Mechanics of plant root pullout from soil
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Background: Mechanical functions of plant roots

Functions of plant roots

* Adsorption of water and nutrients

* Storage of carbohydrates

e Support of plant’s body

e Strengthening and Toughening of soil

Question:

How do plant roots support their
bodies and toughen soil?

Plant-Soil interactions are one of
the most important topics in

* Forest Science

Crop Science

Geoscience

Civil Engineering

Landslide Lodging of trees



Background: Previous studies on root mechanics
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X. Zhang et al., Plant Soil 456:289-305 (2020) S. B. Mickovski et al.. Eur. J. Soil Sci.
58, 1471 (2007)

Experiment

* Force-Displacement characteristics

Anchorage length (L)
Full length (L)

e Geometrical factors

e Model root

Mechanical/mathematical modeling

* Soil mechanics + Simple root geometry
* FEM/DEM simulations
* Root Bundle Model

H Z. Mao, M. Yang, F. Bourrier, T. Fourcaud,
owever, Plant Soil 381, 249 (2014)

* Details on structure-soil interactions

» Effect of geometry and elasticity of roots
* Theoretical features

have been poorly understood.



Background: Granular physics viewpoint

Resistance force acting on granular matter

Cyrindrical/Spherical object in steady motion
T. A. Brzinski et al., Phys. Rev. Lett. 111, 168002 (2013)

2D photoelasticity experiment during pullout of a rod
F. Okubo, H. Katsuragi, Modern Phys. Lett. (2020)

Granular medium

F. Okubo, H. Katsuragi, Modern
Physics Letters B, (2020).



Objectives

* To investigate the effects of root structure and elasticity on the pull-out behavior.

* To elucidate the mechanisms in a quantitative manner.

Approaches

* Pullout experiments with systematic parameter change

* Theoretical description

A “Digged-out” tree root
(at Hokkaido University forest)



Pull-out experiment

* Root - 3D printed model

Fabricated with 3D printer (Form3, Formlabs) 10(mm) §
—+ <«{ D(mm)
Material: Resin (E = 808 MPa), Rubber (E = 25.5 MPa) h=50(mm) /v<50A(mm)
Diameter:D=1,1.5,2,3,4,5,6,7,8 (mm) T /
‘/e; 60°

* Soil - Glass beads
We mixed beads with three different sizes (0.2, 0.5, 1 mm) by 1:1:1 (in volume)




Pull-out behavior for our model and actual plants
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After reaching F__, at small displacement, monotonic decrease

was observed for both 3D-printed model and actual plant.
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Results: Pull-out behavior
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A factor to determine the maximum force

E: Young’s modulus

Bending I‘Igldlty (= ElI= E :_4D4) | : 2"d moment of cross-section

D: Diameter
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Description with theoretical models

To calculate the maximum force step by step

Step 1: Vertical root
Step 2: Horizontal root

Step 3: Branched root

B

Vertical root Horizontal root Branched root



Theory 1: Vertical root

Pullout of a smooth tap root - Friction

e |Lateral stress at depth z (Janssen’s formula)
0(z) = Kpg z p: Density, g: Gravity constant

sl & Z T K: Lateral pressure coefficient
I—» - s+dz - « Frictional stress
i i T(Z) = Umax0(Z)  Umax: Maximum friction coefficient
4 v ' (cf. Enax = tmaxFn)
Experimental validation _

0.6 e Maximum force

0-5 ¢ Kpgmpmax 2 2
oa . Fiop = 2P Dh? ooy « D, h
g 0.3 - 07205
& 02 Q} R?=0.999

e 2
01| e 2> Fq, x D, h? is reasonable
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Theory 2: Horizontal root

Tracking particle motions of glass beads Extracting particle motions around the force peak
during pull-out

| |« D=7, 10,

(o)
\90

| Camera

Glass beads

50mm

g Subtraction of two Displacement vector

consecutive images




Theory 2: Horizontal root

| Weight of glass beads in the trapezoidal
region

F. (rROEFSAES) = pgaDhl
h E5, (@Y FO=@RzEls) = 2pg - %hzl tan ¢ - cos ¢
= pgh®lsin ¢

¢: Internal friction angle

:l\[ Friction force on the shear plane ]

