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Research Paper

Ground Penetrating Radar (GPR) Signal Analysis
and Standardization for Tree Root System Detection

Kai-Chih Yin” Hung-EnLi"”  Su-Ting Cheng"”

[ Summary ]

The soundness of a tree’s root system determines the health and growth of the tree. However,
tree root systems are mostly underground making them difficult to investigate. To avoid damages
caused by traditional destructive testing methods, a non-destructive method using ground penetrat-
ing radar (GPR) is an option for tree root system detection and tree health assessment.

In this study, we conducted a sandbox experiment to develop standard operating procedures
(SOPs) for GPR data analysis and parameter setting. Afterward, we tested and applied the SOPs
in a coniferous forest plantation in Xitou using grid lines followed by data analyses. The SOPs we
developed for signal analysis were: (1) ground level calibration by taking the initial wave position
as depth 0 ; (2) calculating the velocity of the medium; (3) interpreting the radar echo diagram of
the tree roots; (4) smoothing by counting the pixels of bright and dark areas in a hyperbola as the
window width to produce moving averages; (5) amplifying signals with depth; (6) migration by
transforming the semi-hyperbola characteristics into point features; (7) calculating the amplitude
difference and scaling the difference from 0 to 99; (8) conducting a regression analysis between the
amplitude difference and the cross-sectional area of the tree roots; (9) setting thresholds to detect
signals; and (10) delineating the underground morphology by estimating the kernel density of the
spatial probability distribution of signals. Results showed that the developed SOPs could success-
fully determine the roots’ signals and transform the underground signals into a continuous distribu-
tion that resembled the shape of the investigated tree roots using grid lines in a Xitou forest planta-
tion. In the future, we will validate our analytical results by carrying out small-scale destructive
testing, so that for research in the disciplines of forest physiology and forest management, informa-
tion of the underground tree root systems can be accurately provided.

Key words: ground penetrating radar (GPR), non-destructive testing (NDT), signal analysis, tree root
system.
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B2 BE - SURIB T 2 o LR SR ERY
i HEFT R A FR B B (Hruska et al. 1999,
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2 8% » ZBIRES0 em Bl RASHE - &
B — AR - SRR R o R
D E R G - DA I ¥ (Fig. 1B) »
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Table 1. Information of the sandbox experiment, number of root samples (Root #), root
diameter in the horizontal direction (D,), root diameter in the vertical direction (D,), root
cross-sectional area (A), wet weight (W), dry weight (W,,,), root moisture content (Mg,,),
and the corresponding soil moisture content (Mg,;) of the sand where the root samples were

placed
Root # D, (cm) D, (cm) A (cm’) Wi (8) Way (8) Moo (%) Mg, (%)
1 7.9 7.5 46.5 3304 1541 1144 3.7
2 6.4 43 21.6 704 356 97.8 4.2
3 6.2 2.9 14.1 478 225 112.4 4.8
4 2.5 2.2 43 134 66 103.0 6.4
5 2.0 1.6 2.5 82 42 95.2 8.4
6 4.0 2.0 6.3 213 114 86.8 6.4
7 6.0 4.0 18.8 291 140 107.9 7.0

Fig. 1. (a) Photo of the ground penetrating radar (GPR) instrument. (b) Photo of the sandbox
experiment setup using a mono-line method in a riverbed in Shuili Township, Nantou County.
Root samples were placed at a depth of 20 cm with 50-cm spacing. A tape was positioned in
the vertical direction to the root samples to guide the GPR investigation route.

B EE M - et A D YUEER AT S
TS AR P 52 St 7R 52 (T30 e 36 B 157 3 o ol
R AU PR Ry AR o AT 44 A AT HE AT 1 S
ke KA 2 BECE -

= B EAS AT HEH

Fo WA D ST B AT 3] 12 1 38 Hh B 5 ARk
HRER LM - BRI REAASFE
W KL R 2 P AR A GG - MRS m >
T2 mZ MRAREER - MR EEE0.5 m - DUR

HIH N ARCRARDL(Fig. 2) o RERS AR W x i J7 v Mt
R IR 100 BRE RN — R EZ
(Cunninghamia konishii)E—RRHIAZ(Cryptomeria
japonica)Z [8] » TR 15 BHEERR &
0.9 m- WEEKTI.1 cm » 8E33.6 m; ik
PIAYE N7 - FREERRT0.5 m > Ji /S B {R93.2
cm + ffE31.1 m (Fig. 2) - #EFFH O
URAR » AR BR R 1T AR TR T 328 3
SR » AR P I 2 AT HE S BT VR SR AE
28 TER - DUT RMAR SR 3 Ak -
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HEE S B A AR R BRI AR AT R AT L

(b)

Grid size=0.5mx0.5m

Fig. 2. (a) Photo of the plot in a coniferous forest plantation in Xitou. (b) Schema of the grid
line design with a slope angle of 10°, where C.k represents the position of the Cunninghamia
konishii tree on the upper slope, and C.j the Cryptomeria japonica tree on the lower slope.
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FHEEEPEAEHSE RN 0 RERES
FER AR A 3 T 1T - ARTFEE MR B
(moving average)fJ /= - i —BEE = 0I5
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(moving window)Z B » T L HIRAFHIYIZ
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B EZENEREEG AR R AR
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SR BIE B AL - TR E — A
(A0 = AR A 8 S D e b S B 43 BUA R [A
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B HY - S0 2 3% #E dh 4 JH G (Barton &
Montagu 2004)%% - & H#E N ERE 2 &
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Mg A B IRIEEL - (EREIE - WEISA
JH Ik AL T 3 B o2 3R 7 2 75 T [ i o 4 3R
SRR L E - AP BE R R & HE A -

