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Abstract

The water damage disaster of silty sand subgrade slope is the core problem of transportation infra-
structure operation and maintenance in China. The average annual direct economic loss is 8.5 bil-
lion yuan, of which more than 60% is related to the “three high and one low” (high permeability
sensitivity, high porosity, high dispersion, low cementation strength) characteristics of silty sand.
In this study, the Nantong section of s19 Tongxi Expressway was taken as a typical case, and the
mechanism of water damage was revealed by multi-scale method. At the micro scale, synchrotron
radiation CT (0.7 um resolution) confirmed that when the water content was supercritical (wc =
18.5% * 2.3%), the particle contact point was reduced by 40%, and the cohesion dropped by 78.2%.
On the macro scale, the fluid-solid coupling model shows that when the permeability coefficient ks >
4.7 x 10-5 cm/s and the slope > 32°, the slope instability probability exceeds 85%. Aiming at the pain
points of the industry, an innovative protection system is proposed: in terms of ecological protec-
tion, the tensile strength of bermudagrass turf root system reaches 85 MPa, which can reduce the
saturated hydraulic conductivity by 62%; microbial mineralization technology (MICP) increases the
strength of soil by 220%, but it is necessary to solve the defect that the strength retention rate is
only 61% under dry-wet cycle. Through AHP evaluation, the ecological-MICP composite technology
can reduce the life-cycle cost by 35.5%. The research further constructs a smart development path,
including Beidou/GNSS monitoring (early warning accuracy * 1.2 mm) and 3D-CNN landslide pre-
diction model (AUC = 0.93). It is recommended to revise the current specifications, add dynamic
design clauses for silty sand (such as the spacing of blind ditches < 5 m), and establish graded pro-
tection standards. In the future, it is necessary to focus on breaking through the adaptability of
freeze-thaw cycles (the damage rate of freeze-thaw zone is 23.5%) and the integration of low-car-
bon technologies (biochar carbon sequestration is 0.8~1.2 kg/m3), so as to promote the transfor-
mation of the industry from “passive rescue” to “active prevention and control.”
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UL T A T E R BT 5 A R T PR -

BTk R, BHEYE e s P AR IE = AN . — RN NS TR S R AP 2
PR, A KL ERA 78 22 J5) BTS00 2 FRAR O A, R AR 78 40 25 RE I B2 28 AR AR A (WSS I8 ) & — BT
EAERSE). ln, HEEnE AR K235 + 300 B7ERE M50 50 mm/d B &k A= st g 3, itk gfae /E0T
HHERZ MR (Fs=1.25) [3]; B HEAENA L, T (AEEERTHIE) TG D30-
2015) o b LR KA 7 2%, HARIX A ANE U X R 250 BT IR[4], AHER T RAER
X 5T 2 X B R Z 3.8 f5[5]. — @2 A BAMAIERIE G : (&SR B9 1 10 4° R4k
PR BIEYIUEAN 1 220%, 18T B A A B R Sk Z KM RE R S0

FET IR RA SR AT, A ATEN LB T OO R BER H R 4R A CT (4372 0.5 um)#i7~ &
AT B BUR B R, R BE R et 25 SR I TR I 2 AL (R AR AR AR R [6] . Tl T R
b b LR A IR R, A E R A BT R (MICP), 55256 % 244 Nk b L b sy s B2 42
90%, {HII7IRLG T/ Ik RE 52 U5 B IR SRR 8 2 (25°C — 15 C I 1L 3R R B 57%) [7]. HBEE LK
PR B AR B AL R, AE2F GNSS + A G2 il & Wl 28 Gk a0 35 A4 7% B RS P 3 22
+0.2 mm, {Bi% 7 VEAEE SR KRB (<1 Hz) 3 A PR 2 W L0 PRS2 T A BLFe[8].

2. MRER=E
2.1. TR EHEEbIE

AT A S19 188 ik w18 B S AR b - B FE A ORI AR %, EAEEUE K50 + 500~K53 + 200 [X
BUAFE 1.5~3.0 m JE B N EUIR B4k . JEARYEMR, Wk 1.

