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Abstract: [Objective] The thickness of the loess layer overlying the Pisha sandstone area is crucial for regional ecological
restoration; however, efficient detection methods are still lacking. Although ground-penetrating radar (GPR), owing to its rapid
and non-destructive advantages, has been successfully applied in areas underlain by residual parent material, its suitability for
detecting the soil-rock interface in regions covered by transported parent material (loess) has not yet been systematically
validated. This study therefore aimed to evaluate the applicability of GPR for loess thickness determination in the Pisha
sandstone area and to assess the performance of the Topp model in estimating the dielectric permittivity of loess in this region.

[ Method] GPR was employed to measure loess thickness on three typical vegetation slopes (shrubland, arbor land, and
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grassland) in the Pisha sandstone area. The dielectric permittivity of loess was calibrated in situ through field excavation and
pre-buried iron pipes. The measured permittivity values were compared with predictions from the Topp model to assess the
model’s performance in this region, and the GPR-derived loess thicknesses were compared with actual excavation depths to
evaluate the measurement accuracy of GPR. [ Result] The results showed that the measured relative dielectric permittivities
of loess were 13.33, 19.57, and 13.92 for shrubland, arbor land, and grassland, respectively. The Topp model predicted loess
dielectric permittivity with an accuracy ranging from 92.51% to 97.23%, showing no significant difference from the measured
values. Also, the accuracy of GPR in determining loess thickness ranged from 87.16% to 97.78%, and the measured depths
did not differ significantly from the actual burial depths. On all three slopes, loess thickness exhibited a clear increasing trend
from the upper to the lower slope positions. The grassland had the largest average thickness (36.16 cm), while the arbor land
had the smallest (19.06 cm). [ Conclusion IThis study provides an efficient and accurate method for soil thickness investigation
in the Pisha sandstone area and offers fundamental data support for soil and water conservation and hydrological process
research in this region.

Key words: Ground-penetrating radar; Pisha sandstone; Loess thickness; Dielectric permittivity; Topp model; Spatial variation
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Table 1 Basic properties of soil in loess and Pisha sandstone

FEHh T2 TR E BB K kL kL Rk AHHLR

Plot Soil layer Bulk Mass water Sand/% Silt/% Clay/% Soil organic

density/(g-cm®)  content/(g-g?) matter/(g-kg™)

HEA IR 40 1.34%0.01b 0.18+0.03a 50.27#4.91b  42.26x4.38a  7.47+0.79 9.01+1.49a
Shrub land  AtEME” 1.48+0.06a 0.13+0.02b 68.21£6.57a  26.86%5.51b  4.94+1.18b 3.72+1.46b
TR #H+" 1.430.03b 0.22+0.01a 45.20£7.76a  44.42+498a  10.38+2.96a 11.08+4.73a
Arborland  AtAbEY 1.52+0.08a 0.16+0.03b 56.40£8.98a  35.13+5.91b 8.46+3.20a 5.81+1.59b
B #H+Y 1.44%0.03b 0.17+0.01a 52.52+45.28h  39.53+4.39a  7.95+0.92a 8.10+0.72a

Grassland  HHAbE® 1.53+0.07a 0.100.03b 69.28+3.74a  25.97#2.75bh  4.76+1.03b 3.710.76b

e AR m A B T SRS R R O R — T AR A . KA Master 2000 oGk AN E & RiA R ORI E 22 & T
Bl +brEE (n=5, FRD. R F/NG 5B RRAR R 3 - SRR A (AP 5% 7 2. %% (P <0.05). Note: The loess and Pisha sandstone
samples at the same position are from the same profile on each slope. The volume percentage content of soil particles of various sizes was determined
using the Master 2000 laser particle size analyzer. Mean + standard deviation (n=5, the same below). Different lowercase letters in the same column
indicate significant differences in physicochemical properties between loess and Pisha sandstone at the same site (P < 0.05). Loess, @Pisha
sandstone.
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e Fk TR M T GOy G5y G10. G15. G20 MNHEAMM) A2 . R,  Note: The arrow indicates the survey
direction; GO, G5, G10, G15, G20 denote the five excavation points in the shrubland. The same below.

