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CHAPTER SIX

6 MODEL VERIFICATION

6.1 GENERAL
The three independent features in the root water uptake model considered in detail in
this study are soil suction, root distribution, and potential transpiration. An algebraic
formulation rigorous enough to estimate the actual transpiration or root water uptake
needs to consider the above mentioned factors that have been quantified through
relevant equations. Although the root water uptake model developed in conjunction
with the numerical model has been validated using field and laboratory measurements, a
further validation exercise with various tree specifications, soil properties and
atmospheric conditions for different cases would be valuable. Four case studies,
including how a single tree and a row of trees affect the ground were therefore selected
to further verify the model. A finite element analysis based on the proposed governing
equations is used in this study to predict the profiles of soil suction and moisture
content, and associated surface settlement. The FEM results are then compared with
field measurements previously published in literature to further verify the numerical
analysis.

6.2 EVALUATION OF THE NUMERICAL MODEL
This evaluation exercise deals with the profile of deformation and soil suction near a
line of trees using a two-dimensional finite element mesh (Figure 6.1) based on the
ABAQUS code. The results from this model are compared with the solution for the
coupled flow and deformation equations obtained via a general partial differential
equation solver, PDEase2D initially developed by Fredlund and Hung (2001).
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Transpiration boundary

Pore pressure boundary condition

Axisymmetric flow and displacement
boundary conditions

Drain-only boundary condition

Pore pressure boundary condition

Figure 6.1 The geometry and boundary conditions of the model
The mesh consists of 4-noded linear strain quadrilateral elements (CPE4P) with 4
displacement and 4 pore pressure nodes placed at the corners of each element. The
entire FE mesh consists of 13,041 nodes and 12,800 elements. Since the model
parameters should be exactly the same as those used by Fredlund and Hung (2001) for
the purpose of comparison, the coefficient of soil permeability ( k ) is described by
Equation (6.1) with a saturated coefficient of permeability ( k s ) equal to 5.79 × 10 −8 m/s,
and the parameters a and n are taken to be 0.001 and 2, respectively (Gardner, 1958).

k=

ks
 ψ 

1 + a
 ρ w .g 

(6.1)

n

where, ψ is the soil suction, k s is the coefficient of permeability at saturation, a is the
constant inversely proportional to the breaking point of the function, and n is the
constant related to the slope of the function.
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As Fredlund and Hung (2001) reported, based on typical field measurements, the initial
void ratio of the soil was assumed to be unity. The initial matric suction was estimated
on the basis of a constant watertable at 15m depth, which is similar to the solution
reported by Fredlund and Hung (2001). The discharge of water through the tree roots
decreased from 15mm/day at a depth of 1m, to zero mm/day at a depth of 3m following
a linear relationship. The soil water characteristic curve used in this study is shown in
Figure 6.2.
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Figure 6.2 Soil water characteristic curve (after Fredlund and Hung, 2001)

The soil is a normally consolidated clay with a consolidation behaviour that can be
defined by,
p + dp
de el = C c ln( 0
)
dp

(6.2)

where, de el denotes the change of void ratio in the element, C c is the compression
index, p0 is the initial mean effective stress, and dp is the mean effective stress change
on the soil skeleton. For over consolidated clays C c is replaced by the swelling index
C s . In the current analysis, the general theory of effective stress for unsaturated soil
(originally conceptualised by Bishop, 1959) has been used. This theory is integrated in
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the ABAQUS source code rather than the distinctly different stress state variables used
by Fredlund and Hung (2001). An equivalent compression index of 0.15 and a Poisson’s
ratio of 0.30, based on settlement data, have been assumed for the ABAQUS analysis in
lieu of Fredlund and Hung (2001) coefficients.
Figures 6.3 to 6.5 indicate the contours of the initial matric suction, based on the
FE analysis, after one month, six months, and 1 year, respectively.