Table 1. Basic physical properties index of silty soil

F 1 RS EAYIR M BHER

Ei=17N Ui
RIREKE 16.8% * 2.3%
ki 28 /%, (0.075~0.005 mm) 62.5% + 5.2%
R w0 28.5% + 1.8%
I wp 16.2% + 1.5%
BRT2PE pdmax 1.72 g/lcm?3
AR EKE 17.5%

JECR AR B B 4 2% (P42 100 mm, K 500 mm)EURE, 3z fa i R o SR A it 28 R AT

= R0 ot o) % 4 -

J12RBGRE 1 H AR T3 BE(1.65 £ 0.02 g/em3) 73 B S il 4, RS @50 x 100 mm (= 4itEe)
I ®61.8 x 20 mm(EL BT .

WOEERIFE S : VIR 5 x5 x5 mm 2774k, A TREDARS CT F1 SEM M. /KRB RA
IR JJ(@79.8 x 20 mm)ill & M F1 5 7K R MR 5 [9]

2.2, WMGERRIESE

22.1. [EIB5EE CT 4
S b [ 5 AR S 6UE BL13WL ZRif(RE R 30 KeV, 4% 0.7 um) T =445 K15 FERPHS
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. BROGIFIE] 0.5 s, &% 1800 7K, =K Feldkamp-Davis-Kress 5. #JH Avizo 9.0 Bt 47K
By EIFFLE MR [10], & B HTEHE:

LBRZ AN R EKERE L.

W A I SRR AR O R ST

Behr . AN FLBUER M EE S E ST

2.2.2. B FRMIFE(SEM)

K %£5] Gemini 500 37 & S S, iR 5~15 KV, BiA 4 X-Max 50 AgiE (X (EDS)i 47 7T
BT B A R A

AT —50°C N T4 48 h B S5 M IR .

M AR FE . B DRI AR 60 S(HLIA 10 mA).

EUE 4. K Image 3 30 & A B0RE ] P AN Al R4S .

2.3. NEFHEMARS

2.3.1. L - HKFFERRZENE
KH GDS BUE SHA(F J37E ] 0~1500 kPa)Jl &3 i W ) - & /K R [11]. MR :
FESEAT: FHAMUR 24 h JFHA 4 h.
i #2: 4% 0-10-30-50-100-200-400-800 kPa B it i /7 .
W R R AR 71 % 0 kPa.

2.3.2. BIENRRE
KA GDS i = RGEHEAT I S - AR N, B
PANARE: RIEWAIE BE > 0.95,
il 45 HEK (CD)ik 56 : [l % 50~200 kPa, BIHJi# 2 0.015 mm/min.
e ARG 38 il PR AR F5 1) 5L 5 i 7 (0~300 kPa).

3. MY TR SKEKEKE
3.1 BEERHRYBENFE RS KEBRMENRERR

S Ay —Fh g A g AR B v AR, T RR R R I B3 O R MR AE[12] . Sl R A R
7 AN TR iy P X I (e £ X PR AL XA ) 427 4+ TR HUE, KPR 4 (Bi4% 0.075~0.005 mm
TR > 50%) 5 A LR BRI [13]:

O BBEFK R KOPAEBBSRABL(KYK)IE 2.1-5.3, SHEMMARKERE. =ANKKIRE
R, UTERE pg=1.65g/cmP i, HMEEIBE R ke=3.2x 10 5cm/s, {H/K AT A& A 1.2x 104 cm/s.
TXPARRIE 2 IR T BN NIB AN 21

@ EKFHURBE: @RI R R, S KR IEIG FYE oo = 18.5% + 2.3%HH, KK /)
REE >60%, FUBTIRESE . @ 20 HIFE 42940 28% [14]. X —FL G5 CT FAH45 7 i B0RE F22 fih o5 k2>

