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Release and migration characteristics of heavy metal
in coal gangue subgrades in northern Shaanxi
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Abstract: To study the release and migration characteristics of heavy metals from coal-gangue sub-
grades in northern Shaanxi under rainfall conditions, and to elucidate the attenuation and buffering
effects of subgrade structures on heavy-metal transport, a coal gangue subgrade in the Yulin region was
used as the study object to test the static leaching and dynamic percolation behaviors of heavy metals in

coal gangue. Environmental risks were evaluated using the single-factor pollution index and geo-accu-
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mulation index, the leaching patterns and accumulation characteristics of Pb, Cr, Ba, Fe, and Al were
analyzed, and vertical migration in a typical subgrade was simulated using the Hydrus —1D model to de-
termine the relationships among heavy-metal concentrations, soil depth, and migration time. The results
show that: Although the overall pollution level of the coal gangue is low, Fe and Al exhibit relatively
high pollution indices, indicating potential environmental risks. Pb and Fe are rapidly released during
the initial leaching stage, subsequently, the concentrations of the five elements tend to stabilize. Heavy-
metal migration displays pronounced spatiotemporal attenuation, even after 300 days of continuous rain-
fall, the maximum migration depth does not exceed 4. 63 m, suggesting minimal impact on the surround-
ing soil environment and a low migration risk. Under the situation where the compactness of the sub-
grade on the first-class highway reaches >90%, heavy-metal release and migration within coal-gangue
subgrades remain controllable, demonstrating good environmental adaptability. The findings confirm that
subgrade structures effectively retard and buffer the migration of heavy metals, providing scientific guid-
ance for environmental risk management and practical application of coal-gangue subgrades.

Key words: environmental geology; coal gangue subgrade; heavy metal leaching test; Hydrus —1D trans-

porl simulation; unsaturated seepage
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Fig.3  Structural diagram of classic coal gangue subgrade
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before and after leaching

FEAEMI RN 5T o ) 3 B A SR B e A2
4.1.1 RFEANSEHER

KA B IE L Richards Jy B THEIR , HAEIR]
IR 55 7K b 25 R SR ik 55 22 T3 T Y R
FREBLILA B K FE LI B3 72846 Rich-
ards J7 e e BT W) EIRBUE N

A 0Ch) Kk b YR %L, Y K(h) NHE
TR m/ssh BRI Iy, N/my 2 Oy 3 ] A
b, TCHEEA 50 g IFTE] s
TR RHAE I 2 (SWCC) B R SRAL K )
Kk h 58 7KE 6 Z[E] %, Van Genuchten f5
RIEL W 12 B 2R )+ S i k58 . Van
Genuchten FAY R iHEAXANF
h<0 6(h) =6, +[1+0(ah‘9” (5)
h=0 6(h) =6,
KA 0 AR T KK, % 50, WEHEIKE, % ;0
R BRI, /L 8 1/ emgn Sy fLAR S0 A
SR TR ;m =1 —n" sh HETIKSK em,
BN F IR F R K (h) RRIFM AN AT
W)oK AE ST, FIh AN



%2 M

WEE,F R BRI T BBAL TS

325

K(h) =K -8/ [1-(1-8")"]"  (6)
[h KoMK, w/s s SOH A RURFIE , %
12 RIEALBUERE S50
4.1.2 ZEEEAF

1i Initial Conditions HP &% B #1145 & J1 7Kk 3k, %
AR AR b = =100 em, +IEE K 6,5 H
A (4)
4.1.3 BEREBER

BRI 0 — 40 - IR RO R AT
B AL

3(0c) _ 9 (pndc) _ 9
Jat _62(91)82)_62((16) (7)

K 0 EIEIRR, % 52 ] HHERPE , emst Oy
BTA], s ¢ I O L, mg/ Ly D S K 8l ) R &R
Bom®/dsq HBIHEE, m/d,
4.2 RESHRE
4.2.1 BARTAEIN EHE

BE TR B, 2545 B b b DCOBREAT A %
FLA PRt T 00, B RN X Dy L — 4 T
) ARAL A (B 9) o FlEEE g B L N KK
0.5 m 8 +37/K)Z 5.0 m JEHATAHZE K 0.5 m
JEJREREE L F K =, F AR S B T R AT 41
PEILEERPRAAE . B R, e 1) T EBUE S
AW 43 AEF 0.5,2.0,3.0,4.0 m F15.0 m
TRIZAL , T 2 i 5 J2 A3 4 s R ) 3 25

