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Summary The axial force required for penetration of soil aggregates by roots of pea (Pisum
sativum cv. Greenfeast), cotton (Gossypium hirsutum cv. Sicot 3) and sunflower (Helianthus
annuus cv. Hysun) seedlings was measured. Effects of aggregate size and strength on root
penetration behaviour were investigated. Maximum axial root growth pressure (P,) was esti-
mated from the maximum axial root growth force (Fpax) and mean root diameter.

Frax, time (Tyayx) to attain Fry,, and Py all increased with increase in size and strength
of aggregates. A significant interactive effect of size and strength of aggregate on root dia-
meter was observed. Fi .., Tmax and root diameter were significantly different for different
plant species.

Maximum penetrometer pressure (P') was compared with the axial pressures generated
during root penetration. The penetrometer probe was found to overestimate the root growth
pressure by a factor of 1.8 to 3.8. P./P’ decreased with increase in size and strength of
aggregates.

A theory was developed to estimate radial and tangential stresses adjacent to the soil-root
interface assuming cylindrical deformation by the root in aggregates of finite size. The stresses
were calculated using shear cohesion values, estimated from tensile strength measurements,
and with an assumed value of soil internal friction. Radial and tangential stresses adjacent
to the root axis increased with increase in dimensionless aggregate radius and aggregate strength.
Tensile stress adjacent to the root axis is predicted to result in plastic failure of finite sized
aggregates during root penetration.

Introduction

Soil mechanical resistance affects the penetration and growth of
plant roots in all soils, not just in those of high strength. Although
quantitative information on soil resistance to root penetration is
essential for an understanding of the behaviour of roots, there are
few experiments in which root penetration forces have been directly
measured!?» 2840

In the past, the penetrating ability of plant roots has been assessed
from the resistance to blunt and sharp penetrometer probes®:’-2% 21,
27,30,32,36  However, soil resistance to probe penetration is much
greater than the resistance to plant roots!!>28:4! although the relative
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responses of probes and roots to soil impedance are strikingly similar.
One argument frequently appearing in the literature about the differ-
ential responses of probes and plant roots relates to the flexible nature
of the roots, by virtue of which they are able to take advantage of
planes of weakness in the soil. In contrast, metal probes, being rigid,
must follow a straight path. The abilities of roots of different plant
species to penetrate a given soil could be very different'é, and in a
macroscopically structured soil this may depend on the elastic pro-
perties of roots®”. Direct measurements on root buckling®®, deflec-
tion®!12° and root penetration into soil having cracks of known
width®® have shown that roots of different plant species may differ
in their ability to take advantage of the planes of weakness.

It has been documented earlier that soil may be deformed differ-
ently by probes and roots. Blunt penetrometer probes (total tip angle
= 60°) deform the soil almost spherically!®:!%:25 whereas plant roots
and sharp probes (total tip angle = 10°) deform the soil almost cy-
lindrically®:2°. The theory of expansion of cylindrical cavities under
internal, uniform pressure has been successfully applied to explain
soil deformation by root tips?°. This is similar, in principle, to the
spherical deformation around blunt probes!®:25:3% | in which plastic
failure of soil occurs out to some distance from the centre of the
cavity.

Although the root penetration force in soil is rarely measured, some
data on the maximum pressures which roots can exert in the axial
direction are available. They range from 610kPa to 1300 kPa!?,14.2¢.
28,31

Most studies on root penetration have been done either with homo-
geneous, remoulded soil compacted to a known density3°:3¢ or with
confined, homogeneous granular media (e.g. glass beads) under an
applied stress!-2:3:15:17:34 Use of macroscopically structured soil has
largely been avoided firstly because the statistical concept of stress
and strain can not be employed and secondly because the mechanical
properties of bulk soil have little relevance to the resistance met by the
root tip in these soils'®. A theory has yet to be developed to describe
the radial and axial stress to the plant root in macroscopically struc-
tured soil.

This paper describes the variation in axial root growth pressures of
pea, cotton and sunflower during root penetration into aggregates of
different sizes and strengths. A theoretical estimate of radial and
tangential stress adjacent to the root is given.

Theory of root penetration into soil aggregates
The penetration of a plant root into a soil aggregate presents a
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Fig. 1. Schematic illustration of soil aggregate of radius b, penetrated by a plant root of radius
a. R is the radius of the plastic front. o, and o4 are the radial and tangential stresses, respec-
tively at a radial distance, r, from the centre of the circular aggregate face. Normal stress, o, in
the z-direction, is assumed to be zero.

problem similar to that encountered with the expansion of a tube under
an internal, uniform pressure!®. To simplify the problem, the following
assumptions are made.

1. Soil aggregates are composed of incompressible, frictional, elastic-
plastic material, and due to lack of confinement around the aggregate,
root volume is accommodated by the expansion of the aggregate
boundary.

2. The stress distribution around the root is axially symmetric.
This assumes that the soil aggregates are cylindrical.

3. The soil aggregates exhibit elasticity at pressures lower than an
ultimate state of stress at which the aggregate fails plastically?s-35 .

