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ABSTRACT

Expansive clays undergo large volume changes due to variations in water content, leading to ground
subsidence and/or heave. These variations are driven by weather and other environmental factors, like
vegetation. Globally, expansive clays are considered a geohazard that is responsible for extensive
financial loss due to adverse impacts on lightweight, shallow infrastructure. Low-rise masonry buildings
—including many historical structures — have limited tensile strength, making them particularly vulnerable
to structural damage and instability arising from differential ground movement. To date, assessment of
the risk of damage to masonry buildings situated on expansive clays has relied on a simplified,
uncoupled approach that predicts ground movement by simulating groundwater flow in rigid soil and
then converting the resulting suctions to displacements through empirical relations. Although useful for
preliminary assessment, this approach overlooks the soil-atmosphere-vegetation interactions and
coupled hydro-mechanical behaviour of unsaturated soil. Here, a new model is developed to conduct
hydro-mechanical analysis of variably saturated elastic soil to simulate swelling and shrinkage in
response to tree water uptake and evapotranspiration. In addition to assessing risk, this model can also
be used to inform interventions to control tree-related ground movement near existing masonry
buildings. The capabilities of the model are illustrated by simulating the initial localised desiccation of a
site with elm trees, and the subsequent heave that occurred a year following tree removal and
construction. This preliminary analysis does not consider building loading and stiffness, accounting for
construction only through changes in the hydraulic boundary conditions; future work will include coupled
soil-structure interaction.

Keywords: Expansive clays, subsidence, heave, soil-atmosphere-vegetation interaction, numerical
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INTRODUCTION

Ground subsidence and heave, from clay shrinkage and swelling, respectively, are caused by changes
in soil water content due to changes in climate and vegetation. Expansive clays tend to shrink or swell
because of the constituent active clay minerals that adsorb and retain large quantities of water in an
exchangeable state (Norrish, 1954; Reeve et al., 1980; Jones et al., 2020). The zone or depth of the
soil, below ground level, that experiences this volume change is termed the ‘active zone’ and has been
reported to range between 1.5 and 4.0 m; were areas with highly expansive clay were observed to have
a deeper active zone (Biddle, 2001; Nelson et al., 2001) . Lightweight infrastructure founded on shallow
ground can sustain damage when subjected to ground movement, including cracking, distortion, and
instability — with severity depending on the magnitude of movement and vulnerability of the structure
(Driscoll, 1983). Low-rise masonry structures such as residential buildings are particularly susceptible
because of their limited tensile strength.

Vegetation exacerbates differential movement through localised effects. Trees can create extremely dry
regions in the soil, causing shrinkage. Similarly, tree removal can trigger re-saturation in a dry zone,
causing heave. Due to the nature of weather and tree water uptake, shrinkage and swelling is typically
cyclic, corresponding to dry and wetter conditions or active growing and dormant seasons respectively.
However, extreme weather or changes in environmental conditions can result in unprecedented
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magnitudes of movement and building damage. For example, the 1990-1992 droughts in the UK
resulted in a surge of insurance claims related to subsidence damage (Crilly, 2001; Murphy et al., 2020).
Subsidence and heave can occur over long timescales, from years to decades. Numerical modelling is
useful in these scenarios to simulate the ground and structure for the assessment of risk and mitigation
strategies. It can also be used to improve current knowledge on the critical conditions and mechanisms
that result in ground movement and associated building damage.

Soil-atmosphere-vegetation interaction comprises several physical phenomena, including infiltration,
evaporation, tree water uptake, and variably saturated groundwater flow and deformation. Although
each phenomenon is individually well researched, with advanced numerical modelling strategies, there
have been few attempts to create comprehensive models that capture all of them in a single model for
the prediction of ground movement in expansive soils to assess building damage risk. For example,
Vrugt et al. (2001) modelled three-dimensional water uptake in a rigid soil around a tree, while EI-Garhy
and Wray (2006) predicted ground movements using an uncoupled approach where groundwater flow
and deformation were modelled separately. This paper presents a concise formulation of a new soil-
atmosphere-vegetation interaction model and illustrates its use in predicting long-term changes in soil
moisture content and deformation using a case study. The case study also demonstrates how the model
can be used to inform interventions for existing masonry structures affected by vegetation-related
subsidence or heave. Such interventions have historically relied on qualitative assessments and
judgement from arboriculturists. The ability to simulate tree removal, planting, and pruning to assess the
soil's hydromechanical response allows a more detailed and quantitative assessment of different
interventions.