A

K=

PO RERIAS P L 5 A

Fig.9 Model dimensions and observation points layout

4.2.2 EEAHEZE

TF Material Properties e &y A+ ERENE 2
LA B Van Genuchten S5, #37K 1 S50kE B %
B EBIE TP A A SRR 6) A I
R LR TIEIE . B T8z S 2
BRI , T SHCR R Z R Al 7 X sE , v]
i S B AY 45 RO i AL SR B — o U
PE, IR R R e 2, IR T S8R 8 4 A, 4
R M5 5 R BT, 15 Y Wi 7 75 B A8 1k
29 10% LA, BB B (A 30— B0, (HAEAS 1 i
PR 5 T 5 45 B B S S BB IE .

®6 EASY
Table 6 Model parameters

24 6,/ % 0./ % o/cm ™! n K/(m-s™") P/(grem™) D./(m2-d™!)
A 0.068 0.38 0.008 1.09 5 1.2 8
wt 0.034 0.46 0.016 1.37 6 1.5 10

4.2.3 s FEMHERAR AL

PG B B, AR A AL 45 22 R T 4 )R vk
JEB R AT, K B R BEE AR A B
SR R T A1 1959—2011 4F 4% 3 ek 35
BT S 220 | 5T el H X 4R 24 [ 7k
500 mm AP FF RS s B AR A A R HEK
A, DA e LR B L ) B RS . W I R &
PEr T, b SRS e R B BE AR A
B IE] 25 P 2 2R 6 1 0 e B DR AN A8, T LA
PSR AT PR s NI R R R R
FES T, DA DRV 0078 ISR AAE AN & & A R 1)
Pl ARYEBEAT A7 4 3 A7 10 TR S B 1, B
S E A 300 d, WG 2B R 0.1 d, B [A)

PEH S8 K o3 3 B8 T oI 4% o R #4517
P
4.2.4 HALRE

AR 7 0 e A IR R A R, BT A
J& Pb Al Ba, Cr  Fe 4] 45 #e & 73 %y 0. 052,
0.261,8.401,0.072 mg/L F1 1. 283 mg/L, A& 5l
WA ES WS IR SR IR 2 R B0E N
TP IR IR W) 4 i AL 25 I8 2 2l 25k % i 72
SR Y0 G K eI BEE 7B R A= (B P
SO WA ARG BEPE BB, P AR B A 35 47 1 A
PR T JEE N ] 8 5 BR A500H 500 9 B AR 77 9
DA s A T T B, 3 b 7 9 A IXIOR % 75 e
IER Y A A TR AR S R I (EAE RO R



326 i

% A K

oL

E 2

F IR 2026 % 46 &

JE S AT Fp AT B AT AVS 0 I v B e, S R Cr ot
iz JT R MOLE . Wi Cr SR gL
VR SRR AR DL R A T A, 76 ML T
AR A B — B (1 10) BRI A Cr 3T
AT R r A SR BT . 25 00 UF T A A 7R
A B o
4.3 BEWMEREHH
4.3.1 E4ERERE I T

ARV IR BE 19 45 B2 4 J 1 IO VAR i B 1) 2 Ak
(EL)  FEARTR] A Bt ] AR Ak TR B 4 8 1 ¥ T 7 2
Sl T IERS , O RN, R IR I
R S ¥ P2 Ao P R W T i, x5 B AT A
BPLZE R, 5 4 ¥ 0 B R W LA % - 38
B 1 A T 20 A% 3 300 d J5, EE 42 )8 Ph AL
Ba Cr Fe JUZ WU B M 2RI N« s” Bk 2y, B 1
— R G ELRG TRE LR EALE Pb,
Al Ba Cr Fe JC Z 11 [ F 135 2] 1 fie K0 43 5]
47 0.062,0.264,0. 643,0.397,1. 472 mg/L, i# /&
( - SR o A P b - S 7 e XU A s e (3K