Friction stress at depth z

1—-K, 3
T =——FPYgzcos ¢ K, EEDRERER
Total friction force
a 1 — Kq 2
=g J =—=—pgh“lcos¢



Theory 2: Horizontal root

e Total force in the horizontal root

Frorizontal = F + (Es T+ f) cos ¢

D "
:pghzl{az+cosq§( )}
Fhorizontal A D . 1_Ka
ogh2l —az+cosq§( =
2 — Fhorizontal lot : o Frorizontal
~- h pgh?l P > ¢=26[ ] > —Cl +064
4.5 pgh-l
. 2~3?
3.5 et a= 290
~ ‘
F, zi L /ﬁ COS ¢ ( ) = 0.63
g2 ; o ¥ — F D
51 140 y = 2.8989x + 0.6299 horizontal __ 2
s 1? }i? R? = 0.9917 pghzl — W " 4 063 T/ Good agreement
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Theory 3: Branched root in the flexible and rigid limits

Pullout with pure sliding
(No fracture of soil)

1+K  1-K 6
Flat fri = PITlmaxD( —+t= COSZG)(hl-I—COS ()

2
» Total pull-out force

o Flexible limit

5 Friction force on the lateral roots

- 1
Friexivie = Frap + 4F1at_fri = PITHmaxD [EKhz +{(1 +K)+ (1 — K)cos 20}(2hl + [* cos 9)]




Theory 3: Branched root in the flexible and rigid limits

* Rigid limit Pullout with soil
fracture
» Fracture resistance from soil

Flat res = pglsin 6 {aD (h + CO; 0 l)
CoS gb) (h2 + hlcos 8 + § [% cos 62)}

1_Ka
2

+ cos ¢ (sin ¢ +
» Total pull-out force
Fstiff — Ftap + 4(Flat_fri cos 6 + Flat_res)




Theory 3: Comparison with experiment

Input Parameters
El—F, . curve pUt Fare -

B Re p=1.60g/cm3, Kii;,, = 0.39,
& - h=1=50x10"2m, 6 =mr/3
10 N
Z 3
4 Predicted values for the samples of D = 2mm (rubber)
) and D = 9mm (resin)
o LX
10 100 1000 10000 100000 1000000

El [N*mmA2] Deviation for the D = 2mm rubber sample is
o considered to be the resistance for the neck part.




Pullout experiment in wet conditions

Volume fraction of water: 4%
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Pushover experiment

« Cedar-like model (T/R ratio =3%)
Branch Angle 6=15, 30, 45, 60, 75, 90 [°]

0=30[°] 0=60 [°] 0=90 [°]

Glass beads




Pushover strength

Force-displacement curve Branch angle - F__,
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Theory on Pushover

We assume that the stress at fracture is proportional to soil pressure.

0(z) = Omaxp(2)

' Total moment

M = PITOmaxDI? gl cos 87 —4lcos 8> 4+ 4hcos 6% + L cos 63 —

2 6hc0592+§lc059+3h

n ngZ h2 (g + C‘;S ) + PG Uy g D (hl + p l? cos 8) [sin @ cos 6




Calculation result

Branch angle vs F,__,

1.4

The theoretical curve
exhibits an optimum angle
= 65°,

in reasonable agreement
. with experimental results.

1.2 Theory

° ®

Experiment

The balance between depth
and width is important.
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Summary and Future plans

Summary

 We simplified the root structures and conducted pull-out experiments.

 We obtained a strong correlation between bending rigidity and maximum force.
* We successfully described the maximum forces in the flexible and rigid limits.

Future Plans
* Modeling and prediction of mechanical behavior for more realistic root structures and soil
* Engineering application: Soil-reinforcement of slopes using aboveground parts of a tree.

Burying into ground
123

—
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Thank you very much for your attention!



Ex. Rice in budding and growth

Root geometry and soil conditions change with time.
=ls it possible to predict pushover strength during budding and growth?
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