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1. Water-induced plasticity
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Figure 1. Location of the study area within the Patom District of the Kheyrud Forest, Hyrcanian Forests,
northern Iran
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Figure 2. Soil profile wall conditions, identified soil horizons, and roots exposed along the profile walls

a8 Aals g oola il 8 _iolej] JLjsuie
Ll o aSa iy, ol ws slwosls 3l glasges
Lo o aSads, olliws o,lai 0szg 55,3 sla,lad
R R S T RT3 S LRGTC U S
St xSl ba S el 5 sy i ol
859 m S b 4 (Vi) ouds ]S aools
PSS bl Jusd g e 90 mimgloals
BN L CEI L WEPYLA | RCSURIR R WP v I LGRS

a asle LB Gl ule o8 L S lawes

R ! A) "R Ve oK
Ko 615 LgLA..i’: Al

oS5 g ST cels g s pSoslasl 5l sy

Sy Sl Se Cunglio glagygesl 4 Cugh boasy,
Frsd slaa iy, (Slle Cuslin 6 Sojlail sl
Lo jo (S ady ) oliws jl el &jg0ds doye 5o
5l o S50 sleaio, sl - 9 (In situ pullout)
3 bl Jlw g olKiss I olStylosl 4y Jlal
sla_sy, hd & oy .ab solawl (Universal)
L0 g Jlw g sloolliuws bawgs o jtales]
Aog ;e b YOIN LA gAY 5 +/Y s sy
slagiegs ;o 095 L5 as el ;53 Ll
ssbied s SL S e sl o JSix ;0 4b Salul
o Lo aty, SGl slo S5ag (5 S oslul

TN

Figure 3. In situ root pullout apparatus used in this study
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Figure 5. Tensile testing using the in-situ root
pullout apparatus

5 Sy slaraeS o Ll ols J18 5 sy
B G 9 902,010 Sl g of Jolowe il
Vergani et ) 59 ol )5 c6lo d> 0 F leo ;o opolo
oSis SB g0 o oKiule;l o ladiges L(al., 2016
L Lo iolel g o ools 1,8 (STMS) Jlow jguien
bl U was 12l agds e gl Vo Caspu
35 oalyd Lo ingsy 500 L oo &yl
cds aS cewl S5 oLLe (Vergani et al., 2016)
g g T o) i (59, (5 S ojlal
VIR Jewsgd cadybo g o on oo e ) ploal
Lol (S5 o5 loady) diged Consl (i50ishS

g S Il asye o Laioles] gl sl o

ssbaredy 5 0B 035 LS Ay SLLI Jore )5 oS8
ol gy Sz o9 S S loadty ) 4y (g jiaso
Sl U s (F JS2) s i a4 (i)
Gl bl devaio ) dn ol ol o)y g0 ale G
L hos aiy,) dlee caaid jo jhd g JI> boady,
G gas o o (S o3las] Ll S 5l ool
ol (5318 Ao &y Jgiho sl oolizl b 4ty

L
> ; gl '} uf‘v’ l“ £3 }#
ain, Gladiges 0,5 solel § (g5l S0 1-F S
Figure 4. Exposure and preparation of root
samples for tensile testing

Lwg iy, j2iS 380 Liale;l YA o YO olows
Ol Jad 99 50 oo S 1o (S ey ol
28,5 el (Cetama)) 25D i) 5 (O 5D
ity el slaaiges bl ((2Rale3T (b, 50
Solal O 9oty ;e e Voo (o )i Job L
Wl W 55 e o 5l eoliul L 5 s
Of Sl G 55 ady) digel ;o y b up
szl s ety yslanzr loj om0 55503l
US| 59, iy Uk ey (Solse slotalojl]
9 &S skaiean a5 (gles ulls D925 Sloj
el o oolaiwl aiy ) slrdSae (55Lwoslel