METHODOLOGY

Coupled flow-deformation formulation

A dual-porosity conceptual model is adopted to describe the structure of active clays, similar to work by
Alonso et al. (1999), and Wang and Wei (2015). The soil is assumed to comprise macro and micro
pores, such that majority of the flux occurs in the macro pores while the micro pores hold
immobile/swelling water. The formulation allows for unsaturated-saturated flow in a deformable, swelling
soil, and plant water uptake. The following sign convention is used: tensile stresses are positive, such
that pore water and air pressure correspond to negative (compressive) stresses, and the vertical z axis
is positive upwards.

We assume that the air phase is passive, so that the pore air pressure, p,, is fixed and equal to
atmospheric pressure, which we take to be zero. Thus, the pore water pressure, p,,, is positive only in
the saturated zone. The matric suction, p,, is the difference between the air pressure and the water
pressure,

Pc = Pa — Pw> (1)

which is extended to capture both saturated and unsaturated regions via (Chung & Austin, 1987;
Mathias, 2023)

0 ifpw =0
= . . 2
Pe {_pw lf Pw < 0 ( )

Conservation of mass for the pore water in the two structural levels considering an Eulerian reference
frame is

2 (Oupw) + V- Qu + Qp, =T (3)
and

7]

2 (Ompu) =T, (4)

where 6,, and 6,, are the macro and micro volumetric water content with respect to the total volume,
respectively, p,, is the density of water, I is the mass rate of water exchange between the two pore
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networks, ( is the volume rate of root water uptake (RWU), and Q,, is the mass flux of water through
the pore space. Darcy’s law is adopted to relate Q, to p,, in the standard way. Alonso and Navarro
(2005) proposed the following linear relation for I

I'=n (uy — ), (®)

where u,, and u,, are the chemical potential of the pore water in the macro and micro pores, respectively,
and n controls the rate of mass exchange. The expressions for u, and y,, provided by Alonso and
Navarro (2005) are functions of the mean confining stress and the salinity; thus, their approach does
not assume mechanical, hydraulic, and chemical equilibrium between the two structural levels. The
macroscopic approach by Vrugt et al. (2001) for the formulation of the rate of RWU, Q, is adopted. It
assumes uniform RWU in each representative elementary volume and therefore can consider any
spatial distribution of roots. The groundwater flow formulation requires two additional constitutive
relations: a soil-water retention function and a relative permeability function. The retention function
describes the relationship between water content and suction, while the relative permeability function
relates the macrostructural degree of saturation, S,, to ease of water flow. The retention and
permeability functions proposed by van Genuchten (1980) are adopted. To achieve continuity of flow
between the saturated and unsaturated regions, weak compressibility of the pore water is assumed
(Chung & Austin, 1987; Mathias, 2023). The water in the micropores is held tightly to the clay particles
by capillary and other physicochemical forces, so the microstructure is assumed to be saturated, thus
taking the microstructural degree of saturation S, to be equal to one. Equation 1-5 and the referenced
constitutive models constitute the groundwater flow module capable of simulating saturated-unsaturated
groundwater flow and RWU.

Momentum conservation in three dimensions, neglecting inertial forces, is
V-o+b=0, (6)

where ¢ is the total Cauchy stress and b is the body force. We adopt Bishop’s effective stress ¢’ for the
average skeleton stress in a partially saturated soil,

o'= o+ [pw+p1 =S, (7)

where [ is the identity tensor. Bishop’s formulation reduces to Terzaghi’s effective stress when the
macrostructure is saturated, S, = 1 . The total porosity ¢ measures the volume of voids per unit total
volume. Similarly, the macro porosity ¢, and the micro porosity ¢,, measure the volumes of macro
voids per unit total volume and micro voids per unit total volume, respectively, and ¢ = ¢y + ¢,,. The
total volumetric strain ¢, is assumed to comprise a macro component £ and a micro component £,

&, = e + &, (8)
with
M _ Adm
& = g, 9
and
Apm
e =1, (10)

with ¢, the initial porosity. Small deformations are assumed, such that &, can also be calculated using
the standard strain-displacement relations. The micro-scale strain &' accounts for aggregate
deformation due to the physicochemical processes taking place between the pore water and clay
minerals, while the macro-scale strain £} accounts for the deformation of the macrostructure due to
mechanical loading and suction. Wang and Wei (2015) postulated that volumetric strains in the
microstructure are mostly reversible, while those in the macrostructure are irreversible. Cyclic wetting
and drying tests have shown that irreversible volumetric strains are accumulated during the first few
cycles and are attributed to particle rearrangement and aggregate disintegration. Subsequently, any
further swelling and shrinkage can be considered elastic, occurring predominantly due to deformation
of the microstructure (Nowamooz et al., 2009). A linear elastic constitutive model is adopted for both the
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macro and microstructure. Therefore, the model cannot reproduce irreversible macrostructural
deformation, which can lead to underestimation of both shrinkage and swelling strains. However, the
irreversible strains are expected to be small compared to the reversible strains as demonstrated by
Wang and Wei (2015). The macrostructural constitutive model is standard linear elasticity, which in this
case relates Bishop’s effective stress to macrostructural strain. The microstructural constitutive model
used here is that of Navarro et al. (2015),

em = —Kpy In (pf’") , (11)