® Mg FRIEM AR SR, 2015 IEHE, TARFLBRTE4E% Dr M 2.31 35 % 2.58,
PEBE R4 B 5 Es T F% 37%. SEM BUE 3 TR BH[15], X 25 0I5 Tk i 45 58 r S 3 ek e 2 — 2 7R
[16].
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3.2. R@EHSHMmBHLRERR

H T I ORI S T (GRA) U AR HE R 2R W, S mA 7K SRR ) 2 5 R 3R AR VO : HANSIE R H k(R
HKJEE y = 0.892) A825) 5% Cu (y = 0.843) IR oo (y = 0.791) JBILE L 2 ZHOHE £ AR SE VEAIA o8 2
[17]:

FS =0.34e % +0.28Cu°® +0.19In (& ) —0.090

O NI, rad. R RGN ZK 55 XI5 55 2% (S8 UE SR HER 26 82.6%)
33. MRAEEEARELE

R AR ST
KH GDS —Hh RS + - /KFFIE T (SWCC), % F Fredlund-Xing #8455
0=Cly)—"

Y ‘In(e+(z///a)n )‘m

W CT (0 #% 1 pm) B BRI 28 S E (LA E WRIE BAT) -

Fredlund-Xing A% 5| AMEIESHL, W] R IG 0 G AR AN AEA W 78 Bl N R REKAT N, JEHGE
F T HER AR X (401 F 32 3) AW 70 X (R B F ) BT SRR, 5 303 A R S g 2 i sy
FEE

it SWCC & Efliih LR B /KFE SRR IR R, a7 NIZEZ R SR N i3 A i 5 4K
e RARRARAN L], RS MR T S St A S 4.

KRR -

K RSBOL A FRAR AL, TH RORI R 4L
miin|X0 —Xi|+pm;a1x|x0 - Xy
:|XNJQ+pmgwo—x|

yi

R A - IR & 0T, SEEL T I B S H RGP 5 B OO RN, il
B dr RS e BT U 4% SCR VPG 3R AL 1 K 9l ) DR SR A

BB UETT V-

it oA R S (I 5 50 ) FREILAN IR ks (B T BRI, 2 ROC i 2 fif 5 i 57 2 KU T 2%
BE(AUC > 0.75 MDA 20) [18]. BT BB 1A 3 AR5 FE RRIE A REMA (56 [X SR PR 24 35%), oWl - WS
BB Ao 25, W R 2 RIEERTTA[19].

ZHAE Y EIR S GRS &, SEEL TR AR BB IR E S RRE VPG, RN R 9
XREE 5 2 RENLHI SR, YRR N B M BB R AR At kR 3.

R A KRG WA IIR R, el “NSH” Pk A% 2 ks>5x10°cm/s H o > o i,
i A BRI . W ORI e SR A A, S 7O AR AT K TR RS A AL A
R FETE KB st S fit 7B SCE S HOR AR

4. IKEHIEM 2 R E BT
4.1. MREK - THEI/EANE
A b A K BB R O A 5 A2 7K 1K Bh T AR B 4H. - B R HL I o T 4 R A i e A U A& B[ 20],
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TR A TR - J0RL R [ - ATk ) 35 S R R 0 = 1127 & 157), T RUIRASEE AN 1 - T e
AT H(0 = 68° + 227) o IX P U 252 2L
FB IS X SRR RE(EDS) M7 7% ORI IRV 45 (B2 Fe05 I SO H,0)E 27k
w > 23%0] KA TR, RS ) ¢ (AN 42.7 kPa [ %2 9.3 kPa (P41 78.2%) [21].
WROE B KA IR BRLE BR(PTV) AR RAL R, 767K J7BRIE i = 0.15 B, 0.02~0.05 mm Kif?
BURGE RS FE T 1.2 s, RHUBURL(>0.1 mm) ) 8.3 . SLASRL L & (2 IERY Einstein JF5 77 72(22]:
nd>p,g

VvV =———m«————
" 36u(l-n,)”

Hd ne A MALERER, dp NERL EAR.
FUBREALERE: [FPSRST (R 0.7 um) =4EEMR I, 27 3 IKTHRIER G, FLERM L 4%
Dr M 2.14 3% 2,47, MRIEFHEAEY K 62%, R THEMEZREIE.

