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Bioengineering Assessment on Sloppy Ground
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Abstract: Problem statement: Soft engineering solution of sloppy surface utgizeechanical and
hydrological effects of vegetation. The hydrologietiects driven by transpiration, induces an iase

in matric suction and consequently tension alscesse along with the decrease of moisture. Thexefor
once the horizontal stress of the soil exceedslithi¢ of tensile strain of the soil cracks occurs.
Approach: The negative pore-water pressures estimated thranginsaturated water-uptake analysis.
The results of the root water-uptake analysis &entused as an input for the prediction of
displacements in a stress-deformation analysisnimracoupled formulation. The formulation of the
governing partial differential equations for botlater-uptake and stress-deformation is based on the
general theory of unsaturated soils. The groundlaiement presented here only considers
hydrological effects which are related to soil nioie variations driven by transpiratidResults: The
ground displacement profiles as a result of mattiction changes at key times and at key locations
have been presented. The matric suction changesédddsettiements are estimated. The magnitude of
the ground displacement depends on the relativétigosof the tree on the slope. The ground
displacement depends, to some extent, on the prpoisition of the treeConclusion: These showed
that excessive increase matric suction and tergiento decrease of moisture can lead settlement.
Moisture reduction reaching a critical state causegks to be established, of course has negative
consequences on sloppy ground.
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INTRODUCTION will lead to increase in penetrability and evergdar
sliding during heavy rains. This presence of cracks
This study aims to examine the influence of suchaccelerates evaporation process and preferergial fl
variations within the context of embankment sloplee Cracks may occur due to settlement once the
application of the water-uptake model, with unceepl horizontal stress caused by desiccation of the soil
stress-deformation analysis were used to provide axceeds the limit of tensile strain of the soil.eTh
preliminary assessment of ground settlement due tgdverse effects include decreased strength of the
ground water abstraction, resulting from suctioncracked soils and increased flow through the soils.
changes on the stability of unsaturated soil slope&  pegiceation cracks are important issue in geoteani
research only considers hydrological effects oillye engineering. Globally, desiccation cracks affece th

study presented employs typical slope geometry. '%verall stability and bearing capacity of crackedl s

range of initial conditions and tree locations haeen masses. Cracks formed as a consequence of desiccati
considered. Most researchers considered the meethani .
can greatly affect the stability of slopes.

and hydrological effects of vegetation in the béaieff Net horizontal stresses in unsaturated  soils

context, neglecting that in unsaturated soils, imatr q th i . . X dlamd
suction and tension increase along with the deereés ecrease with increasing metric suctions (Fre

moisture, therefore tensile strength clearly depeod Rihardjo, 1993). He added that horizontal stresses
suction. Moisture reduction reaching a criticatestshen ~ PeCOMe zero or negative due to increasing matric
cracks would be established on the ground surfacéuctions. Since soils can only sustain small am®oht
releasing of the tension energy. The depth and&tiom tensile stress, cracks develop when the net haaron
of more cracks is directly proportional to further stresses become more negative than the tensigsire
moisture depletion. If this occurs on a sloppy acef it of the soil. High confining pressures can reduce
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development and progression of cracks by increasingimulated. A seasonal water variation as a resuthat
the net horizontal stresses. water-uptake was measured by Biddle (1998). A stmpl
Morris et al. (1992) state that conditions for crack concept of sink term for uptake developed by Rees a
propagation are most favorable at the ground serfacAli (2006) is partial coupled to estimate the
where self-weight stresses are zero and matridgosisct deformation as a result of vegetative induced metri
are maximum. The depth of cracks is constrainethby suction changes in this study, incorporating trepsé
increasing stresses due to soil self-weight andr thetime with flux boundary condition in the analysis.

surfacial length is limited by intersection withhet ) . L o
cracks. Theoretical formulation: The continuity principles

