA A R B B, AXLVAERA . FB5ERARER
NFERHER | ZREFEENHL, ERHHTTUERE . XSTERATS . FfETEME. RESHT. B A
RIFBWRFZFHFB, RAGAT G RKDRKE 20 BORSH R TR, FHRAMERE
PG T BRI BT AKRESRB R RS A MOR - 45K, 8B -A IR (LS-SF-RHA) i % /)
NHL, RIHBRERTEREN 2R, 28R W EENC-S-HERNCaC0s. ELFFNMAF, #Z
AR BN LR IR E RN REFIIBERR, B5HRSRARA RS . o SEN BRI R
FRFAN, AOUEA T Xt ONHLAPEHARRE, BRI LB R B RRME T — M R4 ESHKIERTT
R, BATZHNATRMEE KF SR

X in
RIKBEHAIR, TR, HEMeE, TIEMERE, BONEH, KERE, TEMA

Preparation and Properties of Rice
Husk-Based NHL Based on Calcination of
Mixed Silica Sources

Jiashun Li?*, Zehui Hao!, Hongyang Deng!#, Jinxuan Hu?, Rui Chenz?, Hui Wang?

1School of Civil Engineering and Architecture, Wuhan Polytechnic University, Wuhan Hubei
2Wuhan Tianshi Construction Engineering Co. Ltd., Wuhan Hubei

Received: Jun. 22", 2025; accepted: Jul. 12, 2025; published: Jul. 25", 2025

i (-
IR

MESIA: BXIN, MR, XL, WIEET, BREG B SR TIRASEREBRRE TR NHL B8 LIEREFT D). R
LF4, 2025, 14(7): 1723-1735. DOI: 10.12677/hjce.2025.147186


https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2025.147186
https://doi.org/10.12677/hjce.2025.147186
https://www.hanspub.org/

Abstract

Aiming at the problems of traditional natural hydrauliclime (NHL) raw materials relying on imports
and insufficient environmental compatibility, this paper prepares rice husk-based NHL by calcining
limestone, rice husk ash and silica fume, and systematically investigates the mechanical properties,
microstructure and working of the resulting lime mortar by various means such as flexural and
compressive tests, X-ray diffraction, scanning electron microscope, thermogravimetric analysis,
setting time and fluidity tests, etc. The mechanical properties, microstructure and working proper-
ties, and the bond strength meter was used to evaluate the application effect of the restoration mor-
tar in the restoration of clear water brick walls of historical buildings. The results showed that the
NHL prepared by mixing silica sources (LS-SF-RHA) exhibited the best compressive strength and
mechanical properties, and the hydration products at 28 days were mainly C-S-H gel and CaCOs. In
practical applications, this group of mortars demonstrated excellent bond strength and good resto-
ration results with good compatibility with historic walls. This study not only reduces the depend-
ence on imported NHL materials through the resourceful utilization of rice husk waste, but also pro-
vides a low-cost and ecological solution for the restoration of historic buildings, which has a wide
range of application prospects and significant environmental benefits.
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3 SRS NSO ) (1], (BN KR T AR, B2 k. TR, 2
G, SEESEMAN, FARHSEMMERIm At aiREh= K ERmEE, K. U2 ARIME
ARG AN AR [ 2] 0 R, FHHRFREA B 125 e RS R R M A M R B G 2,

RARIKAE 1 K (Natural hydraulic lime, NHL) PR HAURR I KRS . AR A e SR, 7EDT B @3B R
Uk B B . T NHL K 4b B i B4 i C-S-H BEIAT CaCOs, f8 H HAT FI/KAESRE . 51
WAL BREE /), RUFMEKESME . AREEREIMPTIRTE, TG 4R ik 45 M AR e 5t
M AME[3] [4]0 4R, FRIE R NHL K HREEE D, & & AR H 4 7 A3 Ry LS . A
I, S ATRAARAR A LA 45 B 4% « E 45 o R AR CR A R[5 ] M A AR (6] AT A [ 7))
FEI S BHMEA(ZE A 8] HVEE RBAT[9]) 55 SRBE 58 I U= W KBRS, BUAS T — @ IR AR . k4t
FEIR(SF) & 90% LA B HITEE T Si0,, 1 R P BE VR AE L4002 RIF[10] [11], 8 CUB IE SE AT/ ek o S5
RHBEH] % NHL [12] [13].