7)) (GB 15618—2018 ) #IJC HLAE ™ . HE 4L 32E —
AR, IR R BOR R W 2w A 1 RS
ZRUBURNE T W 45 R s BB DR BB N, L XS
4 A AR P RE T 30 8, 3 R R I 5 45T
FRUR TR B I 5 ik 8] TR JEE B A
AU T e R TR BE AL, B 4 Ja vk 38 1 B R A HE AR
AL TE 6 m BRSBTS , BEft 41 P H <5 R iR T
Fo A2 0 Ji ] 4 5 I e PR B XS

AU (L

0.40 -
0.35
030
=025
£y
= 0.20
=
2015
0.10
0.05

o SR

1 1
60 120
R JE /em

80 100

K10 Cr B0 5 SRS H

Fig. 10 Comparison between simulated and measured Cr

—a—05m
05 ——20m
1.8 | —e—20 : 051 ig ::‘: 0.08 |—=—0.5m
L | ——3.0 . ——20m
LOF | Zdom ¢+ 50m 0.07F | ——30m
14F | —+—50m o4 . 0.06
Lo13f < 03 = 005
=19) 1‘0— =19) E‘ﬁ
£ £ E 004
= 08+ = 02 =
i 0.6- oY ®0.03
04F 0.1 0.02
0.2 0.01
0.01 1 1 I 1 I 1 0.01 I I I I I 1 0.00 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
i [ /d Fof ] /d it [ /d
(a)Fe (b)Cr (c)Pb
—a—0.5m —a—05m
——2.0m ——20m
—4—3.0m .
0.7r —¥—4.0m 0.30r - 38 i::
0.6 [ 0'25 -
T, 057 5L oo020f
0 041 s
\j/ 03 é 0.15F
=Y i
® 0.2 & 0.10f
o1 0.05f
0.0 | M MMM M | 0.00 | | RN | |
0 50 100 150 200 250 30 0 50 100 150 200 250 300
fof ] /d B 18] /d
(d)Ba (e)Al
& 11 E4 R WA RERT AR fk
Fig. 11 Variation of heavy metal concentrations over lime



%2 M

FEB,E R B E L BB AR 327

4.3.2 E& BRI T A

B ITTR AT [0 3R R ik B R Wk B
MRS RIAAAE B B 22 5 5 PR 4 )@ I B K i Tk
FEAKIR A :Ba > Fe > Cr > Al > Pb, #) 2 Bl H “ gif i
Pk Th s — g Bk AR ny S R AR e, B
BB IN, 54 s v Bk B R 8 Wk il 1Y
I ) 3 S A, R YO B8 i R R R P I %, TR
JAXBE( <2.0 m) , Al JTRIEBNFEE R I 15t A
AL, H R Cr ST 1l Ba 5 Ph 1R E I E] 45y
ik,

HERMTBIRE FEEPES m JEFEN, F
BB A v s e ) 0 T ) 52 e B — o R BR A
AN ERFAT B A L 1 ) A 22 1 o (AN FLBR 25
I RRFRE 55 ) X xR B T I A B BRI AT
B BER . R K B 4 R R T
B EZA AR o B O, WA R TR ,
& 1) IR TR S R b B o FER
AR A S A BT [ B PR B e M
FHED
4.3.3 ELBER TSR ) LA

ZRFETRWREAVE T, AT A g b & 25 T
BRERITRERRKETBIBIT . BUERER, &
JCR I RIT M IR EAETE % 22 5%, ¥ iy s B IR
IRTAK K A Fe(4.63 m) >Cr(4.12 m) > Ba
(3.77m) >Al(3.54 m) >Pb(2.72 m) (¥ 12),
e R TSR, &4 8k R 3 2 A
AR A, R HIE R A R

K12 EaEITR N BRI A

Fig. 12 Variation in heavy metal infiltration depth over time

AN 4 Ja A A 1) B AR B AR A S A —
0, 45 B B B A0 T 28 DR AL o Bt A
B (o e v 32 T ST AR RE UL 2544 , 4% 2 7

X EEL 4 114 R R 55 A7 RE 8 T 1 5, A7 2540 1
TR BE— L% Fe JUR 9T I 55 I
i, GERA FLAE AT £1 90 B N IE A2 BE S 5.
R, R RS RV AA —E T BHER, H
[SEEPRREAPNE i UE DI IINER7 IR =R (S F A
FURBELIAN , B )@ 15 Y JCIE KL Y 76 2 AT HH SR
LRGSR TR REAT A e 2 X ) i PR 1) 75 e X
B AG, B A B IR B 2 2k