Matric Suction
Initial
After one
month

Figure 6.3 Initial matric suction (kPa) and matric suction (kPa) profile after 1 month
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Matric Suction
Initial
After six
months

Figure 6.4 Initial matric suction (kPa) and matric suction (kPa) profile after 6 months

Matric Suction
Initial
After one
year

Figure 6.5 Initial matric suction (kPa) and matric suction (kPa) profile after 1 year
Figure 6.6 shows a comparison between the results of the current model and an
equilibrium matric suction obtained from Fredlund and Hung’s (2001) analysis, while
Figure 6.7 shows a comparison of the results of vertical settlement.
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(b) Current analysis

(a) Fredlund and Hung (2001)

Figure 6.6 Contours of soil matric suction (kPa) in the vicinity of a row of trees (a) Fredlund and Hung (2001), and (b) current finite element
analysis

(b) Current analysis

(a) Fredlund & Hung (2001)

Figure 6.7 Contours of vertical displacement (mm) near a row of trees (a) Fredlund and Hung (2001), and (b) current finite element analysis
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Figures 6.6 and 6.7 indicate that the numerical results agree with Fredlund and Hung’s
(2001) analysis. The main reason for a notable disparity between the predicted results is
the two distinctly different unsaturated soil models utilised in the current study (i.e.
Bishop's effective stress theory for unsaturated soils in ABAQUS) and that of Fredlund
and Hung (2001) (i.e. stress state variables for unsaturated soil). Because these two
theories influence the change in soil volume in different ways, the disparities are more
evident in the settlement contours than the suction profiles (Figures 6.6 and 6.7). This
evaluation exercise confirms that if the relevant parameters are known, then the current
finite element model can predict the matric suction generated and the deformation
caused by transpiration.

6.3 FURTHERVERIFICATION OF THE PROPOSED ROOT
WATER UPTAKE MODEL
6.3.1

Case study 1

This case study is associated with the results of field suction measured near a single, 20
m high gum tree (Eucalyptus maculata) in Adelaide, South Australia, as reported by
Jaksa et al. (2002). The tree is located in a relatively flat, open, and grassed reserve of
clay soil. Table 6.1 shows the estimated parameters used in the finite element analysis
based on available literature.
Table 6.1 Parameters applied in the finite element analysis of case study 1
Parameter

Value

Reference

Comments

ψ an

4.9 kPa

Feddes et al. (1976)

Clayey soil with air content of 0.04

ψd

40 kPa

k1

1.5

Knight (1999)

k2

2.0

Knight (1999)

TP

9

mm
day

Feddes et al. (1976; 1978)

Dunin et al. (1985)

146

40 < ψ d < 80 kPa
Root shape coefficient associated
with the vertical coordinate
Root shape coefficient associated
with the radial coordinate

Regularly watered condition

Seasonal effects have been simplified by considering the potential average annual
transpiration rate. As reported by Jaksa et al. (2002), four, 40 mm diameter boreholes
were drilled 4 metres deep in a line, 2.2 m, 5 m, 10 m and 20 m away from the tree
trunk during a field study conducted in November 2000. The total soil suction of cored
samples was measured in the laboratory using a transistor psychrometer.
In this case, a numerical analysis similar to the evaluation exercise, is based on
the effective stress theory of unsaturated soils integrated into ABAQUS. The theoretical
model representing the distribution rate of root water uptake within the root zone was
included in the FE analysis through appropriate Visual Fortran subroutines, similar to
the numerical analysis of a case study reported in Chapter 5. The main subroutine
includes the rate of root water uptake as a moisture flux boundary applied along the top
of every element within the root zone. It is assumed in this study that the tree is well
developed and the dimensions have not changed during the time interval considered in
the analysis. A two-dimensional finite element mesh with 4-node bilinear displacement
and pore pressure elements (CPE4P) was used to model the development of soil suction.
The overall mesh consists of 6561 nodes and 6400 elements and the geometry and
boundary conditions of the model are schematically illustrated in Figure 6.8.