Dem

where e, is the microstructural void ratio, p., is the microstructural suction, and pz, is the
microstructural suction at the dry state, taken here to be p},, = 10° Pa. e, is related to ¢,, through
standard volume relations.

The model equations are solved using MATLAB’s ODE15s, an implicit solver for stiff initial-value
problems and differential-algebraic systems. The spatial derivatives are approximated with staggered,
second-order finite-difference formulas to convert the governing partial differential equations into a
system of coupled ODEs in time (i.e., the method of lines). The resulting semi-discrete system is then
amenable to integration with ODE15s. The two-dimensional form of the model is used for the analyses
below (i.e., plane flow and plane strain).

Problem description and model setup

The case study considered here relates to Queens Gate Cottages (Windsor Great Park, UK), a single-
storey terraced masonry building on London clay that sustained damage from differential ground heave
over a period of 32 years. The structure was constructed on a site where 1 or 2 elm trees, about 21 m
tall, were felled prior to construction (Cheney, 1988). The trees are believed to have been very close to
the building on the west end, near levelling station H in Figure 1, and would have locally desiccated the
soil near one corner of the building. Re-saturation of the soil after construction caused a maximum
differential heave of about 139 mm over 32 years. Figure 1 shows the building footprint, highlighting its
dimensions and the inferred location of the trees based on the displacements measured by Cheney
(1988), as well as the inferred radial zone of influence of the tree in terms of RWU. Facade FJ
experienced the largest differential movement. The analysis simulates the ground below this fagade.

Two analyses were conducted. The first simulates RWU in the year prior to construction to establish the
initial desiccated state of the soil. This initial phase (IP) is then used as the initial condition for the main
analysis (MA) to simulate heave in the first year after construction. The IP was modelled via a flow-only
axisymmetric analysis from 1st January 1952 to 31st December 1952, with RWU only active during the
growing season between March and August (dormant between September and February). A 35 m by
4 m domain was used for the IP, with the tree centred at the symmetry axis (Figure 2, left). The radial
dimension of the domain was informed by the radial zone of influence of the tree, which is taken to be
1.5 times the mature tree height (i.e., 31.5 m). The rooted zone was therefore 31.5 m times 3.0 m, were
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Figure 1. Plan view of the building footprint, assumed tree location, and levelling stations modified
from Cheney (1988) (left). lllustration of the building footprint in relation to the tree’s inferred radial
zone of influence (right).
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Figure 2. Model set-up and boundary conditions for the initial phase (IP, left) and the main analysis
(MA, right).

Table 1. Vrugt root water uptake (RWU) spatial distribution parameters

Zm [M] 7y [M] 1 o]z [m] T [m]

3.0 31.5 1.0 1.0 0 0

3.0 m refers to the maximum rooting depth. The 1.5H rule and 3.0 m rooting depth is based on Biddle’s
(1983) measurements of water content near high-water-demand poplar trees. A 1.0H rule was
historically used for all trees, but Biddle (1983) found that high-water-demand trees had larger zones of
influence. Actual rooting distance are highly variable, depending on tree water demand, soil density,
aeration, and water content. Table 1 lists the parameters used for the Vrugt RWU spatial distribution
function, which are uniform within the rooted zone. The resulting RWU distribution decreases radially
and vertically away from the trees. The elm trees are assumed to have a combined total potential
transpiration rate of T,, = 1.5 m¥day. This total is approximated from single-tree water-use estimates
reported by Wullschleger et al. (1998). Actual RWU can be lower than T, due to limited water availability.
The model accounts for this constraint using the water-stress factor of Feddes et al. (1976).