4. Compressive stresses are positive and tensile stresses are negative.

5. The pressure, P, in directions radial to the root axis is equal to
the axial root growth pressure,

Figure 1 shows a cross-section of an aggregate (or radius b) and a
root (of radius a) penetrating the centre of the aggregate at a uniform
pressure P. The radial distance from the centre point of the circular
cross section is r and the radial distance to the plastic front is R. The
radial normal stress on a volume element shown in Fig. 1 is represented
by o0, and the stress in the direction normal to it is the tangential
stress oy .

The general expression for the radial normal stress in an elastic,
cylindrical tube (p 58, Timoshenko and Goodier®?) is

g, = (A/r*)+B. n
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where A and B are constants, and have real values which depend on the
stress boundary conditions at @ and b. Because there is no external
force on the aggregate, the boundary conditions are

atr = a: (A/a®>)+B =P 2)
andatr = b: (A/b>)+B = 0. 3)
Eqns 2 and 3 may be solved for constants A and B, which are
Pa?b? —Pa?
= 72 and B = T —g (4)

These values of A and B can be substituted in Eqn 1 to give
o = PLO? ) 1]
T (b2 /a?) — 1
The expression for the tangential stress can be obtained by applying the

equilibrium equation of stresses on any volume element as shown in
Fig. 1. This equation is

(5)

do, 1 (o, —0y)

dr r =0 (6)
Combining Eqns § and 6 gives

_ —PI®/r*) + 1]
T T ety 1

(7

Inspecting Eqns 5 and 7, we find o, takes the value of zero and P at
r=b and r =a, respectively; whereas o, is always less than P and
negative. The principal stresses (07 = major, oy = intermediate and
o = minor) can be assigned as follows.

g = 0O, and Opp = O = Og. (8)
Maximum shear stress (7.5 ) is given by

01 — Omr 0y — 0y

Tmax — ) = > . ®
and the shear strength or stress () at soil failure is
T =c+o, tan ¢. (10)

The stresses o, and o, are found to be related to cohesion (c¢) and the
angle of internal friction (¢). The normal stress (0,) acting on the
shear planes?® is related to o, and o, as follows.

0, = 0,cos*0 + o, sin?0, (1)
where 0 = (w/4 + ¢/2).
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Cohesion and the angle of internal friction for any soil can be deter-
mined from triaxial shear tests. However, the effect of ¢ on ¢, and o,
for a blunt probe has been found to be much smaller than the effect
of ¢*%. In unsaturated soils, ¢ varies from 25° to 45°, and is typically
35°. Values of ¢ can be estimated from unconfined compression tests?*
if ¢ is known or assumed.

Egns 10 and 11 may be rearranged to give

o, ~(1 —sm¢) o,—2c cos ¢

T\l +sing 1 +sing (12)

A solution of Eqn 6 which satisfies the stress relation of Eqn 12 in the
plastic zone r < R may be written?? as

A'(1 + sin ¢)(R/r)?sin® !/ (1*sind) — ¢ 0ot ¢ (13)
A'(1 —sin )R/[r)2*ne/(1+sin®) _ ( hr 14

In Eqns 13 and 14, A’ is a constant which can be estimated from the
assumption of continuity of stresses at the plastic-elastic interface,

r=R.
0% 0,)
. == (15)
( ot )elastic (ot plastic

B2/R)—1 _ A'(+sing)—ccoty _ X
—[(b%/R*)+ 11  A'(1 —sin¢) —c cot ¢ Y’

from which

Oy

il

Oy

or,

(16)

ccotp (X —Y)

A = T sineX—( +sine) ¥V

17

Now we know that when P is raised to an ultimate pressure P,, o, =
P, at r = q and the aggregate fails plastically. On substitution of ¢, by
P, and r by a, Eqn 13 becomes

Pt +c COt(b _ 2 sind/(1+sin @)
A0 +sing)  RID (18)
_[(1+sing P.+ccot¢
Of, log R (2sin¢ ) logA,(1 ¥ sin ¢)+loga. (19)

Eqn 19 is transcendental in R; hence, it can be solved iteratively to
obtain estimates of R for plant roots of different radii penetrating
aggregates of various radii. In Eqn 19, P, is the maximum axial root
growth pressure. It should be noted that for sandy soils, whose ¢ ~ 0,
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the values of R would be meaningless in practice because aggregation
in such soils does not occur. However, for cohesive soil material like
saturated clay, which has very little internal friction (¢ ~ 0), Eqn 12
reduces to

o, — 0, = 2c (20)
From Eqns 6 and 20

‘%‘ + 270 = 0. Q21
Eqn 21 is solved to obtain

6, = —2clogr+ B’ (22)
From Eqns 20 and 22,

. = —2clogr—2c+ B (23)

Applying the assumption of continuity of stresses at the plastic-elastic
interface, r = R (i.e. Eqn 14), we obtain