Some researchers (Thorne, 1990; Simon an@Pplied to _the flow in two _directi_ons in a referiaht _
Darby, 1999; Simort al., 2000) claim that vegetation element yields the two-dimensional axi-symmetric
is widely believed to increase the stability of lape. omain:
Simon and Collison (2002Jggested that the impact of 54 5, 5,
vegetation can be ge_nerally categonzed as e|FherE= axx +a—zz (1)
mechanical or hydrological. Mechanical effects aris
from the tensile strength of roots and the weight o\where:
vegetation. Hydrological effects are related to $0é /. = The total volume of soil
moisture variations that are predominantly drivegn b v, = The volume of water in the soil pores

transpiration. Hydrological effects are almost elyi v, = The velocity of water flow in the x direction

subsurface processes when canopy interception i3, = The velocity of water flow in the z direction
negligible. Seasonal variation (winter/early sprisgen

the deciduous trees are dormant) and the inteugity By employing Darcy’s Law expression for flow in
rainfall influence overall behavior. A key findingf ~ an unsaturated soils. The total potential for ttugstnre
Simon and Collison (2002) study was that theflow taken as the sum of the pressure or capillary
hydrological effects were found to be as importast potential and the gravitational potential giverEm. 1.
mechanical effects and in certain cases, providing The traditional slope stability —problem is
more significant increase in the stability of apdo formulated as a two-Dimensional (2-D) plane problem
Design, repair, maintenance and operation of railwa In order to obtain some compatibility between tive t
and road earthworks are particular areas whereighis formats, the moisture flow simulation undertakemehe
an important issue. Previous experience in MalaysidS /S0 conducted in 2D plane geometry. At the same
illustrated that removal of vegetation can be thainm {Me combining the standard — two-dimensional
cause of the failure of a slope (Rees and Ali, 3006 Richard’s equation provides the 2D plane form af th

this tragedy, one block of a 14 storey buildingtiod water uptake model:

Highland Towers Condominium suddenly toppled over a0 a(u P u
and collapsed and killed 48 people. Investigatibthe C(w)=(k§v[w+ ZD+[K§VW+Z]
substructure and the surroundings revealed thatinke ot ox| "ox(p.9 0z Pu9 @)
of trees on the adjacent slope led to the wategl lev a(, ,a(u,
soil to rise, thus causing the instability of slope +az[kwaz(pg+ ZD =S(x,2)
Ridley et al. (2004) discussed the relationship "
between climate, in the form of soil moisture défic \yhere:
the presence of trees and pore-water pressures |0 - The unsaturated hydraulic conductivity
embankments. The study showed that mos} = The time, x
embankment failures in London were due to an irsgea = The Cartesian coordinate
in soil moisture content. An increase in soil maist = The volumetric moisture content
content occurred when there was no water uptake fro g, = The capillary potential
trees during winter time (no transpiration for dieius s(x,z) = The root water extraction function
trees during this period). These findings furthlerity X = The radial coordinate
of the importance of tree-water uptake in incregsire
stability of slopes. Further evidence of the impooe A solution of Eqg. 2 was obtained via applicatidn o
of soil suction changes on shear strength is alsthe numerical techniques described in Eq. 4.
available in the literature. The root water-uptake extraction function is the

The mechanical parameters of the soil weresink term S,z,x) in the Eqg. 2 is given by the Eq. 3 for
included in the water flow analysis and have beerwater-uptake for two-dimensional form (Rees and Ali
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2006). To deal with 2-D plane problem, modificatimin The final pore water pressure
the flow equation has been made. The sink term mugti;-u,). = The metric suction equivalent (Fredlund and
now be based on the x co-ordinate in place of fadia Rihardjo, 1993)
ordinate, r used for the axi-symmetric form. Theref
MATERIALSAND METHODS

S(l]J,X,Z)=4TG(l]J)[1—Z][ 1—XJ 3) The simulation employs the slope geometry from
Z X 4 % Fig. 1, which shows the domain and location ofttke.
] The problem considered is a typical drying period a