The MA uses a 40 m by 4 m domain covering the full length of fagade FJ and simulates the site from 1st
August 1952 to 313t December 1953 (Figure 2, right). Removal of the tree and construction of the
building are implemented by deactivating RWU and making the ground surface beneath fagcade FJ
impermeable. Load and stiffness effects from the building are neglected. The following boundary
conditions are prescribed. In the IP, the vertical side boundaries were closed for flow, while evaporative
and infiltrative fluxes were imposed at the open top boundary. In both analyses, a fixed water table was
assumed to exist at a depth of 7 m below ground level. This water table was enforced indirectly by
imposing a fixed pore pressure of -10kPa at the bottom of the model, corresponding to the gravity-
capillary equilibrium pore pressure at an elevation of 3 m above the water table (i.e., at a depth of 4 m).
The hydraulic boundary conditions for the MA are the same, except that the ground surface beneath
fagade FJ is now taken to be impermeable. For the MA, these hydraulic boundary conditions are paired
with the following mechanical boundary conditions: a fixed base, roller constraints on the vertical side
boundaries, and a free top boundary.

Review of borehole logs near the study site from the British Geological Survey database supports
Cheney’s (1988) description of a 15 m layer of London Clay overlying Reading Beds. Table 2 shows the
soil hydraulic and mechanical properties used. The adopted saturated permeability kg,; is higher than
what is generally reported for clays. However, permeability is known to vary significantly with depth in
shallow ground. For example, Dixon et al. (2019) measured permeability in the top 1 m layer of a London
clay embankment and reported a range between 1 x 10-5and 1 x 10-19, This variability can be attributed
to cracking of the clay under shrinkage. Figure 3 shows daily weather data near the site from the 1 km
by 1 km resolution HadUK-Grid dataset (Met Office et al., 2018), which is used in the IP to determine
the infiltration and evaporation fluxes at the open top boundary. Evaporation from bare soil is
approximated using minimum and maximum air temperatures T, ;,;, and T, ;45 respectively, following
the aerodynamic approach by Mahfouf and Noilhan (1991), while total daily precipitation p,. is converted
to a daily flux.
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Table 2. Soil hydraulic and mechanical properties

ksae [M/s]  a®[Pa’] n®[-] G [Pa] VP ps [kgim®] k[ 7 [ms/kg]

1% 10 1x10°% 156 2.25x10° 0.33 2650 0.01 1 x 10

@ van Genuchten soil water retention and relative permeability parameters
® Macrostructural mechanical properties (G is the shear modulus and v is the Poisson ratio).

40 T

Tomin ['C]

Jan 1952 Apr 1952 Jul 1952 Oct 1952 Jan 1953

Figure 3. Measured maximum and minimum air temperature (top and middle, respectively) and
precipitation (bottom) used to approximate evaporative and infiltrative fluxes at the soil-atmosphere
boundary during the IP analysis. Data courtesy of the Met Office (2018).

RESULTS AND DISCUSSION

Figures 4 and 5 show the spatial distributions of pore water pressure and volumetric water content at
two times during the IP and the MA, respectively. In Figure 4, r is the distance from the origin (i.e., the
tree) in the axisymmetric IP. In Figure 5, x is the distance from the left edge of the rectangular domain.
The August profiles for the IP are representative of the driest conditions, corresponding to summer and
the end of the tree’s active season. Conversely, the December profiles are representative of wetter
conditions, following recharge during autumn and winter. The localised desiccation caused by RWU is
reproduced by the model and clearly evident in the August profiles. The majority of the desiccation is
near the tree, as should be expected from the adopted root distribution pattern, which decreases radially
and vertically with distance away from the tree.

The RWU distribution has a significant influence on the desiccation profiles shown in Figure 4. Although
the adopted RWU distribution has been observed for several species under normal soil conditions and
relatively uniform water recharge (Biddle, 1983), there are exceptions. For example, in nonuniform
recharge conditions such as a leaking drain, the spatial distribution of RWU can be concentrated around
the drain, deviating from the assumption of water uptake being concentrated near the tree. Where water
content data around a tree is readily available, it can be used to calibrate the RWU distribution
parameters in Table 1, which can result in more accurate numerical predictions. However, due to the
temporal variability of RWU, which is associated with growing seasons and weather, it is not apparent
whether use of calibrated parameters will be superior in comparison with the standard spatial distribution
in long term predictions since both approaches assume the RWU distribution is constant in time.

The difference in pore pressure and water content between August and December 1952 in Figure 4
highlights the transient hydraulic state in the shallow ground under the influence of atmospheric and
vegetation effects. Since daily infiltration and evaporation were enforced at the soil-atmosphere
boundary, the soil’s transient hydraulic state was captured in good detail. The August pressure
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Figure 4. Contours of pore pressure (left) and volumetric water content (right) for the IP analysis at
the end of the dry season in August and following re-saturation in December. The active tree was
located atr=0m, and z =4.0 m.
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Figure 5. Contours of pore pressure (left) and volumetric water content (right) for the MA at the
end of the dry season in August and following re-saturation in December. The felled tree was
located at x =30 m and z = 4.0 m.

distribution in Figure 4 was then used as the initial state for the MA, effectively assuming the tree was
cut down in August 1952 and the building immediately constructed; such that the ground below wall FJ
became impermeable (Figure 2, right).