(b%/R*) — 1 _ __—2clogR + B’ _ X 24)
—[(®*/R*Y+ 11  —2clogR —2c+ B’ Y
from which
' _ ! + ’
B = 200X —Y)1og R + 2¢X ' 25)

X'_Y'

At the time of aggregate failure, o, = P, at r = a. Under this condition,
Eqns 22 and 25 are combined to give

P, = —2cloga+ 2XEX — f(,) i‘)?',,R +2eX (26)
’ — ’ + o 3
or, logR = X' —Y)Y(P, +2cloga) — 2¢X 27

2 X'—=Y")

Eqn 27 is transcendental in R and must be solved iteratively to obtain
estimates of R,

Materials and methods

The soil used in this experiment was a loam from the top 100 mm layer of a red-brown
earth (rhodoxeralf) at Mintaro, South Australia. The soil had 2.1% coarse sand, 38.5% fine
sand, 34.7% silt and 20.8% clay. The organic matter content of this soil was 4.3% and the
Casagrande plastic limit was 25.6%.
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Laboratory preparation of soil aggregates

Aggregates collected from the field were unsuitable for this study
due to their large variabilities in density and strength. Hence artificial
aggregates were prepared in the laboratory from sieved (< 2 mm)
air-dry soil. Six different size ranges of aggregates (4.0—-6.7, 6.7-9.5,
9.5-12.7, 12.7-19.0, 19.0-22.0, 22.0-29.0 mm) were prepared and
the strength of each size range of aggregates was varied to 3 levels
(referred to as Sy, S, and S; in the text) by adding different quantities
of poly(vinyl alcohol) (PVA) during their preparation. The method of
aggregate preparation was essentially same as reported previously by
Misra et al.?5. The first batch of aggregates (S,) had no added PVA and
was prepared by spraying deionised water on to sieved, air-dry soil
until the soil reached saturation. The saturated soil was left at 20°C
in a sealed container overnight before being dried at 60°C for 48 h.
The dried soil was broken by hand, the edges of the aggregates were
rounded-off and finally sieved to provide the six different size ranges
as listed above. The two other batches of aggregates (S, and S;) were
prepared by adding 100ml of 0.02% and 0.20% PVA solution, res-
pectively to 1kg (oven-dry) lots of soil before water was added to
bring the soil to saturation. The rest of the aggregate-preparation
procedure was similar to that described for S,. All batches of aggre-
gates were treated with nutrient solution I (consisting of 13.49¢g
Ca(NO3), .4H,0, 12.58¢g NaH,PO, .2H,0, 6.48g KNO,;, 7.70¢g
MgSO, . 7TH,O in 2L) which was added at 10ml kg™! oven-dry soil
prior to saturating the soil during aggregate preparation.

Method of growing plants for root penetration studies

Seeds of cotton (Gossypium hirsutum cv. Sicot 3) and sunflower
(Helianthus annuus cv. Hysun) were planted in ‘Dispo’ growth bags
(160 mm long and 140 mm wide) containing 20 ml of 10% strength of
nutrient solution II. Full strength nutrient solution Il contained 6 mM
KNO;, 4 mM Ca(NO;), .4H,0, 2 mM NH4H,PO,, | mM MgSO, .7H,0
per litre and trace elements at concentrations reported by Johnson
et al.** . Pea (Pisum sativum cv. Greenfeast) seeds were soaked overnight
prior to planting in vermiculite. The vermiculite had been saturated
with 10% strength of nutrient solution II and allowed to drain for 24 h.
All seedlings were grown at 20°C under a bank of fluorescent tube
lights (90 umol m™ sec™) and the roots were shielded from light.
Seedlings grown in ‘Dispo’bags were watered daily to make up for the
evaporation losses. After 3 days, the seedlings were transferred to the
apparatus shown in Fig. 2.
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Fig. 2. Side view of the apparatus for measuring axial root growth force. The main root axis
of a plant (PL) is anchored to the plaster base (PB) of the plastic tube (PT) by dental plaster
(DP). The tube PT with 0.5 mm of the root protruding from PB is held by the clamp stand
(CS) so that the root tip touches the test aggregate (T). The aggregate is supported by 3 wet
porous spheres (S), glued together. T rests on a stand (ST) connected to pan (P) of a digital
electronic balance (B). BP, a wet plaster block between ST and S is an additional water reser-
voir to reduce water loss from T. More details are given in the text.

Measurement of axial root growth force

Axial root growth force of pea, cotton and sunflower was measured
on aggregates of six different sizes and three different strengths (S;,
S, and Sj3) using 3-day-old seedlings. On any single occasion, radicles
of 3 plants (one each of pea, cotton and sunflower) were allowed to
penetrate 3 separate aggregates randomly chosen from one of the 18
possible combinations of size and strength. Each plant, aggregate size
and strength were replicated six times so that 324 measurements of
axial root growth force were obtained.