4.2. EMRERTRLTE

F T R A BB AR R [ 23] R KA IR 36 [24] (B 25°~45°) 2 5 iRI6E, 4B i i /K 5 2 31
=i BURFAIE -
BRI R BL0~2 h): R NIBTERAREA - WA, JE 5 7T w -85 kPa J#[% £ —-12 kPa.
FE BRI s B MU v = 3.2 cm/h (5 SEIR % < 8%).
Sk Be(2~6 h): I “ R - RVE7 IR, R E BER IR | BIREUE K.
E =0.0171"4%¢%

Ry EHGIE (PIV) NS ALk 1.8 mis, 51 ARz ko
REARRFANBL(>6 h): WIS ER R, AT R . B OB (50 )%l T %
SRISIR] & 59208 R 8 ks IR 2R -
t, =48.3k, "

4.3 BEREXBKER

S ST O 2 K5 25 O L ) R R e Rk R
1) EETHb AT, RO R N 5 W SR MR R B ORHK:

E =1.87x10"N %

2) i EEUT - ARG & & (DEM-FEM), HIMBRLE R 214300 0 A R, LRURS B A%
GLITiEAR T 42%.

4.4, TRENMBMESKIE

TR, $H DLFLRR /K 7 B THEZE (Aw/At > 0.35 kPa/min) & il 5 045 . 3037 W I K 6 3iF
FLFE AR % 89.3% (n = 37 Abildk).

Bidr it e . WA EME: 2 0>32°H ke>4x105cm/s I, FRAE LB . HKRGiMk:
IR B I AU R A BH/KEE(RIFE <5 m).

W RIEEAR S 2 RE@#HBEINE S, RGN 7R LK EE s, BT sr ol -
TR RN B 35 AR R R T BB
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5. BiPRARIE R S EETT Y
51 RGHIFRRBBERS A

5.1.1. EFFREAR

FEFXFEIL T X 8 R AL A KRG T, R I R B i R B0 e G 1 [ = PR

R 1. BARPTRL IR L 85+ 12 MPa, 1R &R % (RAD) 5 iR i AE 11 & 5 35 1IEAH 5 (R?
=0.91):

E — 0'24e0.l7RAD
IKSCVER RN . R AT o5 A K R FRAIG 62%, 5 0 B4R 9B < 30 mm/h (R F& K .
BT AR R - HARE & AR
o =0.35E %% .c** . p*?

AT AL PPl AN R R A S B B A RE (IR 2 < 15%).
5.1.2. S5HBFIRRAR

KBRS 112 (CFD)RAIAR AL HE K 2R 45 %t

LA KA BUEREIIE R, R (Cy = 4.2)H13B1E R k= 1.2 x 102 cm/s IS, 7] 45 Rtz ]
R AKALAEY I 1.5 m BAF .
5.2. BIFIBFIFRI RSN
5.2.1. WEMFESFT HLMICP)EAR

MR E PG R 24 6 RMERMIE G, B> MR PUERE g, M 152 kPa #2758 487 kPa(#giliE
220%), SEFEBAGEAN IS .. (HAE RGN, 25 10 IRTEIF 5 50 B AR B R4 61%, i ATEROR 7 d
AR P KA H[25].

BT RAS - BEE BT AR
_ 2,AD(L+r)
o+ Y M, /(14 1)
Hodr ADCR R EWRBDE, n=20 EJEEN B/C Eik 2.3,
5.2.2. RIREREMAREEAR

Wi RS R RICAESE: SINEEREE <0.6 m HEAH T R~ 50~100 mm i, i3k %
A RZB Fs 1T E 1.8, RIIRIE, BIBPRIN Zn BALE <0.8 mg/L, &G FEMEIRUE26].