K1 A (2) MIERILTEIL (GPR) MMZATEL (b) KHIIERE (o) (LLEAMINE])D
Fig. 1 Field plot (a), layout of ground-penetrating radar (GPR) survey lines (b), and iron tube profiles (c), using shrub land as an example
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Fig. 2 Comparison of radar images before (a) and after (b) soil dielectric permittivity calibration, using shrub land as an example
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Fig. 3 Determination of the starting tracking point for the soil-rock interface by identifying iron pipe locations in combination with
waveform analysis (a) Depth profile image of a representative GPR line within the shrub land; b) One-dimensional waveform at the starting

tracking point)
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Fig. 4 Soil thickness distribution along a representative GPR line
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21 BEXHINEBEH

I AT AN E A TR I EUE, FER A (DL 2 (2), FAFALRD A AR A A B E (R
2) 0 VEARMRHE . TRAMRHRN B T AN TFHZ BRI A B HCF 218 3 70 13.33 19.57 1 13.92.
VEE AR b AN 0 (1) P E BRI AR B A, TR AMRHAR X s, VAR T H s ) TR S k| (R
1,

B BEE S Topp BRI FIME AT ST B, P 2 9 i, TS FE N 92.51%~97.23%
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Table 2 The actual and predicted values of the dielectric permittivity of loess

T i 5 t/ v/ SHME FE RFEAH P1{H
RMSE MAPE/%
Sample No. ns (m-nst) Actual value Predicted value Errors/% P-value
GO0 3.90 0.08 14.24 13.79 321 0.725 0.635 4.602
G5 3.57 0.08 13.64 13.07 4.19
G10 3.52 0.09 11.60 11.21 3.39
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G15 3.91 0.09 10.05 9.37 6.79
G20 521 0.07 17.10 16.17 5.42
Q0 4.08 0.07 17.81 17.15 3.73 0.242 1.126 5.524
Q8 3.89 0.07 18.68 17.70 5.24
Q16 5.56 0.06 21.47 20.41 4.92
Q24 5.28 0.07 19.36 18.15 6.24
Q32 7.70 0.07 20.52 18.98 7.49
Co 6.58 0.08 14.98 13.90 7.19 0.309 0.755 5.118
C4 8.21 0.08 14.45 13.57 6.08
C8 15.12 0.08 14.68 14.27 2.77
C12 7.05 0.08 12.76 12.09 5.24
C16 7.14 0.08 12.74 12.20 4.31

7E: Q0. Q8. Q16. Q24. Q32 RKTFAMMMELAZIR AL, CO. C4. C8. C12. C16 REFIMMILAMEIE AL, LA BH A
IR BEE N 14.00, t AR AUREIRAE B b A SEBRUREAE R, v AR AURRIR /E 38 - rh A SEBR AR R U . P>0.05 2o Sl 5 FRE A B
REMZER. RMSE I MAPE 43 IR S IIME 5 TRINME 2 (8] i35 J7 iR ZE RT3 4650 4y bbiR % . FRl. Note: QO to Q32 represent five
excavation points for arbor land, and CO to C16 represent five excavation points for grass land. The initial values of the dielectric constant for loess are
set to 14.00; t denotes the actual two- way travel time of the electromagnetic wave in loess, and v denotes its actual propagation velocity. P>0.05
indicates no significant difference between the measured value and the predicted value. RMSE and MAPE represent the root mean square error and the
mean absolute percentage error between observed and predicted values, respectively. The same below.