HASTEM S R TR RS 5 RhocR
AT AE XU 7K SF- , B DN 77 B 48 25 L BB A
FRAETFTE X R B ih KU 7 (5 HC X L ik
B e R BE AL R Sh A A2 . A Hydrus 1D
BUER R AT T 2h 5040, 878 T H 5 J@ JU R AE
ip s 2 B AT A A, WS B A 07 iR A A M
T PR E TR TN - XU AL (Y SE B AE S,
B AT S e 1 RER T A7 R A PRI R

5 & i

1)5 8 & Ja 7RI e rh o SR B © PR
R — M8 BT — A By B O ML, f% 2 AL
AR T 20 i 1 X LA S T e W R A
SRR AT BURL R A A B R A Dk 5 T B )
MR AT N

2) AT A7 R I AR AT HAT W I s
FEICRAIE , 790 70 T < JR OU R AL IR o v o B
FRAEAIBE SR, 3 L8 AR T 5K 2 Bre T30 B Be o
WL WAL, HLOE RS TR BEAT R, R IE R 30 g LB, i
Ry, TO R Uk P 4470l PRI i R b
15 Qe XU A P fE (347) ) (GB 15618—2018 ) R
{EL, B A PR 22 e, (ELAT 3 DA 52 B o ]
o B 5 vt BeHE K B R R XU

3) ARG R AT ) b (Y o AR A A —
b2 @RS U iRV D IR WK S TR & S
A BRFEA R G % FE 45 T2 0 2 45 T B Ak
VR 248 i, B LR L T 5, T e i
iz B IR o

2% 30 1k ( References) .

(1] SFIBRWE, 5K, £58, 45 BT 8RR 208
o ] s ) A S IE R —— DABR VO A bR [ 2 [ 2F
BBE REIT]. 35 4, 2023,42 (10) : 1745 -
1756.

