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Effects of Soil Type and Biochar Content on Unidirectional Freeze-Thaw
Characteristics of Vegetation Concrete
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Abstract ; [ Objective ] Vegetation concrete in alpine regions is prone to structural loosening and mechanical per-
formance degradation after freeze-thaw cycles, which in turn limits the effectiveness of slope ecological restoration,
while the coupled effects of soil type and biochar content on the freeze-thaw characteristics of vegetation concrete
under unidirectional freeze-thaw conditions remain insufficiently understood. To address the above issues, this study
investigates the effects of soil type and biochar content on the freeze-thaw characteristics of vegetation concrete, re-
veals the underlying mechanisms, and provides theoretical support for the optimization design of frost-resistant mix
proportions in alpine regions. [ Methods ] Sandy soil and cohesive soil collected from Yichang were selected as
planting substrates. Vegetation concrete specimens using sandy soil ( VC-SS) and cohesive soil (VC-CS) were fab-
ricated, respectively. Unidirectional freeze-thaw tests were conducted. The temperature field changes at different

depths of the specimens were monitored in real time, and frost heave deformation data were collected using dis-
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placement sensors. The layered water content before and after freeze-thaw cycles was determined using the oven-dr-
ying method. The effects of soil type and biochar content on freezing temperature, frost heave amount, and water
migration patterns of vegetation concrete were systematically analyzed, and the mechanisms were interpreted from
the perspectives of thermal conduction, pore structure, and water transport. [ Results] 1) Soil type had a signifi-
cant effect on the freeze-thaw characteristics of vegetation concrete. Under the same biochar content, the freeze-thaw
resistance of VC-SS was significantly better than that of VC-CS. The freezing center temperature of VC-SS was
0.2 €C-1.8 C lower than that of VC-CS, the maximum frost heave amount reduced by 5.6-7.0 mm, the water mi-
gration amount decreased by 0.2%~-1.3%, and VC-SS reached the frost heave peak earlier. 2) During the freeze-

3

thaw process, the water content of both types of specimens exhibited an “inverted C-shaped” distribution pattern.
In freezing stage, water showed a unidirectional upward migration pattern from bottom to top, with the water content
in the deep layer decreasing to 15.2%—19.83% and that in the shallow layer increasing to 20.2%-22.6%. In tha-
wing stage, the water migration pattern shifted to bidirectional migration. The surface layer water content decreased
by 0.05%-1.3%, the middle layer increased by 0.02% —1.4%, and the deep layer showed an overall decreasing
trend of 0.4%—1%. 3) The effect of biochar content on the freeze-thaw characteristics of vegetation concrete exhibi-
ted a nonlinear pattern. With increasing biochar content, the freezing center point temperature, frost heave amount,
and water migration amount of VC-SS and VC-CS all showed a trend of first decreasing and then increasing, with
0.5% being the optimal content. [ Conclusion | Under unidirectional freeze-thaw conditions, sandy soil with low
fine-particle content combined with 0.5% biochar content can significantly improve the freeze-thaw resistance of
vegetation concrete and is an optimal scheme for mix proportion design in alpine regions. This mix proportion has
relatively high thermal conductivity and low thermal insulation performance. Therefore, plant species with low-tem-
perature germination characteristics should be selected in engineering applications to ensure the effectiveness of
slope ecological restoration. The innovation of this study lies in the systematic clarification of the coupled regulatory
mechanisms of soil type and biochar content on hydrothermal migration and frost heave deformation of vegetation
concrete under unidirectional freeze-thaw action for the first time. This study clarifies the internal mechanisms of
freeze-thaw deterioration under different mix proportions, and addresses the insufficient understanding of unidirec-
tional freeze-thaw characteristics of vegetation concrete in alpine regions. The findings provide key theoretical sup-
port for frost-resistant design of vegetation concrete in slope ecological restoration of water conservancy and transpor-
tation engineering in alpine regions. Future studies can further investigate the evolution of geotechnical properties of

vegetation concrete under freeze-thaw cycles to improve the engineering application system.