Where: . . . o the moisture migration caused by a single treeargdr

X = The maximum rooting depth in the x-direction domain size is adopted in order to include the eslop
z = The maximum rooting dep_th_ geometry. The mesh consists of seven hundred,-eight
x = The x-dlsta_nce from.the ongin of the plantku node isoperimetric elements with 2231 nodes. The
z = The depth in the soil profile mesh was configured to offer some refinement within

The numerical solution of Eq. 3 via the finite the root zone area since this is the region whkee t
element spatial discretization procedure and aefini most significant moisture content variations were

difference time-stepping scheme particular adopting expected to occur. Numgrical tests were copdua]ted t
Galerkin weighted residual approach which will giel €nsure that for this domain size, the outer bouesiaio

the disctretized matrix form with added deformationnOt significantly influence the simulated resultithin
component by Rees and Ali (2006): the region of interest. The simulated period codeae

spring/summer soil-drying phase of 9 months. The
simulation employs a time-step size of 21600 seichvh
was held constant for the entire period considered.
Again, a check has been made to ensure that the
The parabolic shape functions and eight-nodesolution is time-step converged. The root zone is
isoperimetric elements are employed (Zienkiewicd an assumed to extend to a depth of 2 m and a radial
Taylor, 1989). The time-dependent nature of Eqs 4 idistance of 5 m both left and right of the cenine lof
dealt with via a mid-interval backward difference the tree. The root zone therefore extends benkattoe

K¢S+C%+J+S=O 4)

technique, in Eq. 5, yielding: of the embankment slope. Although the applicatién o

. the sink term in the water uptake model applies onl
Kn+:zz¢n+1+cw{¢ -v },Jn/iq gz g (5)  within the elliptical root zone, moisture is of cea free
At to migrate towards the tree from regions outsidéhisf

zone. Therefore some drying of the embankment ean b
The capillary potentialy) was estimated from expected from this scenario.
Eq. 2, which was used as an input for the stress-  |n effect the transpiration rate is therefore
deformation analysis. distributed through the root zone via use of ti gérm.
The elasticity parameters are functions of thesstr No flux boundary is therefore specified at the soil
state of the soil, net normal stress and the metrigurface. The lower boundary of the domain and dne f
suction. The elasticity parameters could be es#that field vertical boundary remained unconstrained uraa}
using equation from Fredlund and Hung (2001) theythroughout the simulation. The boundary condition f

were coded into FORTRAN code. the stress-deformation analysis in involved havtime

While the soil is normally consolidated clay with ~ soil free to move in the vertical direction andefikin

consolidation behavior that can be described by: horizontal direction at the left and right sides tbé
domain and the lower boundary would be fixed irhbot

— ov + on — uwf . . .
de=GC | ( (6)  boulder clay was considered for this analysis.

o,-u,)+(u,-u,),

Where: Mature tree 700 elements
. P 2231 nodes —
de The change of void ratio in the element e e |

] directions. A mature Lime tree of 15 m height on

C. = The compression index, is the 5 e
swelling/shrinkage deformation ‘ , |

Cs = The swelling index : 6m !

oy = The vertical total stress

Ac, = The change in the total vertical stresses  Fig. 1: Finite element mesh (25 nt)
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However several modifications in the FORTRAN This verification exercise confirms that if the eehnt
code have been made to ensure that the water uptagarameters are known, then the current finite efeme
model functions correctly when the tree is posiidn model can predict the metric suction generatedthad
anywhere along the slope surface. The soil parameteground deformation caused by vegetative induced
are shown in Table 1 which is typical values formoisture movement. The water uptakes are validated

Boulder clay. with Biddle (1998and Rees and Ali (2006).
The required soil moisture retention charactexssti

and unsaturated hydraulic conductivity would be RESULTS

simulated from the closed form equation developgd b

Van Genuchten (1980) thus: Contours of ground displacement generated at the

end of the simulation (at 270 days) for tree nbartbe

(6,-8,)w=0 of the slope is shown in Fig. 2, while Fig. 3, @adion of

6(w)=6 e ) ground settlement with depth at 6.0 m from origin.

