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ABSTRACT

In this paper, 2-dimensional, hydro-mechanically coupled finite element analyses are conducted to
assess the performance of an engineered barrier, constructed from natural geomaterials, aimed at
reducing flood risk in urban environments. The barrier consists of an unsaturated compacted soil layer
with water holding properties and a drainage layer of a coarse granular material, that acts as a capillary
break, and is constructed on top of the natural soil, in this case London clay. The barrier is vegetated so
that its water storage capacity is renewed after each rainfall event. Sophisticated boundary conditions
are used to simulate the effect of precipitation and evapotranspiration. The evolution of the rainfall
infiltration and runoff rate is simulated both for a treated soil column with an engineered barrier
and an untreated one consisting solely of in-situ London Clay. The percolation rate of rainfall water
from the bottom of the barrier is also estimated. This comparison highlights the effectiveness of the
engineered barrier in reducing the risk of fast flooding, in preventing excessive deformations and in
protecting underground infrastructure during wetting and drying cycles. The effect of the hydraulic
properties and geometry of the barrier is investigated by means of an extensive parametric analysis.

Finally, recommendations for the design of barrier systems are made.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

It is widely recognised that urbanisation has caused large
changes to the patterns of stormwater flow into or on the
ground.! Covering land with impervious surfaces, such as roofs,
roads and pavements, reduces both the stormwater volume that
infiltrates into the soil and the water volume that is transferred
from the soil to the air through evapotranspiration. The limited
access of the stormwater to the subsurface leads to surface
runoff, a phenomenon that occurs when the rainfall rate ex-
ceeds the infiltration capacity of the soil during intensive rainfall
events.” Excessive runoff water causes flooding, damages critical
infrastructure in urban environments and may even lead to loss
of human life.> Moreover, during surface runoff, conventional
stormwater drainage systems transfer the polluted water from
impervious surfaces to streams, affecting severely their water
quality.*

Meanwhile, extreme precipitation events that lead to flooding
are more common in recent years. Brisbane, Australia (2013),
Somerset and Thames Valley, UK (2013-14), Chennai, India
(2015), Cumbria, Lancashire and Yorkshire, UK (2015-16), Evia,
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Greece (2020) are a few recent examples. The British Environ-
ment Agency estimated the economic cost of the 2015 to 2016
winter floods in the UK at £1.6 billion.” Climate projections for
the rest of the century show intensification of daily precipita-
tion extremes.® The combination of intense rainfall events and
limited access of the water to the ground increase flooding risk
significantly. To reduce the impact of these events on urban
environments and communities, more efficient drainage systems
must be designed, with natural materials and at reduced cost.

The construction and utilisation of Sustainable Drainage Sys-
tems (SuDS), constructed with natural resources and materials,
tackle this problem in a sustainable manner. The basic principle
of the approach involves slowing down and reducing the quantity
of surface water runoff from a developed area, to manage down-
stream flood risk and reduce the risk of runoff driven pollution.’
SuDS are utilising permeable surfaces that allow infiltration and
storage of stormwater into the ground to mimic natural flow
rates and volumes. Moreover, they promote evapotranspiration
and support the natural water cycle. They need less energy than
conventional drainage systems, mainly due to the reduced use of
pumping, and have lower greenhouse emission, due to the natural
resources and process that are utilised.

New types of climate adaption control engineered barriers,
constructed in urban areas, can provide sufficient drainage capac-
ity, but also protect existing geo-infrastructure from the impacts
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of climate change. To achieve that, the systems must combine:
(a) increased infiltration capacity to facilitate the inflow of rainfall
water and to reduce runoff; (b) enhanced water holding capacity
to efficiently store the rainfall water, provide a healthy environ-
ment for vegetation growth and prevent changes in stresses, thus
protecting underground infrastructure from excessive displace-
ments; (¢) low compressibility to minimise ground deformation;
(d) enriched evapotranspiration, to provide a natural drainage
path for the rainfall water.