Pore pressure boundary condition

Axisymmetric flow and displacement
boundary conditions

Drain-only boundary condition

Root Zone

tree axis

Pore pressure boundary condition

Figure 6.8 The geometry and boundary conditions of case history 1
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Since the geometry of the proposed mesh is large enough there may be marginal
implications associated with the elements located at the sides. A zero flux boundary was
applied to the left hand side of the mesh because of symmetry. It is assumed that rainfall
and evaporation can balance each other, thus a "no water in-flow" condition is applied
to the surface of the soil.
The finite element analysis was conducted at geostatic and consolidation stages.
The geostatic stage ensures that the analysis begins from a state of equilibrium, while
the consolidation stage is to avoid non-physical oscillation and convergence problems
caused by non-linearity. Consolidation included a time-dependent analysis using 1 day
intervals for a 1 year period with continuous root water uptake. The coefficient of
permeability of unsaturated soil was calculated based on Brook’s and Corey (1964), as
described in Chapter 4 (Equation 4.34). The characteristic curve of soil water used in
this analysis is based on a relationship suggested by Zapata et al (2000). A family of
curves for different w × PI is shown in Figure 6.9, where w is the fraction of soil

Degree of saturation

passing sieve #200 (75 µm ) as an index between 0 to 1, and PI is the plasticity index.

Please see print copy for Figure 6.9

Matric suction (kPa)

Figure 6.9 the predicted characteristic curve of soil water based on w × PI (modified
after Zapata et al., 2000)
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The soil is assumed to be an over-consolidated clay given the range of applied stress. In
addition to the material properties and parameters given earlier in Table 6.1, the other
assumed parameters used in the finite element analysis are specified in Table 6.2.
Table 6.2 Parameter values assumed in the finite element analysis of case study 1
Parameter

Value

Comments

r0

7m

Radial coordinate of the maximum root density
point

z0

3m

Vertical coordinate of the maximum root density
point

β max (t )

25 m

k3

8.74 × 10 −2 m

−2

Maximum root length density (see Knight (1999))
−1

Taken from the general shape of root suggested by
Landsberg (1999)
In this case, it is assumed that potential transpiration
is distributed uniformly.

k4

0

rmax

15 m

Estimated from field data, Jaksa et al. (2002),
( 10 < rmax < 20 )

z max

9m

Estimated from field data, Jaksa et al. (2002)

γd

18.6

kN
m3

Typical expansive earth soil in Adelaide, Australia

Cs

0.05

Average value for clayey soils in vicinity of
building foundations

ν

0.30

Typical value for clayey soils

ks
w × PI = Passing #200 ×
Plasticity Index

5 × 10 −9

m
s

50

ψw

3000 kPa

Initial void ratio ( e0 )

1

Typical value for clayey soils in vicinity of building
foundations

High plasticity clayey soil
Estimated from field measurements (Jaksa et al.
(2002) ; McKeen (1992)
( 1550kPa ≤ ψ w ≤ 3100kPa )
Typical clay soil

According to the field measurements of soil suction measured by Jaksa et al. (2002), the
initial matric suction is assumed to be hydrostatic, as shown in Figure 6.10. Due to high
matric suction within the soil close to the surface, the depth of tree roots is considerably
larger than that considered in the previous analysis (Fredlund and Hung, 2001).
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Depth (m)

Distance from tree (m)

Figure 6.10 Initial matric suction (kPa) profile near the single tree selected.
The predicted steady state soil matric suction based on the finite element analysis is
presented in Figure 6.11, and the measured values reported by Jaksa et al. (2002) are
plotted in Figure 6.12 at four different depths.
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Figure 6.11 A numerical prediction of the change in matric suction against the lateral
distance from the trunk after one year of continuous transpiration.
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Location of
maximum suction
change

Please see print copy for Figure 6.12

Figure 6.12 Field measurements of the changes in total suction against the lateral
distance from the trunk (after Jaksa et al., 2002)
As shown in Figure 6.11, the numerical analysis (capturing the root water uptake
variation in soil matrix), by comparison with the suction profile presented by Fredlund
and Hung (Figure 6.6), indicates that changes in maximum suction occur at a point
away from the tree trunk. It can be noted that these changes take place in the same place
as maximum root density, as computed by the model. A comparison between Figures
6.11 and 6.12 indicates that maximum root density occurs at the point
(r0 , z 0 ) = (7 m, 3m) . Since direct measurements are not available for points at which
r = 7 m , interpolated (estimated) field values are plotted in Figure 6.12 with dashed