[1+‘0“P\ } <0 Figure 4-6 shows the predicted ground

displacement profiles for 30, 90, 180 and 270 dzfys
a\m P the domain as shown in Fig. 2.
[(1"\0““\ ) ~|ay] } Figure 8-11 shows the predicted ground
(8) displacement for tree at centre of the slope ag/shn

n m(1+2)
(1+[ow) Fig. 7 for 30, 90, 180 and 270 days.
For tree at centre of the slope as shown in Fithe/
Where: simulated contours of metric suction now generated
05 = The Saturated water content the end of the simulation at 270 days for a treatkd at
0, = The residual water content the mid-height of the slope is shown in Fig. 7.
b d = The suction head (cm)
n,m,a = The empirical shape fitting parameters

estimated by fitting Eq. 7 and 8 to the
experimental data

K and K; = The unsaturated hydraulic conductivity and
saturated hydraulic conductivity
respectively while | is a soil specific
parameter generally assumed to be 0.5 g

Sm

>
Origin line

Model verification: The numerical results seem to
agree with Fredlund and Hung (2001) analysis of Ali
and Muazu (2010). The slight disparity between the

results is two entirely different unsaturated sotdels  Fig. 2: Ground displacement (cm) contours at 2A&da

are used in his study. These are the stress siatble tree located near the toe of slope
for unsaturated soil with Bishop’s effective stréssory
for the unsaturated coded using FORTRAN and Ground settlement (mm)

Fredlund and Hung (2001) strictly stress stateatwei 50 70 90 110
for unsaturated soils. The two different theorigiience

the volume of change of an unsaturated soil diffdy.

—_ T
Table 1: Parameters used in the analysis E
Parameters Values Reference Remarks = —=-270days
ks 10°m sec’ Biddle (1998) Typical for Boulder clay 2 - >+ -180days
To 5mmday’ Biddle (1998) For a mature tree —&— 90 days
¥y 1500 kPa  Feddest al. (1976) (100&y,< 2000) kPa —#— 30 days
% 21 kN m®  Indraratnaet al. (2006) Typical values for Boulder clay
=Y 0.60 Powrieet al. (1992) Typical values for Boulder clay
C. 0.13 Indraratnat al. (2006) Typical values for Boulder clay
u 0.30 Indraratnat al. (2006)  Typical values for clay soils 30+
0, 0.1 Rees and Ali (2006) Typical values for Bouldkey
05 0.4 Rees and Ali (2006) Typical values for Bouldkey . L. .
o 0.0560 Rees and Ali (2006) Typical values for Bleulclay Fig. 3: Variation of ground settlement with deptl6&
m 0.29 Rees and Ali (2006) Typical values for Beuldlay H i
n 14 Rees and Ali (2006) Typical values for Boulday m with _tree near the toe of slope for various
| 0.5 Rees and Ali (2006) Typical values for Bouldky elapse times
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T‘: »®  E —=-270 days d Originline
215 F - ¢ - 180 days )
—&— 90 davs 75m
g 3
2.0 —&— 30 davs
25 }
Fig. 7: Ground displacement (cm) contours at 2AGda
30 * tree at centre of slope
Fig. 4: Variation of ground settlement with depthvb Groundsettlement (mm)
m with tree near the toe of slope for various -0 -05 00 05 1.0 15 20 25
elapse times 0.0 ;
05
Ground settlement (mm) - 10
-2 0 2 4 6 8 10 :é ) —B--270days
0.0 T T ] = r - %- - 180 days
a o b —=— 90 days
05 F - —#—30days
10 F 3 25 |
= A '
5 15 L ...X* — E\.T 3.0 o
2 20r X _* Fig. 8: Variation of ground settlement with degth
- - .
25 F A 6.0 m with tree at the centre of slope for
30 F —&-270days various elapse times
~ - ¢ -180days
35 F —&— 90 days Ground settlement (mmn)
40 L —#— 30days -10 0 10 20 30 40 50 60 70 80
_ o _ 0.0 S————
Fig. 5: Variation of ground settlement with depth a 0.5 o
10.0 m with tree near the toe of slope for 10
various elapse times E |5
= —E--270days
& 2.0 - == - 180 days
Ground settlement (mm) a . —m— 90 davs
-10 -5 0 5 10 = ——30days
0.0 . . . 3.0
3.5
10 F 4.0
T 20 F . . .
< 52704 Fig. 9: Variation of ground settlement with depth a
= —&-270days .
z 30 } - 5 - 180 days 10.0 m with tree at the centre of slope for
& —a— o0 days various elapse times
4.0 F —#— 30days . .
) Tree at the Top of Slope as shown in Fig. 12 shows
S0 F the simulated contours of metric suction generated
the end of the simulation at 270 days for a trethat