22 FRINEANERLEEREHE
AR EF AN T2 R A, SRAS A SR T I T B 10 S P R, o o A R (R i D)
BRI E VR BE o =R SRR N T2 R AL BR A S PREER B PR M B S e R B AR 3. S5 R
R, TRIFEEMER S BB TR AR Z N 2.22%~12.84%, F55%7y 87.16%~97.78%, HII
BRSSPI TE W 225 (P>0.05).
* 3 TREMEHFEENE K ERRMIR M B L N ERE
Table 3 Actual buried depth and GPR-measured depth of iron pipes on slopes with different vegetation types

FE R BRI GPR 52 I % REM P1E
Sample No. Actual depth/cm GPR-measured depth/cm Errors/% P-value
GO 155 151 2.58 0.782
G5 145 135 6.90
G10 155 16.4 5.81
G15 18.5 19.6 5.95
G20 18.9 20.6 8.99
Qo0 145 141 2.76 0.901
Q8 135 145 7.41
Q16 18.0 17.2 4.44
Q24 18.0 17.6 2.22
Q32 255 24.3 4.71
co 255 28.6 12.16 0.816
C4 324 304 6.17
c8 59.2 51.6 12.84
C12 29.6 284 4.05
C16 30.0 28.6 4.67

¥E: GPR N#RHhFEIE. Note: GPR is ground penetrating radar.
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23 WHRTREENTETK

8 Tk PR T A T B 2 R A TR, /321K 5 B L2 R B VR e S .
AR AR I i L 358735 JE O 23.3047.71cm, FRARHRHE N 19.06£7.14cm, Fith ol 36.16+14.17 cm (£
4), WEARMMI L 3 E R B E (19.4846.77 cm) &3 (23.01£6.24 cm) B INME LRGN, FEI
T (27.36£7.92 cm) BRI K, AR REHYE L 34.76%F% 2 I 22.80%, FR I T IR
SYATTE T o TRAMR I T 1) 358 J5 R i AR R 35 5 HE AR HIAR AL, (R BAR BB LIS, 3
B SRR R B8 14.8745.71 cm. 17.3845.20 cm il 24.87+6.23 cm, AR R REAEY EROK
(38.39%), 3 Ni/N (25.05%). I i 24 3 Ar 358 B R 34 3 v THEAR MR R TR A MR, 3 I
N 28.42+12.74 cm, HHOR 36.74£13.04 cm, I TH 43.21+12.64 cm, AR REFER 20 FE S
(44.84%) Y TG (29.25%) ML, 25 b, AN [ERELA SIS 2R 5 T ) 4 398 5 P8 3403 B0 HE o 30 1
H B R S g s, W LR RE R R RN, W i H S RS

a) LR b) LHER c) /Iy
Soil thickness/cm Soil thickness/cm Soil thickness/cm
| | J
DR 30 30 M Aal |50
s sl is NP
=——gpo > S A1) 0
. ) . §’.~‘ y 816'@%% &"3& A & §§s
#H?i-sno 10 1550 oQ@& 18 . 32 \qf ’ o € Qf
Pe length/m IS KK Slope length/m & B4 Slope fongi 16 &
[ — — I [ == : s = [ . - . = |
3 1 19 27 35 0 10 20 30 40 12 24 36 48 60
5 JEARMHUL (a). FRARMML (b) FNEHL (o) 57 4458 5 B = (R A8 4L,
Fig. 5 Spatial variation of soil thickness on slopes of shrub land (a), arbor land (b), and grass land (c)
x4 BEFAERNETERE
Table 4 The thickness of the soil layer at different positions on the slope
T ehr FEAH TR R A5 R T R
Plot Slope position Number of samples  Soil thickness/cm Coefficient of variation/%  Average thickness/cm
FEA M 3 | Upper slope 331 19.48+6.77c 34.76 23.30+7.71
Shrub land ¥ Middle slope 343 23.01+6.24b 34.41
W Lower slope 331 27.36+7.92a 22.80
TrA bR 3 | Upper slope 529 14.87+5.71c 38.39 19.06+7.14
Arbor land  #F Middle slope 547 17.38+5.20b 29.94
T Lower slope 529 24.87+6.23a 25.05
FEHh 3 F Upper slope 265 28.42+12.74c 44.84 36.16+14.17
Grass land  #i*h Middle slope 275 36.74+13.04b 35.49
T Lower slope 265 43.21+12.64a 29.25

W b BRI 235 KR 33%. 349%A11 33%. AN [F)/INE SRR R Rl — R MBI TR AN [R] 3 o 10 - 39 5 2 2 1B 2 (P<0.05). Note:
The upper, middle, and lower slopes account for 33%, 34%, and 33% of the total slope length, respectively. Different lowercase letters indicate

significant differences in soil thickness among the three slope positions on the same slope (P<0.05).