lines. Here the interpolated value for the radial distance at which change to maximum
suction occurs (i.e. r = 7 m ) is in accordance with Jaksa et al. (2002), who pointed out
that this would occur 5 to 10m radially from the trunk. A comparison between the field
data (Figure 6.12) and numerical predictions (Figure 6.11) shows that suction is smaller
beneath the trunk compared to the predictions. One possible reason could be irrigation
around the trunk or rain water laying alongside, which reduces the suction significantly.
Field measurements also indicate that the soil suction varies considerably with depth,
while numerical results indicate less sensitivity to depth. It is relevant to note that in
Figure 6.11 a homogeneous soil profile was assumed in the numerical analysis. By way
of contrast, a heterogeneous soil profile can influence root distribution, which
significantly affects the distribution of suction. In Figure 6.11, where the soil is assumed
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to be homogeneous, the effect of depth seems to be relatively insignificant, whereas in
Figure 6.12, where the actual field data are probably influenced by the heterogeneity of
soil that is reflected by the sensitivity of the measured suction to depth.
Figures 6.13 and 6.14 depict ground settlement at various depths for this case
study after one month and one year, respectively. Only the suction related to settlement
is considered in this study.
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Figure 6.13 Ground settlement at various depths after one month.
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Figure 6.14 Ground settlement at various depths after 12 months
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The results show that after one year of continuous transpiration, the rate of change in
 dψ 
−6
matric suction 
 is less than 10 kPa / s , which is considered to be a steady state
dt


(equilibrium) condition. It can be seen that movement near the surface within a 20m
radial distance around the trunk would be very large after one year. As shown in Figure
6.13, the maximum ground settlement after one month occurs near the point (r0 ,0) (i.e.
on the surface, when r = r0 = 7 m ).
Figure 6.14 indicates that the maximum ground settlement under a steady state
condition takes place below the trunk, after one year. A single tree can influence the
ground for a significant distance. For example, if the maximum allowable foundation
settlement is assumed to be 25mm, a single tree can influence the foundation within a
20m diameter; ground settlement would decrease rapidly with a radial distance of up to
20m. A comparison between Figures 6.13 and 6.14 shows that the radius of the zone of
influence (in which ground settlement is greater than 25mm) increases from about 15m
after one month to more than 20m after one year. Furthermore, because the boundary
flow under the trunk is symmetrical (left side of the mesh in Figure 6.8), the point of
maximum settlement moves toward the axis of the tree. The predicted displacements,
shown in Figure 6.14, have the same pattern of settlement as those monitored by
Bozozuk and Burn (1960). On the surface, a 158mm vertical settlement at the trunk
decreases to about 40mm, 20m away (Figure 6.14). In addition, a comparison between
Figures 6.13 and 6.14 indicates that the rate of settlement in the first month after starting
transpiration is much faster than the corresponding rate after one year, which is as
expected. For instance, on the surface near the trunk, a settlement of 43mm in the first
month gradually increased to 158mm after 12 months.
6.3.2

Case study 2

The second case history is related to the results of the field moisture content measured
near a single, 14m high lime tree located on a mown, grass area of Boulder Clay in
Milton Keynes, U.K, as reported by Biddle (1983). Table 6.3 shows the estimated
parameters used in the finite element analysis based on the available data in literature.
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Table 6.3 Parameters applied in the finite element analysis of case study 2
Parameter

Value

Reference.

Comments

ψ an

4.9 kPa

Feddes et al. (1976)

Clay soil with air content of 0.04

ψw

1500 kPa

Feddes et al. (1976)

1500 ≤ ψ w ≤ 2000 kPa

ψd

40 kPa

Feddes et al. (1978)

γ

21 kN/m3

Powrie et al. (1992)

Typical value for Boulder clay

ks

10−10

Lehane and Simpson (2000)

Typical value for Boulder clay

m/s

40<ψd < 80 kPa

PI

23

Biddle (1983)

Measured

e0

0.60

Powrie et al. (1992)

Typical value for Boulder clay

Cc

0.13

Skempton (1944)

Typical value for Boulder clay

As reported by Biddle (1983), a soil moisture probe incorporating a 70 millicurie
americium-241/beryllium source was used to measure the moisture content through
access tubes placed into the ground. Five tubes were inserted along a single radius,
where possible, 1.4m, 2.8m, 5.6m and 11.2m from the tree. A comparison access tube
was inserted twice the tree height (28m) away, where it was assumed to be unaffected
by root suction.
The geometry and boundary conditions of the finite element model are
schematically illustrated in Figure 6.15.