GUO Chihui,ZHANG Maosheng, WANG Yao, et al. Ec-

ological restoration of China’s territorial space in Yulin



328 B oE A H K F F R 2026 4% 46 %
section of the Yellow River Basin through nature-based 255-257.
solutions[ J ]. Geological Bulletin of China, 2023, 42 [11] MIGNARDI S, CORAMI A, FERRINI V. Evaluation of
(10) :1745-1756. the effectiveness of phosphate treatment for the remedia-
[2] SONG W,XU R P,LI X J,et al. Soil reconstruction and tion of mine waste soils contaminated with Cd, Cu, Pb,
heavy metal pollution risk in reclaimed cultivated land and Zn[ J]. Chemosphere,2012,86(4) :354-360.
with coal gangue filling in mining areas [ J ]. Catena, [12] ¥R FAEIT, IR ZENE 4. BEAT A Bg L 20kl dhyg gy
2023,228:107147. PR RE - 188 - M R DR [T ] R VP TR
[3] FENG Y,SHI I.,MA D,et al. Road performance evalua- IR (AREEIR) ,2024,21(6) :66-76.
tion of unburned coal gangue in cold regions[ J]. Sus- JIANG Chenyu, DU Qianhui, ZHANG Junhui, et al. Re-
tainability 2023 ,15(18) :13915. lease-migration-solidification characteristics of pollutants
[4] LIJY,WANG J M. Comprehensive utilization and envi- in coal gangue as subgrade fill material[ J]. Journal of
ronmental risks of coal gangue:A review[ J]. Journal of Changsha University of Science & Technology ( Natural
Cleaner Production,2019,239.117946. Science ) ,2024,21(6) :66-76.
[5] SZCZEPANSKA J, TWARDOWSKA I. Distribution and [13] {2, 4, T 6E, 55, BUUFE R R IE T HEAR V58
environmental impact of coal-mining wastes in Upper Si- 4R B IE R S SR [T ], HER
lesia, Poland[ J]. Environmental Geology,1999,38(3) : 53855 ,2025,53(3) :440-448.
249-258. HE Yun, YANG Haiquan, ZENG Guangneng, et al.
[6] KMIECIK E,STEFANIAK S,SZCZEPANSKA J, et al. Characterization of heavy metal release, transformation
Evaluation of temporal and spatial trends of groundwater and ecological risk in composted sludge under simulated
quality alteration in the area of mining waste disposal rainfall leaching[ J]. Earth and Environment, 2025, 53
site[ C]//SPIE Advanced Environmental ,Chemical , and (3) :440-448.
Biological Sensing Technologies II . Philadelphia, Penn- [14] ELFH, ZHEE X, 2 AR T Bisi 4 &
sylvania, Dec. 7,2004 ;:126-135. ERBATWEBFELT]. M4 TR 2], 2017,11
[7] LARSEN D,MANN R. Origin of high manganese con- (4):2512-2521.
centrations in coal mine drainage, eastern Tennessee WANG Shaojing, WU Xiaoqin, LIU Cheng, et al. Re-
[J]. Journal of Geochemical Exploration,2005,86(3) : search into mobility of heavy metals components in FGD
143-163. gypsum on the basis of column leaching model[ J ]. Chi-
[8] KRR, XT5Hh, 2% 1) A AT A7 bR A T 4 ) R nese Journal of Environmental Engineering, 2017, 11
MRS EW R ERT LT ] BB 4R, 2022, 50 (4):2512-2521.
(10) :259-268. (IS] s, 245, 2580, 45 b [l £ 2o R iy 75
DU Xuehong, LIU Fangchi, LI Xiangdong. Study on re- soH GHAEMEELT]. YT £k ,2014,21(3) :265-306.
lease law and biological toxicity of heavy metals in coal CHENG Hangxin, LI Kuo, LI Min, et al. Geochemical
gangue leaching solution[ J]. Coal Science and Technol- background and baseline value of chemical elements in
ogy,2022,50(10) :259-268. urban soil in China[ J]. Earth Science Frontiers,2014,
(9] JBURRER, 2, £ 5%, 46, AP HERR X L0 o 4 21(3) :265-306.
JBAESE ETEN S V5 Yl [T ], PE R4 R a2 [16] HOWARI F M,BANAT K M. Assessment of Fe,Zn,Cd,
1% ,2022,42(5) :942-949. Hg,and Pb in the Jordan and Yarmouk River Sediments
GU Linjun,SHEN Yanjun, WANG Nianqin. et al. Pollu- in relation to their physicochemical properties and se-
tion characteristics and potential risk accessment of quential extraction characlerization[ J]. Walter, Air, and
heavy metals in soil of coal gangue accumulation areas Soil Pollution,2001,132(1-2) :43-59.
[J]. Journal of Xi” an University of Science and Tech- [17] ZHUANG Q F,LI G,LIU Z Y et al. Distribution , source
nology ,2022 ,42(5) :942-949. and pollution level of heavy metals in river sediments
(107 PHEEK, TR, FFHRIR, 55 36 T 2L BURERT 1 1 4k from South China[ J]. Catena,2018,170:386-396.

FROLER B9 B AR BF TS [T ). M4 S4k, 2020, 34
(S1) :255-257.

RAN Degqin, AN Bin, LI Yiran, et al. Research on the
diffusion law of mercury in roadbed of coal gangue based

on porous media[ J]. Materials Reports,2020,34(S1) .

[18]

ALAEN, F96  RUETE, 55 BT A SR U BT R il
PAFS (SR FE [T . v IE P 8, 2014, 50 (5) : 60~
62.

KONG Deshun, WANG Qian, SONG Shuojiang, et al.
Experimental study on the preparation of PAFS by ex-



A WERE,F AT BRI T BBAL TS

329

[19]

[20]

(21]

(22]

(23]

[24]

(25]

tracting Aluminum and Iron elements from coal gangue
[J]. China Ceramics,2014,50(5) :60-62.

SR L, 5Kt , 25 B e M DX A A P 2 2
AR IE R A PR IE [T ] BB B2 AR, 2021, 49
(3):189-193.

ZHANG Weiguo, YANG Fan,ZHANG Chi, et al. Study
on migration law of main associated elements in stone
coal gangue in South Shaanxi[ J]. Coal Science and
Technology,2021,49(3) :189-193.

ZEGH, OO0 B B, A R XA [ 5 PR AT
OEGEICRBHOREN )] BERFFHAR,
2023,51(8S2) :328-335.