The performance of barriers that are constructed with natural
materials is heavily dependent on their hydraulic and mechanical
properties at their state after construction (permeability, com-
pressibility, density etc.). Since these materials can be engineered
to a very wide range of properties, which cannot realistically be
optimised experimentally, a thorough infiltration capacity anal-
ysis is needed to identify the key properties that influence the
performance of the barrier. A review of rainfall infiltration anal-
ysis was recently presented in Ref. 8. Two widely used basic
infiltration models are the Green-Ampt® and Richards'® models.
The Green-Ampt model describes the downward movement of
a wetting front and can be expressed as an ordinary differential
equation, by combining capillary theory and Darcy’s law. Various
researchers have used the Green-Ampt model as a basis to formu-
late more advanced analytical and numerical rainfall infiltration
models that overcome the limited applicability (single layered,
homogeneous and isotropic porous media, etc.) of the original
model.!!-1°

On the other hand, the Richards model combines the conti-
nuity equation (conservation of volume) with Darcy’s law and
leads to a partial differential equation (PDE) that describes flow in
unsaturated porous media. Appropriate boundary conditions can
be utilised for the modelling of rainfall precipitation and infiltra-
tion. Even though there exist analytical solutions for the Richards
equation, those are limited to simplified conditions, which do
not represent realistically the non-linear hydraulic response of
unsaturated soils. A variety of numerical methods (e.g. the Finite
Element or Finite Difference methods) have been employed in
the literature to solve Richards PDE."’~'° However, a common as-
sumption of the simple or more advanced models that are based
on the Green-Ampt or Richards equations is that the hydraulic
properties, the infiltration capacity and the flow characteristics of
a soil are not affected by its mechanical properties and response.

Extensive research has been performed to analyse the per-
formance of capillary evapotranspirative covers for hazardous
waste landfills (e.g. Refs. 20-22). Those systems aim to control
percolation of rainfall water into the underlying waste,?? and
thus, research focused heavily on the analysis of the flow through
the barrier”>~?° using numerical methods that are not taking into
account the coupled flow-deformation characteristics, since the
settlements of the cover is not a critical design criterion.

In recent years, a good number of works have been pre-
sented in the geotechnical engineering literature, focusing on
soil-atmosphere interaction and its effect on critical infrastruc-
ture. The majority of those works focuses on the stability of
man-made and natural slopes, since rainfall induced slope failures
and landslides are major geohazards. A review on the numeri-
cal methods for slope-vegetation-atmosphere interaction can be
found in Ref. 26. The application of hydro-mechanically coupled
finite element analysis®’~>! and finite difference analysis*>~* in
soil-atmosphere-interaction, has shed light on the mechanisms
that lead to stability problems but it has not been widely used for
the design and optimisation of climate adaption control barriers,
whose performance depends on the interplay between the hy-
draulic and mechanical properties of the unsaturated compacted
geomaterials that are used for their construction.

Developing design protocols for the new generation of climate
adaption control technologies is the declared research goal of
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the research project CACTUS (Climate Adoption Technologies in
Urban Spaces), which encompasses collaboration between 6 UK
universities and a number of industrial partners who combine
experimental and numerical work to achieve this goal. As part
of this effort, the current paper investigates the performance of
engineered barriers, by means of advanced hydro-mechanically
coupled finite element analysis. The work focuses on the barrier’s
ability to control surface runoff initiation and excessive perco-
lation to the underlying layers during intense rainfall events.
The full process of construction and interaction of the barrier
with the atmosphere is simulated. Its performance is compared
against a soil profile consisting of natural soil during the same
intense rainfall events. The advanced numerical analysis permits
extensive parametric analyses, with the purpose of optimising
the design and controlling runoff and percolation effectively. This
work aims to assist the construction of engineered barriers in
real-life projects as well as the experimental testing of full- and
small-scale models that will take place as part of the CACTUS
research project, by identifying the soil properties which are
critical for runoff and percolation control, as well as favourable
ranges for their magnitude.

2. Soil-atmosphere interaction finite element analysis
2.1. Overview

The rainfall infiltration into the soil is modelled by means of
hydro-mechanically coupled finite element analysis (HM-FEM).
The Imperial College Finite Element Program (ICFEP; Refs. 35,
36) is utilised, where the Biot’s consolidation theory extended
to unsaturated soils has been implemented. The governing equa-
tions and their implementation were presented in Ref. 28, with
subsequent modifications detailed in Refs. 37, 38. ICFEP adopts a
modified Newton-Raphson solution technique, with an error con-
trolled sub-stepping algorithm, to approximate non-linear me-
chanical and hydraulic response. Non-linearity in the presented
numerical simulations emerges due to the assumed non-linear
mechanical and hydraulic behaviour of the soil and the applied
atmospheric boundary conditions that govern the evolution of
pore water pressure and seepage. An outline of ICFEP capabilities
in terms of boundary conditions, mechanical, permeability and
soil water retention models necessary for the analysis of these
problems can be found in Ref. 39.