Pore pressure boundary condition

Axisymmetric flow and displacement
boundary conditions

Drain-only boundary condition
Root zone

Pore pressure boundary condition

Figure 6.15 The geometry and boundary conditions of case study
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The conditions for flow and displacement around the soil mesh are similar to case study
1, where the overall mesh consists of 1326 nodes and 1250 elements. A finite element
analysis similar to case study 1 was conducted in geostatic and consolidation stages.
The root water uptake model was integrated into the numerical scheme via a Visual
Fortran subroutine, similar to case study 1. The soil water characteristic curve shown in
Figure 6.9 was also used in the analysis of this case study. The osmotic suction effect
was assumed to be negligible. The material properties and main parameters used in this
analysis were given earlier in Table 6.3 and the other parameters required are in Table
6.4.
Table 6.4 Parameter values assumed in the finite element analysis of case study 2
Parameter

Value

Comments

r0

6m

Radial coordinate of the maximum root density point

z0

0.50 m

β max (t )

25 m-2

k3

0.0874 m-1

k4

0.014

rmax

9m

z max

1.5 m

k1

10

k2

0.30

Coefficient of horizontal root distribution

ν

0.30

Typical value for clayey soils

TP

3 mm/day

Rate of potential transpiration

Passing #200

55%

Typical value for Boulder clay

Vertical coordinate of the maximum root density
point
Taken from the general shape or root suggested by
Landsberg (1999)
As above
Coefficient of potential transpiration distribution
Estimated from field data, Biddle (1983),
( 7m < rmax < 11m )
Estimated from field data, Biddle (1983)
Coefficient of vertical root distribution

The predicted profiles of steady state soil matric suction, based on a finite element
analysis, at 0.5, 1, 1.5m below the surface are shown in Figure 6.16.
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Figure 6.16 Predicted soil matric suction at different depths
The maximum change in soil matric suction occurs 0.5m deep, which is also the
location of maximum root density (i.e. z = z 0 = 0.5m ). The predicted soil suction
changes, as shown in Figure 6.16, have the same pattern as those monitored by Jaksa et
al. (2002). As presented in Tables 6.1 and 6.4, the distribution of root length density in
the second case study is assumed to be more horizontal (flatter) than the first case study.
Consequently, the reduction in soil suction will also be flatter, as shown in Figure 6.16.
Figure 6.17 shows a comparison between the field measurements and predictions of the
numerical model for a reduction in the moisture content.
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Figure 6.17 Contours of volumetric reduction in soil moisture content (%) near a lime
tree (a) Biddle (1983) (b) current finite element
The numerical results incorporating the developed root water uptake model agree with
the field measurements, as reported by Biddle (1983). According to Figure 6.17, the
field measurements of reduced moisture content approximately 6m-8m from the trunk
are noticeably different from the finite element predictions. This is not surprising given
the simplicity of the assumptions with regard to the shape of the root zone. Furthermore,
because foliage alters the uniform distribution of rainfall, the moisture content is
expected to increase at the edges of the canopy (say approximately 6m-8m from the
trunk), thereby probably contributing to the disparity between the field data and finite
element predictions.
6.3.3

Case Study 3

This case history is related to the results of the field moisture measured near a single,
20m high Poplar tree in Cambridge (U.K), as reported by Biddle (1998). The tree is
located in an area of mown grass on Gault clay and forms part of a double row of
Poplars. According to Ng et al. (1994), the Gault clay is over-consolidated and consists
of stiff to hard grey silty clay of high plasticity. Table 6.5 shows the estimated
parameters used in the finite element analysis based on data available in literature.
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Table 6.5 Parameters applied in the finite element analysis of the case study
Parameter

Value

Reference.