e gilealy Al FO (SIS 15 S (gjlorbos Sl 5ty Kol Conglie lad ol i

Yva

Jeli 9,

3SR 86 5 sl eslanl b (g)lel Jeloigay 525
5 osliiul Ly Laools o5 Jloys b8 plowl £.Y.X
20 S (o 2 B el = B9 S5 oI5 g 3]
033,85 sod S5 Jloi @i 5l ool a5 (6950
S Coglie @y bgy o slaosls (g3l Lo sl
Hokateds o eolaiwl sy LU hos slaay,
99 5% Aoy (SRAS Cuglie g (LAES (595 dmlis
(ClssS Jale aiy; - 1aB) by lggS 5T ¢ fuad
it e BB S92 oy 2 sl 285 ol
o 5o Ol33 5 Gy b 90 50 ilephes e
bt g3l 3l aosls o9y Jlo s JJoay RBMw
ools o9 Jbo i Judoas calim Mol Wu Jus ;o 4
s ooliinl eSSy locudle slas; oyge3] 5

A dlg> sy S 4y g @Lu dolal jo

Laly ) xbw o515 g olows

a1 515 sl Shs sog Dledlbl
el oaal Vg

A S Al Sy Ol sy aS ol lis ol
o)l by cnl pials (W8P SS) Ges
KPP N DN I S N R W I S
4 ddyy v Cand pizen ¢ (p<0.05,R?=0.49)
L oakal) o oialS Ojgod (0 F JS0) S xaw
S (o) S 5l g 00,8 s Bee il B
(p<0.05,R*=0.36) oS o

5 a0g pimsl S ol F ) Lace Koy Jow o
697 Ay ol Uy o B33 T slaosls
Saogliie i) diged po ghaie mhaw p (SiSenS
B0 sl yioles] slass ol aiule ddiges oiiS
253 L og dae B Jabd 5o pa sl (g et
5 okl Bl o plis Jead slaiales] a5 cul
plonil sl ;31 50 g,y Jad slaiolej]
Wu Jus 58 51 g5lmghos 351 jsliiods 28,5
i ys Jlos! b g (Esmaiili et al., 2020) oasizMo!
RBMw (¥ &_Lul,) «(Preti, 2013) +/f mox
A oolazwl (Y dlaly) «(Schwarz et al., 2013)
C, = kk', Y ik,

K JSaliskS 4 ae, silagles G 1 0 05
4 S Loty ) (Bolal Sz 585 Hl )0 oyl
1 45 (sin@+cosOtang) ol 45) CenSS dxio
£0) e Aol 5o iy S0 s gy 0
Gl S oy L3l SISl &ygl; @ g (42,0
JKz sl Ve Y) (Gl (a2 50 YO ipghy ddlais
5 CIF) Jome 69,515 G ol po K (39,0
b amlg 0 Aiy ) B bz (—idS Ceoglin tr
sl el g Glwlbwe Soluw Jdoay ol S
Al Dyl JuST 158l 5 50 Jaw cpl wogases
C = ZV:F(Q.,Ax)S(Zx*) Y ik,

P

s lranlr AX iy gilwglas G ] 5 48
el B 80 ey plralr ) w5 S 5 e e
Syt o Jyo s RBMW) ps Jos 5 45 Lol
Blomlons 5 i bies glaasls Jo oy L aulono

A 1l Rl8le 5 30 a8 & yemds )ls (g0l 9 ooy

Srnsilo Vo sbGos 10 S mhaw 4 aly ) mhaw Cos g beady ) slaws vogs Oledbl - Jgoo
Table 1. Descriptive statistics of root number and root area ratio across 10-cm soil depth intervals

Root density parameter Minimum Maximum Mean
Number of roots 2 16 7
Root area ratio (%) 0.004 1.22 0.32
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Table 2. Descriptive statistics of tensile force in leaf off and leaf on periods

Season Root diameter (mm) Tensile force (N)
Min Max Mean Min Max Mean
Leaf off 0.6 239 6.49 5.9 3718.57 250.12
Leaf on 0.3 25.1 3.62 0.4 4408.41 358.96
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Figure 7. Relationship between root diameter and tensile force measured using the in situ root pullout and
universal testing machines during (a) the growing season and (b) the leaf-off season
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Table 3. Descriptive statistics of tensile strength in leaf off and leaf on periods