3 i

31 FMEXNEMD EXELTEEMNERMSHE
PRI TSR B FUR B XA 13 S5 BE PRI b CAF 32 B ARG RIFACR, BAEISEER
(gt i XAE TR Mok = RGUUGIE . AW T AR X SR 5 i o e, L B 4h
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JRALFFPZIGAE, ARGVl T PR R 156 38 - RbRD A S IR RE /1. 45 R, PRHLTE IR REE A AL
PR L SRR A (Y A, SRR N 87.16%~97.78%, ELIUE IR 5 9eprilyf L i & 25 (R
3, P>0.05). ZERECAHWR 8 Hilln, D5 AERIER X HF AR, R EIA B LR
JE B () SRR AT B (R e R PR AT IE IV, v 2 R A 28 T IA 96.6%, R* 24 0.80. Lu
PR A SRS IRIE AL FRMEM S &7, R L XYl 7 =4 R B 3
BRI, FXRELE 10%LAN, 40iRZE/NT 5em. FRBFR 5AF AT R IMILE L], H k7
AN ) - 3 A X 35 BT B U AR RE 77, AW Tt — PR S T HCAERERD 2 X 78 8 305 i v 3k A e

AHIFFCSRAT 8 o DRI RS B 32 BV RT3 - Silteb s 2 (Mt 22 5 . OGS 5 15R T
TP R A R B0 LURE, 2 iR, OGRS iR ERiE Mo, AR AH, LR
A ELHRSZIE Y 13.33~19.57 (R 2). 4ia#k 1 IR A E BRI S /K& &I 5 B 5 BUr 1IEAH
KK F, AIHERTLRD & (0 R BOR BT 3 . SRl f K 23 BRBh (1A L8 B0 O R A AR
PR T RAFMp3E AL . AP AR, R ATER R 0 o B 5w IR B2, A iR
ZENHEHIAELE% AN B, thAh, BRHEIATESEERIBE (6°~15°). dE55 A0 SR X Ik R PR MRS B 42 v
BU, X GAHF TSI (8.20°~9.80°) HISKMFIEAR—FL, #E— DMl T 45 Rl FdE,

3.2 mENMEEHWITNESTUIMEXT L

I B B R TR TA B AL E A R S S R, B E T )R R R A o AT B
VEARHRHL (13.33) FIELHL (13.92) WSS ML BAEEVIME BoE E (14, IR (19.57) NI
AR (R 2). AR SN TAECEE ST N IS KT, HERR 750 RS A BT,
DRI, O 380 1) 22 B R 1 S [RIAEL B R B WK AT I 4 SR . TR R el R e, HhR
ARBAR, Mz BIEAEIR G ER S (KD, RKEIER, HETLERESKE (02299Y &
FETHEARMM (0.189-g1) AIEHL (0.179-gD) (R . A HHES RIS /KE 2 IEM R K28,
DRI, TR AR () S A FE 8 B B v o BT 2 D b ) AN [ S b 3 LI RGeSt 7T, [H
FEUESE T 3 T/ S AR S /KR 2 AP E I |G R . % ki, 78 LI E R,
I HE B BOE A RE TR E A I0E, TR 78 50 25 RE R R B R IBK 4 s, ISR Re AT IR
R IE