All aggregates used for measurement of axial root growth force
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were slowly wetted from air dry to saturation on sintered funnels
over 48 h and were then drained to a water potential of —2 kPa in the
48 h following saturation. An hour before the aggregate was set up for
root penetration, penetrometer pressure was measured on 2 replicate
aggregates of the kind chosen for root penetration. Penetrometer
pressures were measured as reported previously?*. A 1 mm diameter
probe (total cone angle = 60°) was motor driven at 3mm min™!
into the aggregate, supported by 3 glass spheres and the maximum
penetration force was measured with a digital eletronic balance. There
were 12 replicate measurements of penetrometer pressure representing
each size and strength of aggregate.

The apparatus for measuring the axial root growth force (Fig. 2)
consisted of 2 parts: the first part held the root protruding from a
plastic tube (PT) in position on the top of the aggregate and the other
part was a digital electronic balance (B) which indicated axial root
growth force. Three plants and three balances were always in use.
The axial root growth forces on the balances were recorded at 10
minutes intervals by a microcomputer (not shown in the figure) and
subsequently printed.

The electronic balance (B) measured the force with a resolution of
0.0001 N and the pan deflection was negligible. A plastic platform (PF)
standing outside the pan (P) held the clamp stand (CS) and also per-
mitted ventilation over the pan thus removing heat generated by the
balance. The plastic stand (ST) resting on the pan (P) supported the
test aggregate (T) during the measurements of axial root growth force.
The test aggregate (T) was supported on 3 porous spheres (S, each 15
mm diameter), glued together and the aggregate and the spheres all
were brought to a water potential of — 2 kPa as described in the pre-
ceding paragraphs. An additional block of plaster (BP) wetted to a
water potential of —2 kPa was provided beneath the porous spheres
to minimize water loss from the aggregate T. A duplicate aggregate
(D) of the same treatment as T, was kept on the plaster block to
measure water loss from the aggregate during the experiment.

Each 3-day old seedling (PL) was planted in soil held in a plastic
tube (PT), 45 mm diameter, 50 mm long which had a 1 mm thick
plaster base (PB). The root tip protruded about 0.5 mm outside the
tube through a hole made on the plaster base prior to planting. The
root was anchored to the plaster base by a drop of liquid dental plaster
(DP). The rest of the root system in the tube was supplied with wet
soil, WS (water content 25% by wt) to which nutrient solution I had
been added at the same rate as that for the aggregates. To prevent
desiccation of the root during the experiment, the plaster base PB
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was wetted by spraying with water. On no occasion did wetting the
base affect anchorage of the roots. The plastic tube with the root
protruding from the plaster base was then held aligned to the aggre-
gate by the clamp stand (CS). The air gap between PB and T never
exceeded 0.5 mm. The plants and aggregates were kept covered by a
polythene sheet attached to PF. Several water-filled pots kept on PF
maintained a humid environment under the polythene sheet. For
clarity, the polythene sheet and water filled pots are not shown in
Fig. 2.

The root penetration experiment took 20—24h for each set of
three plant seedlings. The axial root growth force reached a maxi-
mum in about 15—20h for most of the aggregates and it dropped
slowly thereafter. The roots either penetrated into the aggregate or
were deflected and grew in the air gap. Shortly after the axial root
growth force reached the maximum, the plant roots with aggregates
intact were removed from the apparatus. The diameter of the root was
measured at the air gap and at 1 mm behind the root tip by a travelling
microscope with an accuracy of 1072 mm. The water loss from the
duplicate aggregate (D) was negligible compared with the values of
Foax. Therefore, F values were obtained directly from the balance
readings which did not have to be corrected for changes in aggregate
weight,

The maximum axial root growth pressure (P,) was estimated using
the maximum axial root growth force (Fp.x) and root diameter (dx)
as

4Fmax

nd?
where d, is the mean of the root diameters at the air gap and 1 mm
behind the root tip.

P = (28)

>

Determination of shear cohesion {(¢)

Aggregates of 6 size ranges and 3 strengths prepared as for the root
penetration experiment were slowly wetted over 48 h at 20°C from the
air-dry state to saturation on porous ceramic plates, which were covered
with plastic lids to prevent evaporation. The aggregates were drained on
the same plates to a water potential of — 2 kPa over the next 48 h. The
tensile strength of 20 replicate aggregates for each size and strength
was measured in an indirect tension test by crushing them between 2
flat, parallel plates, using a loading frame and a top-loading balance.
The tensile strength (7’) was calculated from the force at failure (F)
following Dexter and Kroesbergen® as shown below.

T' = 0.576 F/d? 29)
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where d is the aggregate diameter i.e. mean of the mesh sizes of the
two sieves used to separate the aggregate. Shear cohesion, ¢, was es-
timated from the tensile strength using the relationship

¢ = T'/0.48 (30)

suggested by Koolen and Vaandrager®®.

These estimated values of ¢ were averaged over the six aggregate
sizes for each of the aggregate strengths (S;, S, and S;) used in the
root penetration experiment.