ARk, AR B AR 5T 9 NHL il & 32 i 78 % . JRIEHL07E 4000 J7MFE 52K 734,
KIAHE BB e R e A OGS R T T E RIS e, B SERNA . AR, BBl ik
B mETE Sio) AR K (RHA), H KRG SR 2 [14] [15]. BHRl, ke ZNHT24
i, CHAERE AT, R RE TSR AL REDS 535 58 SR B L PR SR, R AR AL LR S5,
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M ST S R APE[16]. &4 RHA 5L\ NHL &4 %, BEar seal i R s i i, SCrT FRARH
BfiA, BAEEESRTA.

BRIk, AHEFCCIA A RS AN JEORMBUGE ) #6 AE A5 NHL . SR X AT 3 (XRD) AT A
BT (TG)RALIBSE W B A S 5 o R IBURE P i) 46 0 NHL b, 38 1 47t 1 55 P S B0 Rl 4 /L
TABL(SEM) 2 HT NHL BYIE ) S22 PR REA O A A o BeAh, SR PR I [ Ayt 2 LI NHL RS 3 ) T
PEPERE, IR 1 S HAMEE R IUH PRI LI, PP RIS R IR b ARG 45 1% RE M e A1
BE TR R AT A R S ) IR A P SR O B, HESIRBA . AR NHL A8 5 L S 48 b (s

o
2. [RMARIFISSR TS &
2.1. FH

SRR F A6 3% XA 2K F (Limestone, LS){E R4S B R AL, L R F5#E 4K (Silica fume, SF)5 5256 = H il
# 8 7% K (Rice husk ash, RHA)/E T J50RE, T 2K 585 576 4K 1 EE R AR 53 531l 18.636 m%/g #1231.384 m%/g,
ZHEMA A I 1 FTR .

Table 1. Chemical composition of raw materials

= 1. RMRE AR

Materials CaO Si02 AlLO;3 Na2O Fe203 SO3 K20 LOI

LS 5491 0.12 0.06 - 0.04 0.08 0.02 43.0
RHA 1.48 96.98 0.13 0.09 0.12 0.45 0.16
SF 1.65 88.93 0.56 0.86 3.78 0.49 1.78

FETTAR I £« SR FH UK TR THI AL 38925 25 B A 58 vh 42 J8 2% 51 - 4 855 5 80% UK BRI (VKT TR : 7K = 1:10)
% 1:10 B LR G, %ERIE 16 he IRIZEE S {MJ(/%%B%& PEFREE, S8SCHET 12 h, BEJET 600CH
AP ABRE 1.5 NI AF RHA (T RE LI 1) o 123538 3 UK R 1R A i i 4 T S8 A i B 3625,
B AT REIR AL B 5 RS [ 17]

—g— =

. Huller to geﬁce husk
Rice crops Wash after 16h

immersion

Rice husk ash  Setting different calcination
conditions

Figurel. Flow chart for the preparation of rice husk ash

1. FERREEIERZE

RHA ] XRD B3 ( ] 2) 7R 7E 20 = 23°~25 AAAETCE Y SiO2 IR EE, AR WL S AHRHIENE, ESEH AR &
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B4t . SEM 24Tl 3)2 78 RHA BT KR 2 ATRRRCIR, BA B 5 ZAR I 2 4518 L K g T e
JE Si0, RETL I F, BT AL =G E[ 18] [19].
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Figure 2. XRD pattern of rice husk ash
2. FEFRRHI XRD EliE