The August results in Figure 5 are the initial state for the MA, constructed using the axisymmetric
groundwater-flow results from August 1952 from the IP. This reconstruction assumes that the tree was
located at x = 30 m and z = 4 m. Infiltration between August and December 1952 increases the water
content in the soil, replenishing the desiccated soil near the tree. The wetting front can be seen in the
December 1952 water content profile, which shows slightly higher water content below the top open
boundaries than below the closed boundary. The December 1952 results in Figure 5 show that changing
the hydraulic conditions at the site creates a drier zone below the facade when compared to the
December 1952 results in Figure 4. Both the IP and the MA assume that the groundwater condition is
constant throughout the analysis (i.e., that the water table is fixed at 7 m below ground level).
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Figure 6. Time evolution of predicted vertical displacement at select points on the ground surface
between 15t August 1952 and 31t December 1953. The felled tree was located at x = 30 m.

This water table elevation was inferred from reviewing bore hole logs and topography around the site in
relation to the closest rivers. Although seasonal fluctuations in groundwater conditions are expected to
affect the results, the impact would be mitigated by the 3 m elevation gap between the active zone and
the average water table elevation used. For sites where the water table is shallow enough to supply
trees with water directly, seasonal groundwater fluctuations will have a greater impact on the prevailing
soil conditions.

Figure 6 shows the evolution of displacement at select points on the ground surface along facade FJ.
The model correctly captures the swelling trend observed by Cheney (1988), with displacements initially
increasing linearly with time and eventually plateauing. However, the magnitude of swelling
displacement after one year is underpredicted. Cheney (1988) deduced a maximum swell of 10 mm
near the tree one year after construction, while the numerical prediction shows a maximum swell of only
3.36 mm. The underprediction of displacement can be related to the high uniform permeability used in
this analysis having prevented the generation of deep desiccation near the tree. A drier initial state for
the MA, with higher suctions, would produce larger swelling deformation. However, the combination of
low permeability, high suction, and a dynamic soil-atmosphere boundary condition exacerbates the
numerical stiffness of this problem, resulting in convergence failure. A more realistic analysis of the
problem using lower permeability requires a review of numerical techniques that can improve numerical
robustness. The Darcy flux during the MA was predominantly vertical, along with some horizontal flow
re-saturating the soil beneath wall FJ. This highlighted the potential dependency of the resulting
hydraulic and deformed state on the dominant mechanism driving water flow across the domain: gravity,
capillary forces, and inter-structural physicochemical forces.

CONCLUSIONS

A new numerical model for the simulation of coupled soil-atmosphere-vegetation interaction is
presented. The model includes coupled hydro-mechanical analysis of variably saturated soil, swelling
and shrinkage of expansive clays, tree root water uptake, and soil-atmosphere interaction. It was
developed for the assessment of damage risk to low-rise masonry structures founded on expansive
clays. It can also be used to inform mitigative interventions such as tree planting, removal or pruning,
near existing masonry structures to control vegetation-related ground movement. The model is used to
predict long-term ground movement at a site in Windsor, UK, where a single-storey masonry building
incurred damage due to differential heave over 32 years post construction. The site was desiccated by
elm trees, which were removed just before construction. This preliminary analysis did not consider
building loading and stiffness, accounting for construction at the site by changing only the hydraulic
boundary conditions. The model has reproduced the trends concerning localised desiccation in the soil
around the trees, and the transient pore water pressure and water content due to weather conditions.
In the analysis of the site post construction of the building, the model captures the observed swelling
trend, were displacements initially increase linearly with time and eventually plateau. However, the
model underpredicted the magnitude of the swelling displacements. This discrepancy is attributed to the
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high permeability used in the analysis which prevents the generation of a deep desiccation zone (i.e., a
drier initial state before construction). The permeability also affects the swelling rate, as it determines
the time scale between recharge at the boundary and re-saturation in the dry region. More
representative predictions are required to fully assess the model’s capabilities after addressing the
convergence difficulties encountered when dealing with low permeability and high suction conditions.
Future work will also investigate the impact of building loading and stiffness on observed deformations
through soil-structure interaction coupling.
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