Key words : vegetation concrete; unidirectional freeze-thaw; cohesive soil; sandy soil; biochar; freeze-thaw char-

acteristics
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Fig.1 Freeze-thaw cycle test system

A C

'4 T T 1

0 2 4 6
5 A]/(10° min)

(a) 0% P11 45 1tV C-SS

I 8)/(10° min)
(b) 0.5%EWHedB HivVC-SS

-4 T T 1 -4 T T T

0 2 4 6 0 2 4 6 8
i [5/(10° min)

(d) 2%V 45 HVC-SS

5 8]/(10° min)
(¢) 1%4: 7745 5V C-SS

AR, | PR

)0 CURZEZ
-4 T T T 1 -4 T T T 1

0 2 4 6 8 0 2 4 6 8
B T8]/(10° min)

(e) 0% P 7i5 HivC-CS

i [6]/(10° min)
(f) 0.5%4: 4 BV e-CS

N ___0°CHREE S 0CHREE
-4 T T T | -4 T T T 1
0 2 4 6 8 0 2 4 6 8
i A]/(10° min) i [A)/(10° min)
(g) 1% v e-cs (h) 2% W5V C-CS
W /em ---2 6 - -10 -~ -14 —18

B2 TRMEMRSEINERRETIREZNZ
Fig.2 Effects of soil type and biochar content on

temperature field of vegetation concrete
FEBTR TR L R il 2 37 1) 722 Al it 28, s T A T
0 CORHREURIE . & 2 T, A ] 3RE v l y Be
R I B AL A R SRR R] o R4S i BORIRAL B B i
i AR SEA T LA 3y 3 A DXL, B R PR o
B il 2 1 Wi 7 i BRIt B AR E B B 5 Rl
Wr B LG, VRES B B p il B2 25 5 5 B, O B 4T

by LU AN [ TR AE ) 1k 45 e RHAE TR B 1 VR 45 T
FERFZR , BEBGE Y 4 (2 em TREE) (L33 (18 cm
TREE ) FRREE P (10 em R ) VB NRFAE &, 05T
HAE 2 000 min B ARG RERE (1 3) .

0 05 10 20 O s 1o 20
LR B E % HEVIRB 5%
(2) 2 cmifTiE (b) 10 cmiRE

6

084 I V/C-SS

= = vecs

&,

O 05 1o 20
HEVIRB R %

(c) 18 em¥A
3 AERELEMRIBEX VC-SS iKEM VC-CS ik #
iR RN
Fig.3 Effect of biochar content on temperatures of
VC-SS and VC-CS at different depths

URGE I 1 20 B B R T - L R hE
I, PETIAREE T AW BE A R L e 3
Fiw PR B AR R I 451, VC-SS ik i v
IR EERS VC-CS IXH180.2~ 1.8 C . BEE &Y KZ
3N, AN TR B ) U B AR A B R B e T R R
IR B S A Y B RN 0.5% 8] A Rt
SRR IR TR 6% ~31% ., Weoh e Y5
HIAE] 1% 2%}, VC-CS iRAFEFT VC-SS R AR
JEFERRIL/IN o 3T RE S PR Ay AR ) 5 1 5 i) 8 422 30 7
L, 3B T 3 0T - S R )5 M AR 0N
22 BHEABEGTHEBRBRELKIER

ANE L BERR KAV RB R T R4S e Fib s
PR TR BE - AR B TR B i 22 Ak an & 4 firoR . TGie
SETEURES SRR B, BT A IR 07K ot B T 543
A R B KRB I F C7 B4 A o IR i L 3 ]
BRI ot B, TR L 2K A3 R4S, BHAS T 7K
SYIHE— TR, SBUKME IR L Ah, %
LML B K 2 AN A VR4S B B e
I K S B R AIE WD 4G 7K 20% (1)1
FEQREE Ja , R )2 B (TR FE > 12 em) S7K REE R
15.2% ~19.83%, 1fij & J2 X 3 (R < 12 em) N T+ &
20.2% ~22.6% ., TERMALET B, 7K o B AR ik A8 A R
ik RJ2 (R 0~4 cm) 57K R 120.05% ~
1.3% , )2 (IR JE 4~10 cm) H4110.02% ~ 1.4% , IR )2