Results

The measured and estimated parameters involving root penetratrion
into aggregates of different sizes and strengths were subjected to
analysis of variance (Table 1).

The maximum axial root growth force (F.x), and the time ( Tpux )
taken for the development of maximum axial root growth force, and
the maximum penetrometer pressure (P') were significantly affected
by the differences in aggregate size and strength. Maximum axial root
growth pressures (P,) estimated from F,,x and the mean root dia-
meters (d,) were also affected significantly by the size and strength of
aggregates, but no differences between the plants were detected. All
other measured parameters relating to P, were significantly different
for different plants. Root diameters measured at the air gap and near
the tip were only slightly affected by aggregate size and strength.

The proportion of roots penetrating into the aggregates and the
proportion which were deflected from the aggregate surface were not
calculated because there were only six replicates. Information on root
deflection already exists®'®. In our experiment, all measured para-
meters had some missing values and although this did not affect the
analysis of variance, a single LSD value cannot be given due to different
numbers of missing values in different treatments.

Axial root growth force

The maximum axial root growth forces (F.x) required by all 3
plant species to penetrate aggregate of various sizes are presented in
Fig. 3. The effect of aggregate size on F,, was much larger than the
effect of aggregate strength. Therefore, the Fp.x values in Fig. 3
have been averaged across the three strengths. For all plant species,
increasing aggregate diameter (d) beyond 20mm did not increase
Frax significantly. It is clear that increased aggregate size increased
impedance to root penetration. For the three plants used in the ex-
periment, the effect of aggregate diameters over the range 5 < d <
26 mm can be described
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Fig. 3. Maximum axial root growth force (Fp,ay) of pea, cotton and sunflower as a function
of aggregate diameter (d).

0.095Ind (R? = 0.73), 3D
for cotton by Fax 0.091Ind (R? 0.68) and (32)
for sunflower by Fpa.x = 0.071Ind (R? = 0.74) (33

where F., and d are expressed in N and mm, respectively. Over the
whole size range of aggregates, Fpn,, increased 3—4 fold from the
smallest recorded value of 0.04 V.

For F,.« there was a significant interaction between the plant type
and aggregate strength (Table 2). Increasing the PVA content of the
aggregates was expected to increase aggregate strength and for most
plants, F,,, did increase with increased PVA content.

for pea by Frax

Time taken for development of maximum axial root growth force

The time (T,..) taken for the development of maximum axial
force F.x is shown in Fig. 4 as a function of aggregate diameter.
All plant species took longer times to penetrate larger aggregates than
smaller aggregates. The effect of aggregate diameter (d, mm) on
Tmax (min) can be described by
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Fig. 4. Time taken (7p,,y) for the development of maximum axial root growth force as a
function of aggregate diameter (d).

Table 2. Effect of aggregate strength and plant species on maximum axial root growth force
(Fax) averaged over the sizes of aggregates™®

Fryax (N)
Aggregate strength
(PVA content) Pea Cotton Sunflower
S, (no PVA) 0.143b 0.165b 0.102a
S, (0.02% PVA) 0.198¢ 0.145b 0.110a
S, (0.20% PVA) 0.20ic¢ 0.200c¢ 0.150b

* Figures in the table followed by same letter are not significantly different at 2 < 0.05.

Table 3. Maximum time (7p,54) taken for the development of maximum axial root growth
force as a function of plant species and aggregate strength*

Aggregate strength

Plant species Tmax (min) (PVA content) Tmax (min)
Pea 980a S, (no PVA) 850d
Cotton 1022b S, (0.02% FVA) 842d
Sunflower 670c S; (0.20% PVA) 980e

* Figures in each column followed by same letter are not significantly different at P < 0.05.
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Topax = 520+ 1461nd (R? = 0.73) 34)

For different plants, Tpmax ranged from 670 min (11h) for sunflower
to 1022 min (17h) for cotton (Table 3). Aggregate strength had a
smaller effect on Toa.x than did the type of plant used in the experi-
ment.

Root diameter

A comparison of root diameter near the tip (RDT) and root diameter
in the air-gap (RDA) for different plants (Table 4) showed that the
diameters were in the order pea > cotton > sunflower. For all plants,
roots were more than twice as thick in the air gap than 1 mm behind
the tip. The effects of the treatments on root diameters were not con-
sistent, although the interactions between aggregate size and strength
on RDT and RDA were statistically significant (Tables 5 and 6).

Axial root growth pressure

The effect of different aggregate sizes and strengths on the maximum
axial root growth pressure (P,) is shown in Table 7. Increase in aggre-
gate strength and in aggregate diameter up to 22mm increased P,.
All plant species had comparable P, for the sizes and strengths of
aggregates used in this study. In Fig. 5, P, as a function of dimension-
less aggregate radius b/a is shown for the three plants where b and
a are the radii of the aggregate and the root respectively. The relation-
ship of P, and b/a for all plants can be represented by the fitted line
shown in Fig. 5:

P, = 0.092 In (b/a) (R? = 0.62). (3%5)

Shear cohesion and penetrometer pressure

Shear cohesion (¢) estimated from indirect tension tests, was 9 kPa
for S; and S, aggregates and 14 kPa for S; aggregates. It appears that
addition of 0.02% PVA solution to S, aggregates did not increase
soil strength significantly. Maximum penetrometer pressure (P') is
shown as a function of dimensionless aggregate radius (b/a') in Fig. 6
where a' represents probe radius.