top of slope. Figure 13-16 shows the predicted igrou

Fig. 6: Variation of ground settlement with depth a displacement profiles at a distance of 6.0, abd

12.5 m with tree near the toe of slope for 10.0 m from the origin at times of 30, 90, 180 27@
days respectively.
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Depth (m)

Fig. 10: Variation of ground settlement with depth
7.5 m with tree at the centre of slope for

Depth(m)

Fig. 11: Variation of ground settlement with depth
12.5 m with tree at the centre of slope for
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1.5 - > - 180 days
) —&— 90 days
2.0 —#— 30 days
2.5
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Ground settlement (mm)
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24
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Fig. 12: Ground displacement (cm) contours at 270

days Tree at the top of slope

'
(5]

Ground settlement (mm)
-1 0 1

()

Depth (m)
in

——270days
— = — 180days
—&— 90 days
—4— 30 days

Fig. 13: Variation of ground settlement with deth
6.0 m with tree at the top of the slope for

various elapse times

Ground settlement (mm)
-1 0 1

(]

Depth (m)

—{—270 days
= % = 180 days

—&— 90 days
—2—30 days

Fig. 14: Variation of ground settlement with depth

Ground settlement (mum)
2 4 6 8

7.5 m with tree at the top of the slope for
various elapse times

Depth (m)

—{—270days
= * = 180days
—8— 90 days
—4— 30 days

Fig. 15: Variation of ground settlement with depth

various elapse times
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Groundsettlement (mm) Figure 8 shows the predicted ground displacement
-10 10 30 50 70 90 110 at a distance of 6.0 m from the origin at time8@f 90,

0.0 — — = 180 and 270 days. The maximum ground displacement
'_E . .
T e occurred near the surface with ground displacermént
Lo ﬁx 1.3cm at surface due to the so much lateral distanc
=20t away from position of the tree.
:‘E' — & -270 davs _Figure 9 .shows the predicted moistgrg content
g 30T - 5 - 180 davs profiles at a distance of 10.0 m from the origindted
R | +goda}-; at left line of the domain as shown in Fig. 7 atds of
' —A—30days 30, 90, 180 and 270 days. It is clear that the rigjof
50 F ground displacement has occurred near ghlape
surface, the profile is roughly linear and thergnsund
6.0 - displacement at approximately 3.0 m below the slope

surface.

Figure 10 and 11 show that a very similar set of
results was obtained remote from the tree at 7 an
12.5 m from the origin respectively. It should beted

DISCUSSION that the ground displacement shown here _is small
compared to that near the centre of tree. Figure 11

Tree near the toe of the slope as shown in Fig. 8hows the maximum ground displacement at 12.5 m
presents the simulated contours of ground displacém from the origin occurred at depth 1.5 m below tlops
generated at the end of the simulation (at 270 )dayssurface. Again, this ground displacement profilégra
Figure 12 shows that clear matric suction variaidne can be explained due to the fact that the depth®imn
ground water abstraction resulting in groundfrom soil surface is approximately at the same llege