194 KL AR R 4R

2026 4

(VREE 10~20 cm) R ERAAFAE RO IR 4, (A& 4 2 30
0.4% ~ 1% 1) T FEtaH, X EFATERS B, 12
H T T I B R, 7K 73 F i A v 1) S e
JERARE EIAE SN . Ak B, S T PR Y T
HJEIK oS, A TR)Z R R URES A7k 43 1) v
A B S R 2T Y

TIKEI% BIKEI%
14 16 18 20 22 24 14 16 18 20 22 24

0 0
2 2
4 4
6 6
£ 8 £ 8
310 S0
12 ®12
K14 %14
16 16
18 18
20 E 20 |
22 22
(a) e (b) AL
- VRS IKE —#-V(C-SS, BC=0 ~o-VC-CS, BC=0

—= VC-SS, BC=1%
—4= VC-CS, BC—2%

—*— VC-SS, BC=0.5%
—-0- VC-CS, BC=1%

B4 FRMERATAREMRIBER VC-SS iR
VC-CS i &K ERREETL
Fig.4 Variation of water content with depth in VC-SS

—®- VC-CS, BC=0.5%
—+— VC-SS, BC=2%

and VC-CS with varied biochar content under

freeze-thaw action

AFIFBOK 3 IE A )2 897K 7348 n] S R
7K I3RS SRR R B B IR BE IR K 73 I fiE
S LS SR R P R AR XS [R] B Be A bk
TREEL /KT ARG A5 , BIVRES S 12 em (KL
N JZBK o SRS 4~ 10 em R B2 HK
oy BRI, TOIR VR4 6 2 Rl B B, 7EAH )
HYIRAB R, VC-SS I BERY KM B 5 VC-
CS 1FEIR0.2% ~ 1.3% . AfE[R)— L BRAL R, BEE A4
Yyrd5 SN R DR EE 1 A0k TR R R I 5
D IR A . HLEIBAB R N0.5% ), ik
FERYZK I3RS 00 IRZH I /00.2% ~ 0.6% ; Tii 15 1t 4
1% 2%}, FoK /TR RN 3 ETHES

0 0

8
s <
1g 6 1 6
ol s
%, %,
0
0 0.5 1.0 2.0 0 0 0.5 1.0 2.0
VRS /% HEVIRB %
(a) k)5 (b) AL

I ve-ss [ ve-cs
5 FRUMERTEWxiBET VC-SS i #n
VC-CS ik # Kk EN T BKRSEER R0
Fig.5 Effects of biochar content on water increment in
soil layers induced by water migration in VC-SS and
VC-CS under freeze-thaw action
2.3 BEFRBEG THEWEER TRKRITTW
ORRl 2551 R B VR MK Rl T 23 SRR B E 2854, DA

TR AR B RESR B I 6 s, VC-SS ik fE 5
VC-CS SR 75 K 247 I B 1) 184 o g 385 o, # 35 %)
WA S Bk TR . AHEST VC-CS 4, VC-SS
TRBE A K 2056 ~ 7.0 mm, HLHL 3 B4 K 7 ik
AW B g, K 7 SR TR RS
AR R VRAK S 2 i AR 4 B B (410.5% )
REEM R IK a5 0 BR A 25 N B 3 (B R K AT
A REAR2.3% ~ 2.5% ; i 5 5 e 3G I, o ik i SR 4 K
e Hoh VO-CS I IR L B3 . FERBA
AW HBT, VC-CS A B VR I 1 7.87 mm; 444
A N 2 0.5% I, d KR K 5w R AIR =
7.74 mm; i YA Y B i E— LI E 1% M 2%

i}, F K K 4 0 T 228.67 mmA19.26 mm

--- VC-CS, BC=0
VC-CS, BC=0.5%
VC-CS, BC=1%

— VC-CS, BC=2%

--- VC-SS, BC=0
-+ VC-SS, BC=0.5%
VC-SS, BC=1%
— VC-SS, BC=2%

S
S}

%)