S @i

Figure 3. SEM image of rice husk ash
3. FE5E/KHY SEM

2.2. fBHlE S REMIRTE &

Table 2. Experimental group
= 2. KIH7)

No. calcination temperature/'C calcination time/h Ca/Si WP

LS RHA SF
M1 1.5 70 - 30
M2 1.4 70 15 15
M3 1050 2 1.3 70 30 -
M4 23 80 20 -
M5 5.1 90 10 -

AR IET KA FEFRFNRERAR R, 8 R IR A R ik E(Ca/Si), R 1A [HI L B X NHL

DOI: 10.12677/hjce.2025.147186 1726 TARTHE


https://doi.org/10.12677/hjce.2025.147186

ZRIR &

)48 M LR BE A REMR . AR A SR ORI e 45 51, 1050°C BBRIREE RN 2 h ARABCRE IR A1 i AIE B RE s 45 2L
il NHL [20] [21]. PHitt, ASCRAX —BRESHO TR R S dtin E 7 ANER 2).

P8 IR SIS 20 ) £ A AR NHL, WARWE 4 Pros. B\l KA s 55K, ERKE 18 B
553, FE BT LU R 30 min; KRGS FI SRR SR DER, B B GRRAM A B T S2i s
PL 5°C/min FHEE 1050°CHRIE 2 h J5, HAXWHEEEABEE; SRR G, EERABT, N
NG E /KA 30 min, BEEBONBEFE R T, AR5 2] NHL FEf

3= ) N |
J (”‘ \{)
g - - - L fA
s i 18 FI 5 T B30min+
w FiRATRRE T BB P

< o I ¥ —_——
- ES- 8-

NHLFE AL B R ET Y

Figure 4. Calcination preparation process

& 4. KRSl RIZ

WOWLIE: K XRD (Bruker D8 Advance) 3t NHL #£ 5 I 4L B S s B 454 SR A TG (Netzsch)
Sy BT NHL £ 5 2R R B R 15 284k K F SEM (ZEISS Gemini SEM 300) A1 EDS (Oxford AZteLiveOne
X plore 30)WL%25 /7 2= fe M RIHE ) NHL B0 2K RO IESR, o3 8 FCoRKBE 1 =42 4 A A 40«

PUESERREE: DL NHL £ AVA R B LG 1:3, KIKEE N 0.4, 4% 40 mm x 40 mm x 160 mm [
FE, BHARFRY 28 Ko 35 GB/T 17671-2021 (/Kb 5 B A 56 7772:(1SO %)) I NHL #b 3 i B4t &
SR

TAEMERE: DL NHL FEf S AR E N 1:3, KK 0.4, HAHERDIFIRAZI 0~0.5 mm,
#% NHL #0238, R IGH/T 70-2009 (EEHFHD I FEAVERERI 7 iEARAE) F1 GB/T 2419-2005 (/KYBRHD I
BNFEENART795E) M NHL #0245 i) [ AR 3 FE[22] [23].

Khighni s : NHL FE S 54 S R HoA 1:3, AR FRAAREL 0~0.5 mm, 7KK 0.4, 76 T &
FL— A A 77 B PR A DX S AT S S S5 . B S RS B T AR RN R, B R T IS S A R AR R 2 A
NEH . BB s OO, MBS XIS R A — 8. BRI 28 K, TR @SN
BJZJ-6000C (14 £ 58 FE MG AT ko
3. BRER
3.1. WA ST