For all the 3 strengths (S;, S, and S;), P’ increased with increase
in dimensionless aggregate radius b/a’. The relationship between P’
(MPa) and b/a’ is described within the experimental error

forS; by P' = —0.174+0.267In (b/a") * (R? = 0.94), (36)
forS; by P' = —0.252+4+0.313In(b/a’)* (R* = 0.92),and (37)
forS; by P' = —0.385+0.477In(b/a’) (R? = 0.95). (38)
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Fig. 5. Maximum axial root growth pressure (Py) as a function of the dimensionless aggregate
radius (b/a).

Table 4. Root diameter behind the tip (RDT) and in the air gap (RDA) for different plant
species*

Plant species RDT (mm) RDA (mm)
Pea 0.60c 1.40e
Cotton 0.53b 1.36e
Sunflower 0.44a 1.044

* Figures in each column followed by same letter are not significantly different at P <0.05.

Table 5. Root diameter (RDT) measured 1 mm behind the root tip as a function of size and
strength of aggregate*

RDT (mm) for the aggregate size range (mm) of

Aggregate strength

(PVA content) 40-67 6.7-95 9.5-12.7 12.7-19.0 19.0-22.0 22.0-29.0
S, (no PVA) 0.50ab 0.48a 0.49ab 0.49ab 0.57cd 0.54abed
S, (0.02% PVA) 0.49ab 0.49ab 0.60d 0.54abcd 0.54abcd  0.54abcd
S, (0.20% PVA) 0.5labc  0.55bcd 0.50ab 0.50ab 0.53abc  0.57cd

* Figures in the table folowed by same letter(s) are not significantly different at P <£0.05.
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Table 6. Root diameter (RDA) measured at the air gap as a function of size and strength of
aggregate*

RDA (mm) for the aggregate size range (mm) of

Aggregate strength

(PV A content) 4.0-67 6.7-9.5 9.5-12.7 127-19.0 19.0-22.0 22.6-29.0
S, (no PVA) 1.20ab 1.18ab  1.40cd 1.19ab 1.262bc  1.32bcd
S, (0.02% PVA) 1.21ab 1.21ab  1.42cd 1.18ab 1.24abc  1.32bcd
S, (0.20% PVA) 1.13a 1.46d 1.15ab 1.32bcd 1.28abed 1.29abced

* Figures in the table followed by same letter(s) are not significantly different at P < 0.05.

Table 7. Maximum axial root growth pressure (P,) as a function of size and strength of ag-
gregate*®

Aggregate size P, Aggregate strength P,

r b 4
(mm) (MPa) (PVA content) (MPa)
4.0-6.7 0.136a S, (no PVA) 0.218e
6.7-9.5 0.204b S, (0.02% PVA) 0.233e
9.5-12.7 0.241b S, (0.20% PVA) 0.263f
12.7-19.0 0.286cd
19.0-22.0 0.310d
22.0-29.0 0.252bc

* Figures in each column followed by same letter(s) are not significantly different at P < 0.05.

Radial and tangential stresses adjacent to the root

Estimation of the stresses adjacent to the root axis involves calcu-
lation of the radius of the plastic front (R) using Eqn 19. Our attempt
to calculate R (such that R < b) was unsuccessful for the size range
of aggregates used in this experiment. Fig. 7 shows a plot of R against
root radius (a). To find a value of R less than b for the thinnest root
of radius 0.4 mm, the aggregate radius must be greater than 54 and
24mm for ¢ = 9 and ¢ = 14 kPa respectively. The smaller the root
radius, the lower was the radius of aggregate (b) required to produce
an R value smaller than b.

All aggregates used in this study had radii less than 15 mm, and the
radial pressure (P,) was assumed equal to the maximum axial pressure.
Such aggregates under these conditions are undergoing plastic failure
with the plastic zone spread up to b, for root radii between 0.4 and
1.0 mm. Hence, Eqn 15 is no longer valid. Now, R can be replaced
by the maximum possible radius of the plastic zone in Egns 13 and
14, which gives

o, = D (1 + sin ¢)(b/r)>sn ¢/+sm &) (o1 ¢ (39
D (1 —sin ¢)(b/’.)2sin ¢/ 1+s8in ¢) —ccot¢ (40)

and o,
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Fig. 6. Maximum penetrometer pressure (P') as a function of dimensionless aggregate radius
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Fig. 7. Radius of the plastic front (R) as a function of the root radius (2). In region I, R <
and in region II, R > b. The line dividing the regions I and II passes through the values of R
for which R = b.
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Fig. 8. The ratio of the radial stress adjacent to the root (ay(y_ a)) and the maximum axial root
growth pressure (P) as a function of dimensionless aggregate radius (b/a).