YK #/mm
—_— (3]

ff1E]/(10¢ min)
(b) VC-CS

i TE]/(10¢ min)
(a) VC-SS

6 HEYRBENAELREHRELR
S ==:0p= A
Fig.6 Effect of biochar content on frost heave amount

of vegetation concrete in different soil types

10~

e

)

=)
£l
g VC-SS
8 4L —¥—VC-CS
K
X
2 |-
0 Il Il Il I
0 0.5 1.0 2.0
R E %
B7 AEXREEYRBEMEHBRELIRXER
B¢ 2 8950

Fig.7 Effects of soil type and biochar content on

maximum frost heave of vegetation concrete

3 it 54Hh

3.1 T RxEHER T RRF IR

B 25 5 Y S A R R 05 A R o A
AL A KT IE RS MR IS . AR EE VC-SS i
B EMRI SN AT, VC-CS it By bt IR
KT BRI B 2 3 Sy, A SR R
35T : DVC-SS BUkE By UKL LU R0 40 0 32,



%54

XKH F TG £ RS E AT BOR B £  E OR R R 195

VC-CS BREN AR A 09 o A5 M
S T A VC-SS R v 4 A A B 2 b
oL S RIRE S QFIE b B A K
() LG 75 T ARR = B 0 W A7 5, B 083 o ol 2 £ 1)
MBI 4, DT R SR K AT B . R T , e 45 SR 3
W] B S i T 1 VC-CS SRR 1 B T i1
AKAERSRE ST o SEICIEA , B bk - UKL R T 40 /1N
Rz, HE AV IR S, A T o B Ak 43 (0 5
B M BN AR X K S5 B (9 HE AR T T
B ORI K 43 (0 W B T B , 7K 43 R
B, BVC-CS RE LUBFLER b 32 , 35 B LB 5 bk
KO . FEVRSE R P, ok A K BT 7 A 1 B B
FIMELA MR IR, B KM R Rk, A
235 K IR 7K 43 AS T ] 5 425 X RS 3, SRy ok 2 K 4
HE JEORE” , JE— B v AR R A K, (A T
TR TEVRGERE WY By, VC-CS SR BETE 2 om TR
A L i B A A5 2 /NI [ T (18 2)
AT B P50 1 T 0 B b Dl i 4, T g
TR TR T G P I S SR AR, S B
R H YR,
3.2 Wi EIHENRE ARSI

AR LI, A Y5 (0.5% ) 2R 430
TELRE , B 25 2 0 5 45 R K6, K96 B 5 7 T
(F3), EBFFEREYROPESRAIET L5
R 2 5t R TR U e, 4 < B
FEOMIC B AN FERB R AR, R
3 3 1 70 AL B R 2 B, R ORI AT
P 1 5 e 1 D BRI 5 A, A 1T 4 3
PESUT(E 8(a)) ., TirB (1% .2%) I, 1k
R L TORL Y A PR RS, SR ) 45
TR s A T T B B A 5 4 000 5, 5 8¢ 30 o A £
SN (b)) . A H RIS Ak A
ARSI LK 3T H8 , A58 2 W OB R BE £ o
(19 7K 43 o i A 00 53 e T 52 B0 SR A
SRS, S JE R AR 4B R R A
AL, WA - 0 P L 3 388 1, DA T D/ 7L B
A B3 5 T 75 4 J 24 90 9 U 46k = 50k il g 4L
BT, R B o K T (1 9) o Ak 4y
SRS 1 10 880 00 22 39— 2 o ) 98 1 o ik s T
A, AU A 1 i S B R T e B
TR EP s R A S R 3P Y
ST ik, DT 4 3R K 28500

LR D 4B A0.5% 2 W 5 401 45 f e
BORBE - FAT R M R, K AT 8 B A
AR R TR P M A (A R X

e Lk
ik
i
A
BES IS AN
B
e

(a) B R
B8 FEHEELEMRN T HHIEEESHHM
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of soil particles
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