5.3. BARMEETHHER
AR AR, WL 2:

B/C

Table 2. Multi-index evaluation matrix

2. BiatRTNRERE

fatr E(AHP) e N ikl MICP
FRA A 0.32 0.85 0.72
fiif A A 0.28 0.91 0.65
it A% 0.18 0.78 0.43
IR R 0.22 0.95 0.82
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A5t L E 0 Hr -
EGKMA R 20 FE A = 3800 Ju/m?
AR - MICP EAFAR: 20 FEA = 2450 Jo/m? (F41E 35.5%).

5.4, TEXLBRNAMNE

TERARTT ZIEF VTR b, B 0<25° HIFWE P <800 mm/a iif, fRJERHAERDY . 2 k>5x10°
cmis i, FEEE SR HKIE .

A EENE 2 TFERAE S 2 AV, @I TR I BRIk A R, VTR SR B TR
PSR T E o i BB BOR K I B 7 A 52 35

6. AR SRFKT5
6.1. HATRFHFRARN TIZEE RS

R4 - FOR B ) . RWTEE S, AL GE AT 45 R FE VR RIS IA X A AR B R IR R T4 23.5%, W& E
Tl X 1) 7.8%. £ 0[R2 BT 5

D, = 0.15N, +007AT -0.12A, (R? = 0.82)

Hort NONRBHERR R B, AT NIRZE, A ARSGYISE.

ERHI AR B : I RIS R, MICP AHRFETE 50 UCTIRAR I J5 BRBRAS s 25 5 1 B W1 46
EH 1) 39% + 7%, FECGEE ZERH# 82%.

LU AAT YRR ). 27y AR (LCC) i B, BT S &R HAR YIRS A R AR
40~60%, 7 FIIAKIE 8~12 4, HIL LM N .

6.2. ERUMIFHARRERE

FET AR I, H = BOR R SFNE .

F5191(2025~2030): F 5 M B IRAL IR A A R, FFRPUT IR BN (10T) & 48, His
BRI HIAE 5% LA T .

FF11(2030~2035): @ EUT ARG, SRR AR A S S W B, SEELIASHOIR A 1 BT i i,
THINRS FE 23R > 90%.

K:H(2035~2040): K& HIRKIBE 258, 456 4D FTENE AR SZI GO Z B R, N E] <24h,
6.3. BERIECIFSE

N L REIRBE: TR 5 SR (10 3D-CNN)ALFE InSAR I 48, 3l AUC fEik 0.93, Bifk4:
T7iE5E Tt 35%.

TR ARG W FFR AW IR - BEFIE A SR, BEFE A AR 553 5 (qu 34 40~60 kPa), S ] [#fi%k 0.8~1.2
kg COz/m3 o
6.4. FREFREIZEIN

SR AR YRR, HE ZE R, Lk 3.

A A B AT S IR T 4G, REGMR TR LA B BRI K SRR, AT
M LT RV SRR YR o TV E A B AL BOR A FE XU 75 B A .
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Table 3. Risk levels
= 3. KIEFR

RS2 PR B3 EER
1% >10 mm/d g+ S + BRENEAKRR
2% 2~10 mm/d AL+ BNES

7. &5
HIE - HAR - SR EI RIS L I

T2 REMFTRR S TR IS, A AEH UL 0% R:

IKEEHUERJZ I, ST TR RS KB« XUREL” 0 v -

BMAEIE R ks > 4.7 x 10° emls HE/KE o > mFE og = 19.2% + 1.8%F, Ak faii® >
85%. 1RihfEERMIGIE SR, WWE 0= 35" W2l %L E 4% 25° Tl hn 2.3 f%.

FARMEEE T : Eid AHP E R HTE(CR = 0.048 < 0.1) i & S B AR E, WE 4.

Table 4. Technical weight

=4 FBARNE
Ei=7 7 WE MICP AT 7 A0kl
HARAT S 0.38 0.72 0.85 0.91
B A 0.33 0.83 0.95 0.62

EEAULR I : AR E N RY], KA “PLETE + R P 7 RS IIH , K F KK 57%
+12%.
B INEE B SIAZ MG BRI 1.

‘ K SCH T 95 7 s (YIRS é%,ﬁﬁﬁfﬂii

Figure 1. Multi-field coupling design process
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