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mixed earthen heritage soils during one-step mixing for rammed repair, this study focuses on typical sandy
rammed earth from the Jiadan earthen site of Diaoyucheng, Chongqing. A microbial-induced urea pre-hydrolysis
method was proposed, and specimens were prepared using a one-step mixing procedure under laboratory-
simulated rammed repair conditions. The mechanical properties, salt resistance, color compatibility, and
microstructural evolution of the sandy earthen heritage soil with different calcium hydroxide contents were
systematically investigated. The results show that the 28-day unconfined compressive strength of the
synergistically treated specimens reached a maximum of 9.20 MPa, approximately six times that of the
untreated group, which was about 1.53 MPa. After five salt-resistance cycles, the M4 group retained the
highest residual strength of 1.48 MPa, indicating relatively good structural stability. The total color difference
AE* of all treated specimens was less than 3.0, indicating limited influence on the appearance of the heritage
soil. Scanning electron microscopy observations further revealed the presence of calcium carbonate precipitates
and bridging structures between soil particles. These results demonstrate that, within the scope of this study,
the synergistic action of microbial-induced urea pre-hydrolysis and calcium hydroxide can improve the one-step

mixing performance and structural characteristics of sandy earthen heritage soil. This study provides a new

technical perspective and experimental basis for the rammed repair of earthen sites.
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Fig. 1 Site rammed earth samples
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Table 1 Analysis of main components of XRF rammed

earth
% REE/ % LR BENSE %
Sio, 59.49 Si 27.81
AlO, 24.06 Al 12.73
Fe,O, 5.93 Fe 4.15
MgO 3.99 Mg 2.41
K,O 2.63 K 2.18
Na,O 1.55 Na 1.15
CaO 1.04 Ca 0.743

HAlh 1.31
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Table 2 Distribution of particle size

BiAE d BESB/ %
1 mm<<d<<2 mm 97.95
0.5 mm<<d<<1 mm 96. 67
0.25 mm<<d<<0.5 mm 94.02
0.075 mm<_d<<0. 25 mm 86. 33
d<<0.075 mm 45.10
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Table 3 Basic physical properties
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Fig.2 Compaction curve
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Fig.3 Cumulative curve of soil particle size distribution
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Fig. 4 Sample preparation process
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Fig. 6 SEM diagram of rammed earth before and after curing
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each sample with curing age under different dosage
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Fig. 8 Stress-strain curves of triaxial undrained

consolidation tests
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Fig. 9 Salt resistance of each sample under different dosage
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specimens under different dosage conditions
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Fig. 12 Color difference analysis of reinforced samples under different dosage conditions

ity BB AR SR pHA(E VG BRI A
Yo% B8 SF AR, RGN IR AR B 5 A R FR
R S0 L HE A M P R OK B R A E AR AR R T K
e SN e e

£ b %07 F AT HE 515 O e i ik 4 55 A
BRI ) — B s IR R R AR B AR, TR N
35 283k B 37 3 B e 10 /s RO 6 B 6 e
KA P o FUAT A I W] AR 23 0 Jst ik 4 7
WA ) R R I B S (B R B
AW I, 7 AT HE— A5 2 R AL A 55 A
M52 vh i

3 #ig

DA DR Y £ 3k 48 - 388k R SJe B 55 4 O X
G, 52 IR T A W07 T IR R UK i [ SR
AT ) — DR RS 0 I 7 2 o O AR ST HE A T
S AL B 4B BT 0 E R B9 ) A P RE LT R T A
P KB E TR A S A b SOUL A R AL, W B T
TUK A B8 IR R AR 2R 102 5 ] st e i gk 4 Y
— WA AR 5 R SRR E L HE R T A
A5 42 B X o [ A5 SR Y 98 5 A e JEAE S B A2
REIE I S . EREEE .