AT Topp 4 56 A5 B T (%) A v £ 5 S0 B HE AT R G o B A ST ) T RS P AE
92.51%~97.23% 2 [8], VEARMRHL, FeARMMAE I TR IRZE (RMSE) 43904 0.635. 1.126 Al
0.755, 4%} 0 HiR%E (MAPE) 43514 4.60%. 5.529%411 5.12% (% 2). kM=, HllES
SEME 2 AR ZERN, Bl#E 2 AR EZESS (P>0.05), F£W Topp MR AT 4G i i F T Atbhd i
R A HE O . SR, A RAATIAEAE — R ZE (GR 2D, IX W] RS IR A 1 A (A1 AR R
HEAN S IEF A . i EOT IR E/K S S AU, 1 [F 3 A R AL E KR
I R . A AR R AR A 227 . ARG /KERTHE AR T4 8E, AF5T
Wt 2R S RS A 1.34~1.44 g-cm3, [ H A —E RS (R D, Wi, FEK
25 (B A S R R R ZE ORI — B, bk, bR s X R L XA SR e FA R, H0Ri 2
RAFLBR M E — e S Rt (R D, XS et 5 Topp BRI VTECFERE .

AT T B AR %A 5, Topp ALALE FH AR & /K &G A 0.23~0.32 cn3-cm® (R 1), %
HYLHA 1.34~1.44 g-cmB3, X —F/KE X A1 4T Topp AL dikrEfEE (0~0.5 cm3-cm3) Z 14,
2 E KT Dirksen 1 DasbergB4UE i ) 1.30 g-cm3 BI{H, £S5 R B A S s dE w444 . Topp
BRI T 2 P R G T I R BB K E R RA IR, )32 B T B kb B s E 4
AbFR AN K A3 SR T B AR OIAE B b R R X E A S A R I, AR AT AR
BRI AF S K B S S B A B i — 80, P 22 50N 13.42%. A FURI36IESS Bt — D e
T Topp MEAYTERE 7 & X NG PE, R4 E RR B I8 R BER A b A B B A SR A T R
R
3.3 TEEEBEEMTET R MER
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TR EAE AR R RS R ) S g, AR A S U . M S IR M S 2 R R R LA
e, ARFFEH (B 5, £ 4, =M 3R Y R b E R R K
T4 R, BN R B T BRI (P<0.05), HI T HIARF 28/ (22.80%~29.25%),
M AR 5 REOR K (34.76%~44.84%) %50 AT FUAEE -5 3 AR T — DU B R R B AR SR BRAH) 5
Mohammadi £ E6I7E (7 BAL S LL AR AR IR 70 [RIRE R IR, 438 J5 R 1 3 T 2 3 whadk ok I, 1 5 ) 48
N, ARSI ER B, BB AR 6 7 55 003 FEH . Zhang 257
e, PR Y IR A AR R S R T2 — . W R EER R R, 4RI R B AR
ia, P ZEE LA R S i R o SR AN R U DAHERRAE A, EIR = e e R AR TR,
TR S HARRH S 2

TR IR ) L 38 RS (A o) [ R S 2, SR TR P48 3RS (36.16 cm) 3 K T A M
(23.30 cm) FIFEAMH (19.06 cm) (R 4), XFEE SRR RAS LB R D KA
AR DI, Fhbh L3RR SRy kL L liE , aiA AR, I HERIUR R A S8R
T, TR, AR SRR R0, BEAM D T3S AR, SSMBONE R, PUPEARXT L
559, TEEEEET. RN ER R SEYR S EiRm, AREROR, MRE SRR, RiEE
W, SELERE. A RS A R B R, Enh s A Sk
MR SAE RS, RS IR R R, Hhmdee RIS AR . Hd, i
FEE L RIS LR R 2 K T I M A8 R 1O, T TR AOMRHb ) R - 4 sk . R AR 2
i, FIRZEIRERY, S g AN REAOCR, EMAEXABBE S, RAEEFRA
FARMBLAMEYEAR T HEEE L Z, REEEARE IS 4.