LI Jiaxin, WANG Wenfeng,LU Qingfeng, et al. Study on
the release regularity of heavy metals from coal gangue
with different lithology in Xinjiang[ J]. Coal Science and
Technology,2023,51(S2) .328-335.
LW, T Th 2R 03 A MERT A F i < o0 3R
BEIF L) ] E A 6 R4, 2025, 35
(5):1757-1769.

XIA Yangchao, FANG Dan, LI Jinyong, et al. Flotation
pre-enrichment of strategic metal elements lithium and
gallium in coal gangue[ J]. The Chinese Journal of Non-
ferrous Metals ,2025,35(5) :1757-1769.

ST IR, AR, S KRS LK b i i
PR P REAE 7 A [T 1. b B 2R354, 2020, 40
(8) :3401-3407.

ZHANG Siyu, YUE Zhengbo,SHE Zhixiang, et al. Char-
acleristics analysis of dissolved organic matter in the
acid mine drainage [ J ]. China Evironmental Science,
2020,40(8) :3401-3407.

IR, BT sk A I PERERT R R OCR 0T
YIRAFIE &5 I BRI v LA [T ). BE B R,
2025,53(4) .434-444.

ZHAO Longyi, ZHAI Huibing, ZHANG Jianwei, et al.
Mineral occurrence and acid leaching characteristic of a-
luminum for coal gangue in Shanxi Province[ J]. Coal
Science and Technology,2025,53(4) :434-444.
R4, 37, BERE A5 R IR AR AT 0
BIEICR BB BOR AR SRR E DTS L) ] BRI R 0F
%%,2023,36(1) :54-62.

KANG Dejun, ZHANG Fang, LU Jiangdu, et al. Re-
search on release law and characteristics of heavy metals
in coal gangue under soaking and leaching[ J |. Research
of Environmental Sciences,2023,36(1) :54-62.
MRBE, B 6 R HE, 5. Hydrus - 1D BORTESE 5L T4

[26]

[27]

[28]

[29]

[30]

IHL T KA XU T B A A ] FR SR
2#,2019,40(12) :5640-5648.

LIN Ting,LUO Fei,ZHU Yan,et al. Calculation of the-
soil risk control value through a Hydrus —1D model for
groundwater protection [ J ]. Environmental Science,
2019,40(12) :5640-5648.

LW, TAE, Wi, Bt o 1 DX R K w23 28
TEHFAEL T]. KPR 57K LA 2% 41, 2014,25(6) 24~
28.

WANG Tao, YU Dongxue, YANG Qiang. Characteristics
of spatial-temporal change of precipitation in loess plat-
eau area of northern Shaanxi[ J]. Journal of Water Re-
sources and Water Engineering,2014,25(6) :24-28.
DS XNALE Ak, 4. Hydros —1D B TG 5e 1
WEeREREH )] Ui R (AR R
i) ,2023,37(4) .444-448.

LUO Jie, LIU Benhua, XU Jing, et al. Heavy metal mi-
gration in contaminated soil simulated by using Hydrus
—1D software[ J ]. Journal of University of Jinan ( Sci-
ence and Technology) ,2023 ,37(4) :444-448.
TN, X, 1) 4, 45 AT A TR AR A X 4 I
WA I 2 LT ] P PR 4 ,2025,45(3) -
1422-1430.

FENG Yincheng, ZHAO Kang, TIAN Xiangqin, et al.
Research on spatiotemporal patterns of heavy metal leac-
hing and migration in coal gangue backfill subsidence
area[ J|. China Environmental Science,2025,45(3) .
1422-1430.

Pl B0 T, REAR, AF RS TS ML o B ok
Pz B id BB —— DAL S R bl Ay 31 [0 ] ey
#,2021,58(2) :401-411.

YANG Bo,ZHAO Xining,GAO Xiaodong, et al. Simula-
tion of water and heat process in loess by incorporating
dry air-flow mechanism: A case study of an apple or-
chard on mountain[ J]. Acta Pedologica Sinica,2021,58
(2):401-411.

S RS BT A R AR BE L B ST
MR HLEE R BT [ ) ] VY2 B R 22440, 2024,
44(4) .759-767.

JING Hongjun, SHAN Junwei, Ll Shaoping, et al. Static
compressive failure mechanism and strength prediction
of coal gangue concrete[ J]. Journal of Xi’ an Univeraity

of Science and Technology,2024 ,44 (4 ) .759-767.

THEHRE S LK)