1) K i S A= 0 7 Ak P ) &SR A0 45 B 25 42
FhIe bt ik LR B S A, mAEWS 54U
(M2~M4) 75 4 i 199 119 2 00 B B0 P 58 58 A% it 6 5 B0
J B A e B 38 T Al Ab 2E T R (ML), Herp M4 4]
28 d 5 FE 3k 9. 20 MPa, 29k AR E 4 19 6 45 5 2 51K
Na,SO it £5 76 PR 5 , M4 41 5% A5 )% hy 1. 48 MPa,
I M REE 1 . XRD 5 SEMIESE
T I R R A T R R S T |, I A A ORL[R]
o M 5 30 B A5 6, O o B R TR R AL T O
WA

2) S A ARG 1B X R EL A O 1 AR
o BEB RGN, 4 %5 5 B 55 R 06 35 5 8% A i B A
T AR B R AR T R Kl T g, Hig
Jo Me 3 I, B 5 B0 TR s bk Y T 2 e s R
Bl o ST GRS OR 58 I i &, M2 (k8
o 20 78 B AR T P B [ PR R T DG JRUIR
5 R X

3)VIZAR FR AR TR APy R B — L (B
FEFE R Pl st 07 RN R 0 A 3 56 o, 2 9 P )
T 4 (M2~M4) 7E 168 h oK & 25 3 4 i i,k B
FE M TR 0 B 4L N 4l Ak 2 A €0 22 50 A R W
BT A IR RE B 22 AE*X /N T 3.0, 3 2 SO IR



12 T RE xm % RP E )

% XX A

PR FFEOR o SR, 2% A 5 U 5 7 26 5 24 H B
A [a F JEE ) i E 5 ERIK SRE B 4B N AR AR A
SEARERAE T R AR E M e i — 2P 4R T

4) 1 S 2 LB 6 IR 5 2 R0 vk AR B0 A IE
BT R A T e A g ik A 55 A A AT A
Yo HBUAT IR i A BERE 58 8 0 45 58 0 I T AR
Yo AL/ i, SRS BB BR AL R S RO K SR B
FAFIN B TR AR R S TR AN L )
b o 8 Ry S Il OB R B PR 2 BIVAE 55 UM T AT
R R R CREAE S AN RIS S DGR
BT AN B B T 25 BE AN OK ER AR E AN B B AR AR
Oy Dt gt Bl AP R T AR N O s SR SN
i hE FCILUR N R ER O B LAk B AR A T
[ TR AN N B R i RE N TR Y R Y TR N
R A0 01 2 AR 2 % A K TR A 25 07 THT B &R
GEWTIT , AiE— A Bk H TR i A

5% ik

[1]Pan C G, Chen K Y, Chen D T, et al. Research
progress on in-situ protection status and technology of
earthen sites in moisty environment[J]. Construction and
Building Materials, 2020, 253: 119219.

FUROR, IO, SBFAM, 5. T BEIRET asthk 5 1h
SCTCIN B A2 I AL = WK pE eI A 2 J1%7, 2018,
39(8): 2755-2764.

Pei Q Q, Wang X D, Guo Q L, et al. Laboratory test of

—
Do
[a—

deformation mechanism of rammed roof-propping rein-
forcement at earthen heritage sites in arid environment
[J]. Rock and Soil Mechanics, 2018, 39(8): 2755-2764.
(in Chinese)

Wang X D, Pei Q Q, Guo Q L, et al. Stress mechanism

for the rammed layer interfaces of earthen heritage sites

—
w
[

with different treatments[J]. Journal of Cultural Heri-
tage, 2019, 39: 110-119.

RAWE, 60, ZEH, & ILRE5 R0 TR
PEERG M RAE Lt hb e Z iy R ). A %5
TR, 2022, 4108441 1): 3033-3043.

Zhu C H, Shi W, Li X L, et al. Comprehensive

—
e~
[

evaluation of engineering characteristics of several kinds
of traditional modified soils and their application in the
restoration of soil sites[J]. Chinese Journal of Rock
Mechanics and Engineering, 2022, 41(S1): 3033-3043.
(in Chinese)

A, FIRIR, 2, 5 FRE s hL R BT AR
PERELT] AR5 BB R ST, 2024, 3(3): 18-31.
Guo Q L, PeiQQ, Wang Y W, et al. New progress in

the conservation research on the earthen sites of China

—
wl
[a—

[J]. Research on the Conservation of Cave Temples and
Earthen Sites, 2024, 3(3): 18-31. (in Chinese)

(6] el B, T, & vde T 5 Xitht 55 - 454

FEERIERLT] 4 1 J1%% , 2023, 44(7): 1937-1948.
Cui K, Ge CR, YuX P, et al. A preliminary study on
the structural characteristics of rammed earth at the site
in arid area of Northwest China[J]. Rock and Soil
Mechanics, 2023, 44(7): 1937-1948. (in Chinese)