The boundary condition at r =5, o, =0 is still valid. Substituting
r by b in Eqn. 39 gives

Oy = D (1 +sing)—ccot¢ “én
from _ ccot¢
which T 1+sing (42)

Using the value of the constant D radial and tangential stresses at
radii in the range a <r <} can be estimated as

0, = ccot ¢ (bfr)?tin PlQ+en &) (o ohr g (43)
and gy = lc—fz;—n—d’a (1 —sin ¢)(bjr)?sin ¢1Q+ein & _ ¢ o1 ¢ (44)

The assumption that pressure in the radial direction is equal to the
pressure in the axial direction may be now checked for the aggregates
which fail plastically. A plot of the ratio Gy,_,)/P; as a function of b/a
and c is given in Fig. 8 for the aggregate radii in the range of 2—14 mm
and root radii in the range of 0.4—1.0 mm. R was re-evaluated from this
plot and was found to be close to b. This shows that the radial pressure
at r = a has to be small to produce separate zones of plastic and elastic
strain. In compressible soils?*®, reasonable levels of radial pressure are
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Fig. 9. Radial stress (o,), tangential stress (oy), and dimensionless stress ratio (o4/0,) as a func-
tion of the radial distance, 7 for aggregates of 14 mm radius and two different strengths.

involved in compressing soil in the radial direction during axial root
growth. Therefore, 0, _,) is not a negligible amount of pressure. As
seen from Fig. 8, for 0,¢_.) /P, = 0.5, strong aggregates (¢ = 14kPa)
of b/a > 15 would still be fully plastic. Hence, the assumption that
Orx-2) = P, is adequate since only plastic straining occurs in soil ag-
gregates during root penetration.

The stresses ¢, and o, were estimated using Eqns 43 and 44 for an
aggregate of 14 mm radius. Eqns 43 and 44 have no dependence on
either root radius, a or the axial root growth pressure, P,. Typical values
of a,, 0, and o,/0, as a function of radial distance, r, are given in
Fig. 9. Both o, and o, decrease with increasing distance from the centre
of the aggregate. Increasing the aggregate strength with ¢ varying from
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Fig. 10. Radial and tangential stresses adjacent to the root axis, oy(y. ) and gy(r. a), r€SPEC-
tively, as a function of dimensionless aggregate radius (b/a).
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Fig. 11. Dimensionless stress ratio, oy(y_ a)/0r(r. a) adjacent to the root axis as a function of
dimensionless aggregate radius (b/a).
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9 to 14kPa, the tangential stress decreases. For r > b/2, the ratio
o./0, decreased sharply indicating large increase in tensile stress re-
lative to radial compressive stress.

The radial and tangential stresses adjacent to the root (r = a) were
estimated with appropriate substitutions in Eqns 43 and 44, and they
are plotted in Fig. 10 as functions of b/a. The radial stress, Oy¢_a)
increased with increase in b/a and shear cohesion, ¢. The tangential
stress, Oy .o varied in a similar way except that the aggregates in the
size range of b < 5a were under tensile stress. Fig. 11 indicates that the
dimensionless stress ratio, Oyp=a)/Ore=a) fOT all aggregates where b >
20a, remains constant. This is due to smaller changes in the tangential
stress SO that Oy _,y is only a small fraction of the radial stress for
large aggregates. However, for smaller aggregates where b < 10a, the
tensile stress increased sharply with decrease in aggregate size.

Comparison of root and probe stresses

The radial stress adjacent to the root, 0,¢.ay, and the radial stress
adjacent to the probe, P', can be compared for any value of b/a in
Fig. 12. The ratio of these stresses, 0,¢ _o)/P’ was found to vary little
in the range of 0.1—-0.2 with change in b/a. The aggregate strength
measured in terms of shear cohesion, ¢, also had a small effect on this
ratio.

In Fig. 13, the ratio of the axial pressure exerted by the root to
that exerted by a 1 mm diameter blunt probe, P,/P’ is given as a func-
tion of aggregate diameter. This ratio varied between 0.3 and 0.5
depending on the size and strength of aggregates. With the limited
data obtained the ratio P,/P' can be described by

P, /P’ = 0.7424 —0.0228¢ —0.0063d (R* = 0.66) (45)

where d (mm) is the aggregate diameter and ¢ (kPa) is the shear co-
hesion of the aggregate.

Eqn 45 accommodates the slopes and intercepts of the two lines
drawn for ¢ = 9 kPa and ¢ = 14 kPa in Fig. 13.

Discussion

The extent to which the size and strength of aggregates affected
penetration by probes and roots was different (Figs. 5 and 6). This
difference in behaviour cannot be attributed to the differences in
root and probe diameters since the results are presented in terms of
dimensionless aggregate radius, b/z. In our experiments, root dia-
meters measured at the different points of the penetrating root axis
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sionless aggregate radius (b/z).