XRD &5 S A] AR %25 NHL FE 5 10 E 25 M N Ca(OH), F1 CoS. i#id 4 — 7 IG5 B (I AR AR T
FE AT 2 BT (LI 5), X EEREJRZRAYAN Ca/Si LE X W4 i 5emi . 5 M2 (LS-SF-RHA ZH)AH L,
M1 (LS-SF 40)BA E i 1) Ca(OH), WEAE AR CoS UfE, R RP LTS CaO A T4,
SERREE R B R . 1 M2 [ Ca(OH), WEAETE =i i fik, CoS MR s, X EERR AR KHLEE
KE R TR Z FLEE M, BENE T U S 5 B, T ek A P AR SR T 46 B v S I PO, 3 v W 3
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BT CoS HIER. X M3, M4 A1 MS KB, K% Ca/Si LT @E(RIFE 7 K & &8 7>), Ca(OH), 14
{EIZHEE N, T CoS WEEI/N. M5 (Ca/Si bt i 2H) HA i ) Ca(OH), WEAE AR A CoS UE{H, KW
i) Ca/Si e D KB 85y, SR St ) O o IX R BH Ca/Si EE L4520 NHL A /K A 14 B 73 1)
Eefl, ik Ca S &Sl CoS AR, HIFS AKRE LR -

*

* | Y—C3S %—Ca(OH); @—Ca0O
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Figure 5. XRD patterns of different samples
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Figure 6. TG curves of NHL samples
B 6. NHL #¥mm#0 TG Hi%k

XRD B3k 2 T HRE S 2 e, 1 #8EE 23 BT (TGN E PPl Ca(OH), & [l 6 Il 7 @R
TR TG M DTG 2k, FT Mkt AR Ca/Si LU Y40 BRI . TG/DTG #4R oK,
Ca(OH), it K R AAE 400°C~500°C (T1 BrE%), CaCO; W4 & ELE 650°C~750C (T2 FrBY. Kl 6,
LS-SF-RHA HAE T1 Br B B SRV, R Ca(OH), & &HUK, BHIAEC AR K VR & F 42 7t
T'ﬁﬁ&iﬁfir\“ R, AT CS MIERK. ML R, M3 7 T1 B Bk, R W Ca(OH), & &
A ReSE BB SE KA RDUR MR, iz, SEBUBRE RN AR %4 RS XRD 73—,

o
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Wil LS-SF-RHA 4 EAH RAERIBRERNACR, EREL CS. MiFE Ca/Si LI mEETRKEEWD),
Ca(OH), & &R HTHI N, CoS & mAH R kb - M5 (Ca/Si el i 4L)E T1 B B i &4 kB K, & B Ca(OH),
SREEE, T CoS b, IXRILIMCHIFETE K S B2k CoS AR, AR NHL /K1

it TG/DTG HiZk )7 #r, T1 A T2 BBt e 45 2% v] DLHERA B PPl Ca(OH), I BE[24]. HITHE
i ABGETH AL G I NHL 20kE, v AR R AEBRAL, DRIRE T2 BrBL) CaCOs 7 i 2 #e 54 Ca(OH), & &, 4
TATE SR i ™ 0 2H 1k

Derivative Weight (°C/%)

200 400 600 800 1000
Temperature (°C)

Figure 7. DTG curves of NHL samples
[ 7. NHL ##m#) DTG Bk

NHL2. NHL3.5 1 NHL5 1 E 24 ¥4 Ca(OH): B3 & H 73 L 73 AT 35%. 25%. 15% [25]. %
3 IR, MI~MS5 1) Ca(OH), B4 & & HIFFGFrdE, (HFAE M AR ETE L, B e . U2 M5
(Ca/Si Het = 4l) Ca(OH), & Sz br i _FRR, 2R IHHOKAEME R AN 2, W RERZmE B AR . N 7 {#IE NHL
HeH KPR SAE N, OB K S IS, DASRAS SR ) 22 1 e A S0 1

Table 3. Ca(OH)2 content in NHL samples
% 3. NHL #a Ca(OH: K&

No. Calcium-silicon ratio Ca(OH)2 (%)
M1 1.5 26.94
M2 1.4 15.36
M3 1.3 34.99
M4 2.8 49.99
M5 3.9 63.02