Fig. 16: Variation of ground settlement with defth
12.5 m with tree at the top of the slope for
various elapse times

displacement within the slope has taken place. the tree. Figure 10 shows less ground displacement
Figure 3 shows the predicted ground displacemengccurred at a distance of 7.5 m.
profiles at a distance of 6.0 m from the originelin Tree at the top of slope as shown in Fig. 12 shows

located at the left hand edge of the domain as Bliow the simulated contours of metric suction generated
Fig. 2 at times of 30, 90, 180 and 270 days. Thesghe end of the simulation at 270 days for a trethat
results are produced for the soil profile diredigneath  top of slope. Figure 13-15 shows the predicted mou
the centerline of the tree. It is clear that thgamty of displacement profiles at a distance of 6.0, &Ad
the moisture extraction has occurred near the s&irfa 10.0 m from the origin at times of 30, 90, 180 &7@
with the ground displacement of 103.55 mm at thedays respectively.
surface. There is ground displacement profile abze Figure 16 shows the predicted moisture content
millimeters at approximately 2.5 m below the groundprofiles at a distance of 12.5 m from the origiriates
surface. The maximum ground displacement hagf 30, 90, 180 and 270 days. Majority of the ground
occurred near the surface. displacement occurred near the slope surface \aitlev
Figure 4 and 5 shows that a very similar set ofof 96.72 mm at slope surface. The ground displaceme
results were obtained at 7.5 and 10.0 m from ofig®  profile decreases to 1.7 mm at approximately 2.9 m
respectively. It should be noted that the change ihelow the slope surface.
profiles show relatively little ground displacement
compared those at a distance of 6.0 m. At a distafc
10.0 m, Fig. 5 shows that the maximum ground
displacement occurred at depth of approximatel$ in6

from the slope surface and the ground displacerisent _ 1he application of a numerical model for the
approximately 8 mm that point. This ground simulation of moisture migration patterns due teetr

displacement can be expected since this depth i¥ater uptake as well as accompanying ground
roughly at the same level as the point at whichttee =~ Movement in a typical soil slope has been presented
meets the soils surface at a distance 6.0 m. Ehid Is  The approach was utilized to provide a preliminary
where the main source of water extraction takesepla  assessment of the significance of suction changeseo
For tree at centre of the slope as shown in Fith&7  stability of unsaturated soil slopes. For typickips

simulated contours of metric suction now generated geometry, a range of initial conditions and tree
the end of the simulation at 270 days for a treatled at locations have been considered. Three locationa of
the mid-height of the slope is shown in Fig. 7. tree on the slope have been considered: at tregelc
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near at the toe of the slope, a tree located atehere  Powrie, W., J.N. Davies and A.M. Britto, 1992. A

of the slope and a tree located and at the tofppés cantilever retaining wall supported by a berm
The ground displacement profiles as a result of  during the temporary work activities. Proceeding of
matric suction changes at key times and at ketilota the ICE Conference on Retaining Structures,
have been presented. The ground displacement Robinson College, (RSRC'92), Thomas Telford
depends, to some extent, on the precise positidgheof Service Ltd., Cambridge, London, pp: 418-428.
tree. The ground displacement presented here only http://www.mycrisp.com/publications/A%20CAN
considers hydrological effects which are relatecdd TILEVER%20RETAINING%20WALL%20SUPP
moisture variations driven by transpiration. Theref ORTED%20BY%20A%20BERM%20DURING%
tree location on slope is critical if an informeelcision 20TEMPORARY%20WORKS%20ACTIVITIES.pdf
is to be taking in soft engineering stabilizatioh o Rees, S.W. and N. Ali, 2006. Seasonal water uptake
unsaturated slopes as shown in the graphs. near trees: A numerical and experimental study.
Excessive matric suction is accompany by increase Geomech.  Geoeng., 1: 129-138. DOI:

tension, reaching critical and horizontal stress  10.1080/17486020600823855
exceeding tensile strength of the soil, cracks mgcu Ridley, A., B. McGinnity and P. Vaughan, 2004. Role

with a detrimental consequences to the stabilityaof of pore water pressures in embankment stability.
slope. Proc. Inst. Civil Eng.-Geotech. Eng., 157: 193-198.
http://cat.inist.fr/?aModele=afficheN&cpsidt=1628
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