[ 7] RAS, BIRNI, 8. R 2 W8 28 151 44 L7 8 10 2 45

gt Bk n R OR A B A S LT]. S AR A S 2 T R
%%, 2015, 27(4): 7-14.
ZhuJ, Cai L G, Guo G. Application of ethyl silicate as a
strengthening agent for consolidation and conservation of
earthen sites under moisture circumstances[J]. Sciences
of Conservation and Archaeology, 2015, 27(4): 7-14. (in
Chinese)

[ 8] Ciancio D, Beckett C T S, Carraro J A H. Optimum
lime content identification for lime-stabilised rammed
earth[J]. Construction and Building Materials, 2014, 53:
59-65.

(9] xIBDe, B4 . A 1 i R 5 M), deat: #
A RAE, 2022.

Liu H L, Xiao Y. Biocemented soils mechanical princi-
ples and applications[M]. Beijing: Science Press, 2022.
(in Chinese)

[10] X Je, B, M, & . B WS S HOR KON W

FEETUE R[], £ AR5 BB TR 2: i (h 3250, 2019, 41
(1): 1-14.
Liu H L, Xiao P, Xiao Y, et al. State-of-the-art review
of biogeotechnology and its engineering applications[J].
Journal of Civil and Environmental Engineering, 2019,
41(1): 1-14. (in Chinese)

[11] Sang G J, Lunn R J, Minto J M, et al. Microbially
induced carbonate precipitation for soil improvement:
insights from a meter-scale radial grouting trial[J]. Bio-
geotechnics, 2026, 4(1): 100157.

[12] Zhang X S, Wang H Y, Wang Y, et al. Improved
methods, properties, applications and prospects of
microbial induced carbonate precipitation (MICP) treated
soil: a review[J]. Biogeotechnics, 2025, 3(1): 100123.

[13] LiJ, Zhu F Q, Wu F S, et al. Impact of soil density on
biomineralization using EICP and MICP techniques for
earthen sites consolidation[J]. Journal of Environmental
Management, 2024, 363: 121410.

[14] Liu B, Tang C S, Pan X H, et al. Influence of layer
thickness on bioremediation of drought-induced soil
desiccation cracks using microbially induced calcite
precipitation[J]. Acta Geotechnica, 2024, 19(7): 4399-
4414.

[15] Kannan K, Bindu J, Vinod P. Engineering behaviour of
MICP treated marine clays[J]. Marine Georesources &
Geotechnology, 2020, 38(7): 761-769.

[16] Hussain A, Ali D, Koner S, et al. Microbial induce



% XX #1 X IR SR ETFRUOK M A A SRS A B BV bE 4G HLIE B e B R K8 w20 13

carbonate precipitation derive bio-concrete formation: a
sustainable solution for carbon sequestration and eco-
friendly construction[J]. Environmental Research, 2025,
270: 121006.

Shi J Q, Zhang L, Ren K B, et al. Experimental
investigation on biocementation materials in earthen
heritage reinforcement[J]. Geomechanics for Energy and
the Environment, 2025, 42: 100682.
Shan Y, Liufu Z Y, Yuan J,

resistance of MICP-treated calcareous sand with different

et al. Liquefaction

particle size and gradation[J]. Biogeotechnics, 2025:
100181.

ik, RSB, BRI . MICP # AR TE A 4 5 SC 9 hn [#
Ko B Ak e i R T F 98 0 e (7). A T 5 s Bk £ 97 F
3%, 2025, 4(2): 86-99.

LiJ, Wu F S, Li T X. Research progress on the
application of MICP technology in the reinforcement and
anti-weathering of stone and earthen cultural relics[J].
Research on the Conservation of Cave Temples and
Earthen Sites, 2025, 4(2): 86-99. (in Chinese)

(20] #EHL, %, R, AL A KO B R L it ik BB

[21

[l

TE RS G AR 2 e s A 9 (1) 24 =01 %, 2019,
40(12): 4627-4636.

Cui K, Feng F, Chen W W, et al. Study on the
mechanical compatibility of fissure grouting slurry with
quick lime and grouting technology optimization in
earthen sites[J]. Rock and Soil Mechanics, 2019, 40
(12): 4627-4636. (in Chinese)

PR BMEL, b b R ST LA A K SR
F ) BT E R R SR LT SO IR S Al R A, 2014,
26(3): 74-84.