3.3. TiEtkae

N7 VRl NHL WSRO TG Ak, 04T 7 TARPEREIS,  DURGHIG i sl BEMIRESS I R/ 7575 & TAREM
ZOR SRR MI~M5 URE SR S AR HEEER , AT R IR T TAT P - K S R 7 IR 5 41 (M2)  Ca(OH),
B, RARAEEL . BEE Ca/Si ELREINRETCAR & RIED), WHRFBNE TR, B A4k, KR
NHL ) UENER S Ca(OH), &8 Rb I TAEVERE R R HE . SR BRI R R T KK & B M T
NHL b J (IR AE KA N 1), HId S Ca/Si le e S EORSIMEZE . BESS IR, ot L.
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Figure 8. Evaluation indicators for mortar cracking (Construction site)

[# 8. NHL #)3zpy T1EtERE

3.4. fUEBE ST

ot
[

Compressive strength (MPa)
- (=) L ;

[ 5]

M1 M2 M3 M4 M5
Sample

Figure 9. Compressive strength of NHL mortar
9. NHL RS 34 ddn E 58 AL

SRS RN, RIS Ca/Si X NHL A3 BT He 2R A 5 35 520 o AR KK bR it BS-EN-459-
1:2015[25], P FE 24008 2 28 RPUE MR ZR(IE 8), EAFEREEA Ca/Si bb AL T 3 bt K i
AR . SREFE KA M) PSR T KA M) MEE K 5RE5E KB & 4(M2). 454 XRD fl TG
AHTRIL, M3 1Y Ca(OH), & &M, 1M CoS FEikD, RUKAEME NS, FEORE . X2H
NFEFERNE NG R, HathE g 2, Mk KSR K B 250E, G Eirth S 58058 %8, i
Rt CoS WA IFHRm NHL Ff PSR . MR K GEEKIRERT, FERIELBIRE R, RV
Fh, #E—BHSR T NHL W30 2 RE . Ak, CasSi HERITHE SRR LI AR EAR L. 4R85%
IG5k (n M5 )i, ARBEYERC AN s T U FESE K I 2 (1 M3 4D, BT geKRRL e 22,
BRE I N AN TE 45 [FIRE S BUKTEVE o & B PR R, & B R f B R IR A R R R 52 K (15 B4 327+ NHL
W SR e B
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3.5. WS

NTHEBERTE NHL MRS, SR H 1 S8 (SEM) R BE 1S 20 T (EDS) % FLAAFE S i AT 7
SHTOLIE 9). BEfhRE, FAFERI R BTER T KE CaCOs, RIFAKIMBAETE RIF, HER T BN
BRI EER o BAh, B RE SRS T MR C-S-H SR, XLELEHRS CaCOs BB A, BERE
TR B FIRR A5 M RE . 76 NHL /KAGRRAG =4 (1) L BV REAE

RERAMD A, FUIXIRAAEREE, K SRE7CKIR A H(M2) 4 38 51 43 A e F IR C-S-H
i, 5 CaCOs AHE k&, SHASLIR, $im 1 45M % ek . it nl WAk & 7577 FOIRI% Ca(OH), fa 1k,
FLATRe Rt CoS AKWTE B H R B Ak . 76 M3 i, RAERMACREE, CaCOs ZHBNEUE, {H C-S-
H B>, REETE AR I 45t SRR ZE . E—2 8 M3, M4, M5 41, AR I
FRIFEAEHY Ca/Si LuX NHL BIZKAGERA =) B B . BEF Ca/Si LLAIZHT G N, NHL #& Hh i<
P RS Ca(OH) BHTH %, PR CA e &k, 76 M4 Rl MS 41, £HFRIR C-S-H Btk 5 3k
BHERR T RIF SRS S, FFEHEEE CaCos Piki. Rif1, RE M4 fl MS RIS MR NS, BT
IKBEME A BRD T Re S s L ) Sk R AT A
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Figure 10. SEM images and EDS analysis of NHL mortar curing at 28 days
[ 10. NHL #5325747 28 X9 SEM R #1 EDS 5347