34 MREXKERM

ARHIF 5T LA AD 5 X 78 3 L3N S B, R BT AR AL FFIZIRAE, R TR R IR RIS
FABREBUR & DRI 2 SR & e, B0E T Topp MEAULE % A s SOOI b (AT S50, JFER
TN FIRE A R 2 398 L R I T P (A1 AR A A o W FE 45 SR D 2 X 338 S P P A e it T
— iR, AT B, AZ XA S EAUK LR TAR R 7 I BeE o . A AT IR
MKERE HXHRZEZ) 10%) 5 Lu BRI LE R AR ZETE 10% AN JEAR—, X R
B IR HE AR 338 5 R R AR B A L PR R T

SR, AW TAMFEE— 2 PR R . BN E T 5 MFZERUE S (3L 15 ), BRI
Se AL GPR N EAE 5 SE bR IR T 35 25 5, (HRE AR 28 b FL AR B0 A B s (v A 1 S = ST
() BRI o 2 ST PR S S 30 [ A b 8 R AR TR 4 U o, T H i P 3 T AS )7 2 T e
SRAERUNE, R, ARSI IEME L5E R B RN R 0 A . Bhah, PRI A MR
TS P 22 H 3 S /K BRI, A FUANAE e — i) CRAVA D) BEATHRIN, AR 5 X BE K
S, TRZBWE, LHOKSTERT RER S R IREWNET T Re R AR ZI . K48k
S5 B SR, RN E R I R S s U SO ARRAE, Rk, ASH FU T SRAS IR
SE AR K A N RGO, J5 80 0 R BV A K 2 26 4F N GPR #R I SR Az e 1,
FRZREIE FH TZ XK MEIE RS, U IEA R ZET s b W E R w2 . Bhah, A6
FANIE TRIZWELIEREE, RIS AN E XA E NSRS . RIS, B FE XA TRERD A 55 11X
H5HBEX M ER, gt mEH T HMEX (X)) MFEdE— SRR, KR
DL 3410 22 A FU R B0 R Cn B B — 5 PR R AT /N B 42 B FH I 38R 30O, DA I L i 3ok
FERIZS AR AL, T3 S 8 AR 26 438 SR B S s (W T Stk o A, 56 2R REE. —4ER T IA
FeR K ERYIBERE A5 S J7 90, A Bk — b 3t I SR B R (RS B AR S, R ANIR T H IR
SRR . KOS R B AR i B I e R R

4 % i
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AHEFL AR 55 X 2 3R T O AR 5, R AR B IA R AR I 45 & BF AR A A2 500E, RSt
VA T2 RS R RE 78 25 X PRI L2 S @ o B PR IR B A L B AT R AL
FRiE, HEAMHE, FeAMRHE AN Z 1 S A B 20530008 13.330 19.57 1 13.92. Topp BEAY Tt k%
fEi5 92.51%~97.23%, 5 SME TC . 5 25 53, RWIZARALE F T HbRD 75 X _E78 3+ 1 i Bl 5
BT, T A R B R (KRS BE AT 87.16%~97.78% 2 18], I 52 VR i 5 S PR G i 3 5 5
IOAE TiZHARTER DA X -8 EL g Pudf B e (AT SE ik . L3R VR T 2 3 R R IR R
(s R R, PR L ERE AR, Y bRl SRR, BT R 36.16 cm,
BFERKTHEARMM (23.30 cm) FIFRAMML (19.06 cm), F UM pEE % LIS Pk &
AHUR S B EmM SRR, e LEEE . IR A ) A R B E A RIS A A R
TR I 498 B R 25 S W 2, XD 25 SR B R M L K AR NIBRE ST DL B AR N R . 45
W IA AR E R R e 5 X E i L, 454 Topp AAEIFHUIN A B F Bl it — D4R
FHRIMIAE o 5 SR 50 S — PR 338 5 S i K SO FR I sema L], LS A [R] 1 2 B RE A%
TR EBOKAAAS NS SRR R AR, DURAER R S0 KOS REER, il
fibib 5 XA BSEE H7K L ORFFHE AL T N R AR 2Kk o
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