ψ an

4.9 kPa

Feddes et al. (1976)

Comments
Clay soil with air content of
0.04

ψw

1500 kPa

Feddes et al. (1976)

1500 ≤ ψ w ≤ 2000 kPa

ψd

40 kPa

Feddes et al. (1978)

40<ψd < 80 kPa

γ

20 kN/m3

Samuels (1976)

(k s )h

Terzaghi et al. (1996) and
5 ×10 −9

Typical value for Gault clay
Typical value for unfissured

m/s
Day (2000)

(k s )v
(k s )h

1
10

Smith and Smith (2004)

PI

41

Biddle (1998)

e0

1.25

Samuels (1975)

Cs

0.023

Ng (1998)

and unweathered clay
1
10

≤

(k v )s
(k h )s

≤

1
5

Average of measurements
Typical value for Gault clay
Heavily overconsolidated clay

As reported by Biddle (1998), all of the soil moisture measurements were conducted
using a neutron soil moisture gauge and where possible, four access tubes were inserted
along a single radius 4.8m, 9.5m, 19m, and 28.5m from the tree. For comparison
purposes, a tube was inserted into the ground, 57m away (more than twice the height of
the tree), where it is assumed to be unaffected by root suction.
A two dimensional finite element analysis was used to predict the distribution of
soil moisture near the tree. The finite element mesh and specified boundary condition is
shown in Figure 6.18.
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-294 kPa
Pore pressure boundary
condition

Symmetric flow
Axisymmetric
flowand
and
displacement boundary
conditions

Drain-only boundary condition

Root Zone
3m
5m
20m
25m
-245 kPa

-245 kPa

Pore pressure boundary condition

Figure 6.18 The geometry and boundary conditions of the FE model, case study 3
Because of symmetry a zero flux boundary was applied to the left hand side. It is
assumed that rainfall and evaporation can compensate each other, and therefore, a "no
water in-flow" condition was applied to the soil surface. The root water uptake model
was integrated into the numerical scheme via Visual Fortran subroutines, the same as in
previous case studies. The mesh used in this simulation contains bi-linear strain
quadrilateral elements (CPE4P) with 4 displacement and pore pressure nodes at the
corner of each element. The entire FE mesh consists of 13,041 nodes and 12,800
elements.
Finite element analysis was conducted in the geostatic and consolidation stages,
similar to case studies 1 and 2. The consolidation stage includes a transient analysis of
partially saturated soil under transpiration. The analysis started with 1-day intervals and
then continued for five months from the middle of spring until the end of September
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In addition to the material properties and parameters given earlier in Table 6.5, the
additional parameters assumed in the finite element analysis are specified in Table 6.6.

Table 6.6 Parameter values assumed in the finite element analysis of the case study
Parameter

Value

Comments

r0

3m

Radial coordinate of the maximum root density point

z0

1m

Vertical coordinate of the maximum root density point

β max (t )

25 m-2

k3

0.0874 m-1

k4

0.014

rmax

20 m

z max

3.5 m

k1

5

k2

0.50

ν

0.3

TP

45 l/day

Taken from the general shape or root suggested by
Landsberg (1999)
As above
Assuming H root = −76.5m and

Rc = 0.05

Estimated from field data, Biddle (1998),
( 13m < rmax < 17 m )
Estimated from field data, Biddle (1998)
Coefficient of vertical root distribution
Coefficient of horizontal root distribution
Typical value for Gault clay, Almeida et al. (1986) and
Ng et al. (2004)
According to Schneider et al. (2002) ,

Passing
#200

95%

45 l / day < T p < 85 l / day

Typical value for Gault clay (5% fine sand)

According to the field measurements of soil moisture reported by Biddle (1998), the
initial matric suction was assumed to be linear (hydrostatic) (Figure 6.18).
The curve of characteristic soil water used in this analysis is based on a
relationship suggested by Zapata et al. (2000), as used in case studies 1 and 2 (Figure
6.9). The coefficient of soil permeability ( k ) is described by Brooks and Corey (1964),
as described in Chapter 4 (Equation 4.34).
The predicted matric suction profile after five months of continuous
transpiration is presented in Figure 6.19.
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Figure 6.19 Predicted matric suction profile after five months