Season Root diameter (mm) Tensile strength (MPa)
Min Max Mean Min Max Mean

Leaf off 0.3 9.3 2.72 10.98 374 18.54

Leaf on 0.6 6.6 2.48 2.8 244 12.23
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Abstract

Introduction: Nature-based solutions, particularly the use of vegetation and soil bioengineering techniques, are widely
recognized as effective approaches for controlling soil erosion and improving slope stability. Among the different
components of vegetation, including the canopy, stem, and root system, roots play a particularly important role in slope
stabilization by mechanically reinforcing the soil. Numerous factors influence the reinforcing capacity of root systems,
among which seasonal variation has received relatively little attention. Therefore, this study aimed to investigate the effect of
season on root mechanical properties and root-induced soil reinforcement in a 45-year-old oak (Quercus castaneifolia)
plantation located in the Kheyrud Forest near Nowshahr, northern Iran. The study site was previously occupied by a degraded
hornbeam (Carpinus betulus L.) stand that had been clear-cut and subsequently replanted with oak.

Materials and Methods: Four oak trees were randomly selected for sampling, with a mean diameter at breast height (DBH)
of 16.5 cm and a mean height of 10.0 m. To investigate the lateral distribution of the root system, one soil profile was
excavated downslope of each tree at a horizontal distance of 0.5 m from the stem. The excavation depth corresponded to the
maximum depth of lateral root occurrence, and root distribution was recorded across different soil horizons on the exposed
profile wall. Subsequently, the mechanical properties of roots with diameters ranging from 0.3 to 23.8 mm were determined
using both an in situ pull-out device under field conditions and a universal testing machine under laboratory conditions
during the autumn (86 samples) and growing (90 samples) seasons. Finally, root-induced soil reinforcement was estimated by
integrating root distribution and mechanical property data using the modified Wu model and the RBMw model.

Results: The results showed that both root number and Root Area Ratio (RAR) decreased logarithmically with increasing soil
depth, with the highest values occurring in the upper soil layers. A positive power-law relationship was observed between root
diameter and tensile force for both the universal testing machine and the in situ pull-out device, whereas root tensile strength
exhibited a negative power-law relationship with root diameter. The mean + standard error of root tensile force during the
growing and autumn seasons was 358.96 £+ 22.51 N and 250.12 £ 34.95 N, respectively. The corresponding mean =+ standard
error of root tensile strength measured by the universal testing machine was 12.23 + 0.69 MPa in the growing season and 18.54 +
0.82 MPa in autumn. Analysis of covariance (ANCOVA) revealed significant seasonal differences in root tensile strength, with
significantly higher values in autumn, whereas tensile force did not differ significantly between seasons. Both reinforcement
models indicated that soil reinforcement decreased with increasing soil depth, with maximum reinforcement occurring in the
upper soil layers where root density was greatest. The mean soil reinforcement estimated by the modified Wu model was 62.52
Pa and 45.29 Pa during the autumn and growing seasons, respectively, whereas the corresponding values estimated by the
RBMw model were 53.92 Pa and 49.47 Pa. The Wilcoxon signed-rank test applied to the modified Wu model outputs showed
significantly greater soil reinforcement in autumn, whereas the paired t-test applied to the RBMw model outputs indicated no
significant seasonal difference in mean soil reinforcement.

Conclusion: Seasonal variation significantly influenced the tensile strength of Quercus castaneifolia roots, with higher
tensile strength observed during the autumn season, whereas tensile force remained unaffected by season. In addition,
increasing soil depth resulted in lower Root Area Ratio (RAR) values and consequently reduced soil reinforcement in both
models. Although the modified Wu and RBMw models exhibited similar trends in predicting soil reinforcement, the modified
Wu model was more sensitive to seasonal variation and detected significantly greater soil reinforcement during autumn,
whereas the RBMw model did not reveal significant seasonal differences. By integrating laboratory tensile tests with in situ
pull-out measurements, this study demonstrated that model selection can substantially influence the evaluation of seasonal
effects on root reinforcement and soil reinforcement capacity. These findings highlight the importance of incorporating
seasonal variation into slope stability analyses to improve the reliability of soil bioengineering design and the sustainable
management of vegetated slopes.
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