L T L T A T
0.6} -
®
A
o.s}f 4 s 1
®
_ 0.4} L .
-8
: T
0.3} . -
]
o.2f §
0.1} ® s i
A Sz
a S3
o 4 o 3 g I 3
) 4 8 12 16 20 24 28
d,mm
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(RDT and RDA) were only slightly affected by aggregate size and
strength (Tables 5 and 6). However, the diameter in the air gap (RDA)
was much greater than that 1 mm behind the tip (RDT). This dif-
ference is attributed to increased mechanical impedance to root pene-
tration. Root thickening in the air gap may be similar to thickening
of the proximal end of the root, where the latter is known to influence
root penetration!:*-1?.

The times, Tmax fOr roots of the three plant species to reach the
maximum force were significantly different (Table 3). When a plant
root grows across an air gap (of zero strength) and meets a new surface,
the wall pressure at the root surface increases by an additional quantity
equal to the soil resistance!®. The new increased wall pressure has to
be counter-balanced by hydrostatic pressure for the root to continue
penetration. As the root penetrates deeper into an aggregate, the soil
resistance is increased. However, the soil resistance to root penetration
increases only up to a finite depth until the aggregate fails due to in-
creased tension. Aggregates of smaller size have less resistance to pene-
tration (Figs. 3 and 5) and so the decrease in T,,, with decrease
in aggregate size (Fig. 4) may be due to two reasons. Firstly, small
axial pressure is required to penetrate small aggregates and secondly,
the root may reach the centre of the aggregate more quickly because of
its small size.

The radial and tangential stresses adjacent to the root during pene-
tration of aggregates of finite size (4—29 mm) are governed by plastic
failure of the aggregate (Figs. 7 and 8). For any aggregate of finite
size, the radial stress is maximum adjacent to the root and drops
sharply with increasing distance r, from the axis (Fig. 9). Since the
tensile stress increases rapidly with increased distance from the root,
this stress may be considered responsible for causing aggregate failure
during root penetration.

As aggregate size is increased, radial stress adjacenet to the probe
is increased. Similarly, increased aggregate size (b/a) gives rise to in-
creased radial stress adjacent to the root (Fig. 10). However, the de-
velopment of tensile stress in aggregates during probe and root pene-
tration is different both in magnitude and in the position in aggregate
where it occurs. During probe penetration, maximum tensile stress
occurs at the plastic front R, (Misra et al )**, whereas during root
penetration, the tensile stress occurs adjacent to the root axis. The
magnitude of tensile stress relative to the radial stress is higher during
probe penetration than during root penctration.

It is evident from Figs. 12 and 13 that P,/P' is much larger than
Ore.ay/P’. The difference arises because 0,q_, is a radial stress
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predicted from ¢, ¢, b and a, whereas P, in Fig. 13 is the experimental
axial root growth presssure expressed as a function of aggregate dia-
meter, d. Both Figs. 12 and 13 emphasize that the resistance to root
penetration is over-estimated by the probe. This may be due to the
difference in the mode of soil deformation by the root and the probe,
lower friction at the soil-root interface than at the soil-probe inter-
face, root thickening at the proximal end and changes in the shape of
the root tipl,3,5,7,13,19,20,36,40 .

Conclusions

The results of this study demonstrate the extent to which plant
roots encounter mechanical stress when they penetrate aggregates
of known size and strength. This has been achieved through a com-
parison of theoretical results for ideal, cylindrical aggregates with
experimental results from approximately spherical aggregates. This
comparison was necessary for theoretical and experimental feasibility.
The errors involved in comparing these different shapes are probably
negligible. The results can be applied to roots growing in macro-
structured soil. It has been found that large axial root growth pressure
must be exerted by roots to penetrate large aggregates. In any popu-
lation of plants, only a small proportion of roots will be able to pene-
trate large aggregates. As a consequence, aggregate size will influence
both plant growth and nutrient uptake.

Measurements of penetrometer pressure in the tilled layer are not
very reliable, but a rough estimate of the soil resistance to root pene-
tration can be obtained from a few simple measurements with the
application of Eqn 45. The accuracy of this equation needs to be
tested in future experiments using a wider range of soil cohesion
values. A major assumption in part of this work was that the axial
and radial root growth pressures were equal. Further experiments
are needed to test this assumption.

Below the tilled layer, each aggregate is confined by the neigh-
bouring aggregates. When plant roots penetrate confined aggregates,
the mechanical stress to the root is increased by an additional amount.
Under such circumstances, plant roots would have to exert greater
axial growth pressure to penetrate confined aggregates than that is
required for the unconfined aggregates in the tilled layer. The equa-
tion given by Whiteley et al.*® to describe the effect of soil confine-
ment on P'/P, has to be modified to take into account the effects
of the strength and size of aggregates.
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