3.6. EEHR

TG SEH ML I 11 BT AR, ML. M2 FI M3 2L ELAFHOT BN PERTRG 460, 53
FUk B A SRR S A G, BRI T, ML F, & CaSi Ll M4 F MS ARaNE, 15
R, EO SRR ES S, LR,

(a1) M1 Repair area

o R

(b1) M2 Repair area (b2) After M2 repair (b3) M2’s 28-day repair results
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(d3) M4’s 28-day repair results
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(e1) M5 Repair area (e2) After M5 repair (e3) M5’s 28-day repair results

Figure 11. Comparison before and after repair and at 28 days wall condition

11. fEAMAT/EXTEE R EL 28 d SR

28 RJi, M1, M2 fl M3 AR AL 5%, R R MR E A AtE. M4 A BT HER8%E, MS
FNAT R KR4 . TR IEART CasSi ELBCRI, NHL [RI/KBEE B o008 /b, Ca(OH) 3 n, S804k
TERANEFE US4, b= R34, Ak, TEMIBERE T, M4 ARIZHINE, RINBERTAH
AT Y, FER BT X EETE, ZIRERIR SRR K, R A iR RN,
Ca(OH), MR MR HATH . M5 4L S liEIAEE, RUIL R HBUZ IR . N T IR EEEE 52 7k
AN A, AR NHL i B P o & &

3.7. MEBRE S

R4 9 2 € NHL 2 5 3E H T TRME B I CBFR bR, WO BRI € H Sk BIA /N T 0.2 MPa [25].
NERIEASFRC G NHL 2R RbIR ARG S5 e, HEAT TRhgs s, 450 an 12 o, M1, M2 il M3
HIFEA TR DL T R R4 o B R, R B BAIE SEBr B Hh B R AP IR e MEARE S5 Ve RE . Hi T
M4 HAEE X IOC AR SR AN BT 28 MR SE, RhSh R M EA 2 . AR, MS MBS X% 3 %
HIMERG R A B2 X, BB MRE TR AR WL TP . Rk, MS LRGS0 A hr e, (RIZACEL R NHL
WK A 2, TE RIS S AMEERIERT, 07724 Y e At T A2 e M T B0 XU
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Figure 12. Bond strength of NHL mortar
[ 12. NHL #3RAORGLE 8 R

4. &g

AW FLAAKAN(LS) FEFEIK(RHA) B AE K (SF) 9 S5k, 38 I e il 4 T A ek 5 (4 R 52 B /K BB P A K
(NHL), RGARIL T FER A A5 fk Lo (CarSiyxd HAERERIFEMA, FEVEAL T JLAE I se s B = ) N 7,
LIRS

(1) FEFERERER PP EE B 5T T b IR N8, AR KTEPERL 7y CoS MIAER, BRI AR
Ca(OH), &&. I E Ca/Si the T3 CoS 1> Ca(OH) 340, Hil55 NHL /K A V4%

(2) TRAHEVR(LS-SF-RHA) A M HUE 58 E fe L, HAOW S I 510 i C-S-H B 55% CaCO;
TERUR G a58e, BT B et 5 )2k ee . i s BU R AR Fe AR S 1 2 TR B P B2 AS A2 B3R B RL
R BRI NHL [ )2 fg

(3) BE# Ca/Si LL3GIN, NHL WP 32Rsh FE N B Lk i a1 4658, i i Ca/Si tha S 80 TR AR 2.
LS-SF-RHA HAEIG 50 PRI R ORG 4Eam fE, R LG 2 %, HL5 I s R R e 25 1t R
1 Ca/Si LA FUKBEMEA 2, 5y Hh IO B4 N2 i ) 8

) & T EABEAR T NHL Xk AR R, B2l 7 R 5e E FR i m B nE R A, B R 7
VERE . MM MR RESRE, AP L@ SR A TR SRR TR, BARENL
2L 7
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