(+) %2 HE (kernel density estimate)ZZ i
FRIREERY 3 R TG
Foti B MRS IR I R B G2 - DU
FEE L ZER EAYBE SR AN - FEDLRRTRER X
FYr kiR - R TEDBIER RN ER S
tHZE R ROBE R - (S B 2R S AR (B
IED RS > AT
S =n" X1, k(x—X),
A B flEH B AL BESRTAE  R AR E
IS HERE » Fo %Al 3T B A7 B2 i 0 B o2 5k
W KRR Bk 8 (kernel function) » {RE RES>
Tty —BRIEREGET IR » FTHEZEM Lz

& R

— B AR 2

AT 2R 0D ST B £R B P 15 258 R
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Fig. 3. By processing ground level
calibration, the position of the ground can
be depicted (i.e., the red line in the figure).

T L MERSR AL o 13 - R R HE R
VAT CEE b BN et = ovd I iy g I RUA: DY
HE50.1587 m ns™ » AR HHHIER AR/ N BRI
EEE » SERH R 52 ] e R AR S B L il B
s Y (Fig. 4) - RTRRLBEI < WIBASE A B A
LR RIRAMEABERTE(Fig. 5) - KL UL BE
TER Rt SRS P Tl L BB AR TLE -

= B EREAS TR R

R 48 04 20k e 6 Ao R B 4 R AR 2 BB
fRiE (L - FATERRES R AE ~ R/
{8~ P EETHEE (Table 2) - TG R
F BRI R B RIE 2 A R A E (BUE= 87.4)
A REE R BIR(ERIE ] - BLEAE= 46.5
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aup

AR A IUEREE - BB #ERSE
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AR - e REUR - BMEEEEEN
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B 3 [0 35 [ 1) B 4 i A [ e R AR B 2R )
KNFEEBIEM -

R VB B A S b L S 1T A AR T )
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{8 {f(Yanagisawa & Fujita 1999, Tardio et al.
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Root number #1

Depth (cm)

(Iron Shovel)

Distance (cm)

250

Fig. 4. Radar echo diagram of an iron shovel positioned at a depth of 20 cm and a distance of
50 cm as a reference point for the 7 root samples (root numbers: #1~#7) placed at an interval

of 50 cm in the sandbox experiment.

Fig. 5. Determination of pixel numbers from the hyperbola curve as the value of the moving

window for the smoothing procedure.

Table 2. Maximum, minimum, average, and standard deviation of the amplitude variation
(no units) calculated from the processed signal at the center of each root sample

Root # Maximum Minimum Average Standard deviation
1 87.4 2.6 54.8 29.5
2 37.8 3.0 21.2 17.4
3 13.6 6.1 11.1 43
4 9.4 0.9 5.2 6.0
5 6.0 1.7 3.8 3.0
6 26.0 1.0 16.9 13.8
7 15.6 0.2 7.1 6.8

2016) » ARIBILAEIR - BRAMIHEMITESE it ERSHEE
BITRE 2B MR R EI R FEm B R -
RMAERT ANITE - B WFFEE e ZE R T 3R
MR EEE(Sun et al. 2008) - JREBFFEHE HIRAEE
fof L9 R AR R %5 (Tardio et al. 2016) » S5 HT
e RAHIE (Yanagisawa & Fujita 1999) - ¥}t
H& v gt RO HETT B3R ~ FEmEUR T
W =T B ER EE - DUERAEZ
IR REAR R 4 A B3 T i B %

R TR R A R CR A RE R R
BB R Y ERYBESN - A E R E
R S R ol B A A R R AR S 5 B AN
328 s B S A A R Y 22 7] (Alani et al. 2017,
2020, Lantini et al. 2020) » B &5 @R R R
AR =M 2 R R A - I HE R R
T I R 532 [ 38 PO BT R R HU B AR R R A SR
(Zhang et al. 2019) < SR » ARIEBE AL B
PRUIARRER » T E AR VE I A8 L — e -
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Fig. 6. Results of the correlation analysis between the root cross-sectional area and (a)
maximum amplitude difference, (b) mean amplitude difference, and (¢) minimum amplitude

difference.
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Fig. 7. Results of the ground penetrating radar (GPR) investigation of tree root systems in
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a coniferous forest plantation in Xitou using grid lines. (a) GPR echo diagram after ground
level calibration, where the red box represents the observable roots above ground used to set
up the threshold range of the amplitude difference. (b) Captured pixels which corresponded
with the radar echo diagram using the developed threshold standard of 36 to 59.

(b)

Fig. 8. (a) 3D distribution of captured underground signals following the developed

ground penetrating radar (GPR) signal analysis standard operating procedures (SOPs).

(b) Estimated kernel density. In this figure, C.k represents the position of a Cunninghamia

konishii tree on the upper slope, and C.j the position of a Cryptomeria japonica tree on the

lower slope.
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Fig. 9. Vertical distribution of the underground signals. (a) Vertical distribution of pixels
captured using the developed threshold standard of 8 to 15. (b) Vertical probability
distribution of the kernel density estimation (KDE).
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