Li L, Zhao L 'Y, Li Z X. Study on the physical and
mechanical properties of several lime materials in ancient
Chinese architecture[J]. Sciences of Conservation and
Archaeology, 2014, 26(3): 74-84. (in Chinese)

(22] ALY, ME2%, THIMG, %5 . 95 L hk f80h IX SH-(C+

=

CaO) M5 5 44 R AV AIF 5 [T]. 4 90 30 TR 2 2 4l
(B SRBL2ER), 2025, 22(3): 169-182.

Dai J J, Hu X, Yu X P, et al. Durability study of SH-
(C+Ca0O) modified repair materials for undercutting
zones of rammed earthen sites[J]. Journal of Changsha
University of Science (Natural
Science), 2025, 22(3): 169-182. (in Chinese)

XN F e, ALSCRG, B, AF 8 om0 4 i bk gy £ g5
g 1 - 55 T 5 i B8 ) 0 R A Al ML AR BIF 52 (0], Bl R K
TR, 2026, 46(1): 47-55.

Liu Z L, Zhang W G, Wang S, et al. Research on

characteristics of rammed earth structure composition

and Technology

and rebound strength with depth at Jiadan earthen site in
fishing town[J]. Journal of Disaster Prevention and

Mitigation Engineering, 2026, 46(1): 47-55. (in Chinese)

(24]

(26]

[27]

(28]

[29]

[30]

[31]

GB/T 50123—2019 + T35 ) 545 #E[S].

GB/T 50123—2019 Standard for geotechnical testing
method[S]. (in Chinese)

GB 50021—2001 & + TR B F L8 (2009 4R RO [S].
GB 50021—2001 Code for investigation of geotechnical
engineering[S]. (in Chinese)

T, SR, PeRE . TT R AT AT B Y O
W AR SR [T). &+ TR 24, 2023, 450 ) 1):
132-135.

Ding S J, Zhang Z A, Fei K. Experimental study on
effects of heating-cooling cycles on shear characteristics
of clay[J]. Chinese Journal of Geotechnical Engineering,
2023, 45(S1): 132-135. (in Chinese)

BOA R, PR, BB, 5 R BUC I E R R Y
WEIE: RO EN 2 WL T]. X 4 55 28 i Bk, 2016,
28(1): 54-62.

JnZ L, Chen G Q, XiaY, et al. Sodium sulfate behind
earthen relics salt damages: from micro to macro[J].
Sciences of Conservation and Archaeology, 2016, 28(1):
54-62. (in Chinese)

Bk, 5T 30 4F ok AR s g IR AL AL R AE K H
FOrHT(I). BHEGE M, 2019, 35(4): 60-68.

Mao Y, Wang Y. Characteristics and trend analysis of
extreme high temperature in Chongqing in recent 30
years[J]. Bulletin of Science and Technology, 2019, 35
(4): 60-68. (in Chinese)

BN OMRGME, TR, SF L — Rl R s b o A R
V14 1 28 SO T 2R A (T]. R B TR A 2 i (A AR B
07, 2006, 33(3): 321-326.

LiXJ, LinJH, Wan T, et al. The preparation of a new
consolidation material for earthen archaeological site and
the evaluation of its effectiveness[J]. Journal of Chengdu
University of Technology (Science &. Technology
Edition), 2006, 33(3): 321-326. (in Chinese)

05 SCANI B R T i 2 A 5 L s T T
SO e 5 %E, 2020(18): 70-74.

Kou F Y. Color difference phenomenon and visual
perception application in the restoration of cultural relics
[J]. Identification and Appreciation to Cultural Relics,
2020(18): 70-74. (in Chinese)

WA AR, SRR, BN, A stk 75 SN S T00m [ R
TAT (0 2 Az 00 A9 5 i PR 2R T 5 (7). G L R = 4 (A
SRBFIR), 2024, 60(1): 125-134.

Shang D J, Pe1 Q Q, Zhao G J, et al. Influencing factors
of chromaticity detection on the reinforced surface of
rammed support roof for soil sites[J]. Journal of
Northwest Normal University (Natural Science), 2024,
60(1): 125-134. (in Chinese)

(% XXX)