The soil matric suction varies from a maximum of 1500 kPa around point (r0 , z 0 ) to
245 kPa at 5m depth. The change in the maximum matric suction occurred at point
(r0 , z 0 ) , where β = β max , as expected, decreased with the radial distance. Considering
that Poplar trees have a potentially high transpiration rate, the wilting point suction was
reached within the root zone (Figure 6.19).
Deformation in the soil profile due to the root water uptake was predicted
through a coupled flow-deformation analysis. Ground settlement at various depths after
five months of continuous transpiration is shown in Figure 6.20.
As presented, the ground settlement decreases rapidly up to 12m and settlement
decreases rapidly with depth. As mentioned by Schneider et al. (2002), transpiration
shifts the ground water table towards the surface, which then decreases the effective
stresses in deeper layers of soil. Therefore, as Figure 6.20 demonstrates, the soil is
predicted to swell below 2.5m. The maximum deformation in the top 2.5m is at r = r0 ,
but below that, it occurs somewhere between r = 0 and r = r0 . At the surface the tree
settles 8.8mm vertically, increases to 9.2mm at a distance of 3m away, and then
decreases sharply to 2mm at a distance of 13.5m away from the axis (Figure 6.20).
Figure 6.21 shows a comparison between the field measurements and numerical
predictions for the reduction in moisture.
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Figure 6.20 Predicted ground settlement profile at various depths after 5 months.
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Figure 6.21 Contours of reduced volumetric soil moisture (%) near a Poplar tree, (a)
current finite element analysis and (b) Biddle (1998) (n.s. = non-significant)
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Numerical analysis predictions based on the model developed for root water uptake
generally agree with the field measurements reported by Biddle (1998). It can be noted
that in the numerical analysis, root water uptake as a sink term, was considered in the
flow equation, but the effect of individual roots was not considered. As the main roots
penetrate the soil, there may be gaps between them, where water can collect. Since
woody roots are denser under the trunk and in close proximity, a disparity between the
field measurements and predictions in this area seems more likely. Furthermore, the
actual field data is probably influenced by the heterogeneity of the soil. Only the matric
suction was considered in the numerical model; osmotic suction was neglected.

6.4 SUMMARY
The model developed for the rate of root water uptake was integrated into the numerical
analysis using the ABAQUS finite element code to examine the distribution of soil
suction and profile of moisture content near trees. The validity of the numerical results
was successfully examined by comparing the ABAQUS output with a similar analysis
performed by Fredlund and Hung (2001). Three case histories were then considered to
verify the proposed root water uptake distribution model.
In the first case study, the results of the predicted soil matric suction pressure
around a single Eucalyptus tree were compared with the available field data reported by
Jaksa et al. (2002). The comparison of results indicated similar trends. It is also shown
that the numerical analysis considering the proposed model can reasonably predict the
point of maximum suction change away from the tree trunk axis as measured by Jaksa
et al. (2002). The proposed numerical model predicts changes in matric suction while
measurements taken by Jaksa et al. (2002) were for total suction. Hence, a realistic
comparison of changes in suction are impossible unless the matric suction component of
total suction is accurately known. The contours of ground settlement for this case study
indicated that the maximum settlement at initial stages (less than one month) occurred
near the point with the highest rate of root water uptake. In the longer term (after 12
months), however, the maximum ground settlement takes place below the tree trunk.
In the second case study, the results of the predicted reduction in soil moisture
around a single lime tree were compared with the field data reported by Biddle (1983).
There were some uncertainties in the assumptions of soil parameters, actual distribution
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of tree roots, and atmospheric parameters, but a reasonable agreement between the
measured and simulated distribution of soil moisture was generally obtained.
A further evaluation of the model developed in this study comparing the
numerical results and field measurements of moisture near a row of Poplar trees, as
reported by Biddle (1998) (Case study 3), was successfully carried out. Despite
uncertainties in the actual distribution of tree roots and atmospheric parameters, there
was an acceptable agreement between the measurements and predicted distribution of
moisture.
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