A 2D axi-symmetric mesh is created, as a column of 8-noded
quadrilateral elements (Fig. 1). Each element has 16 displacement
and 4 pore fluid pressure degrees of freedom. The mesh repre-
sents a 45-m deep soil column. The nodes at the bottom of the
soil column are fully fixed (U, = U, = 0) and no change in pore
pressure is allowed (Ap, = 0), assuming an interface of the in-
situ soil with a permeable bedrock, e.g. Chalk. The nodes at the
two vertical boundaries of the column are fixed in the r (radial)
direction (U;), however, they are free in the z (axial) direction,
thus the soil can settle. The applied boundary condition in the
z-direction is that of zero shear force (F, = 0). The two vertical
boundaries are also assumed impermeable (qf = 0), thus flow
of water is one-dimensional. Finally, the applied atmospheric
boundary conditions are discussed subsequently.

The numerical simulations are performed in three stages. Dur-
ing the first stage, the soil column in Fig. 1a is subjected to long
term soil-atmosphere-vegetation interaction analysis (4 years),
to establish the stable seasonal PWP profile.>! The soil column
consists of 3 m of Weathered London Clay (WLC) and 42 m of
London Clay (LC), overlaying the Chalk bedrock.

At Stage 2, the top 1 m of the column is excavated and a
1 m deep engineered barrier is constructed in its place. The
barrier consists of a 0.2 m deep Drainage Layer (DL) at the
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Fig. 1. (a) In-situ soil conditions, Weathered London Clay (WLC), London Clay (LC); (b) Barrier construction, Drainage Layer (DL), Compacted Soil (CS); (c) Finite

element mesh and boundary conditions.

base and a 0.8 m thick Compacted Soil layer that reaches the
original ground surface (CS; Fig. 1b). An additional year of barrier—
atmosphere-vegetation interaction analysis is performed at this
stage, to establish the pore water pressure profile within the
column, at the commencement of the intense rainfall events.
Finally, at Stage 3, rainfall events of different intensity are ap-
plied to investigate the performance of the barrier system in
controlling water runoff. The time of runoff initiation, the infil-
tration and runoff rate, and the accumulated runoff water volume
are estimated during the rainfall events, and the barrier perfor-
mance is compared with the untreated soil column, that has been
subjected to the same soil-atmosphere-vegetation interaction
history and the same rainfall events.

2.2. Precipitation boundary condition

Rainfall is simulated with the precipitation boundary condi-
tion (BC) in ICFEP, which has a dual purpose: a flow rate g,, equal
to the rainfall intensity, and a pore water pressure condition, pp,
are prescribed in every increment for which this BC is active. At
the beginning of such increments, the algorithm compares the
pore water pressure at each of the boundary nodes to pg,; if found
to be more tensile, then the flow rate of g, is applied (rainfall
intensity) and the BC acts as an infiltration BC; otherwise the
constant pressure py, is applied, when ponding and surface runoff
occurs. More details about the development and implementation
of the precipitation boundary condition in ICFEP can be found
in Refs. 28, 29. The precipitation boundary condition in ICFEP
has been utilised for the analysis of slope-atmosphere-vegetation
interaction in Refs. 30, 31, 39, 40.

The input flow rate g, in every increment is based on weather
simulation data for central London, obtained via the history+
database of meteoblue.com. Weather simulation data are suitable
for this study, since the evaluation of the barrier performance
does not depend on specific in-situ weather conditions of a par-
ticular site. The data have a spatial resolution between 4 and 30
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Fig. 2. Precipitation and potential evapotranspiration simulation weather data
for London area (source: meteoblue.com).

km, and are complete without data gaps, providing hourly and
daily time resolution. The database is extensively validated and
verified with recordings from weather stations. Based on the last
10 years (2009-2019), a typical annual precipitation history is
derived, by averaging the daily precipitation water volumes for
each month of the year. The precipitation data, for the derived
typical year in monthly averages, are presented in Fig. 2.

The weather input for the long-term analysis of Stage 1 is
in monthly averages. An additional year of barrier-atmosphere-
vegetation interaction analysis is performed at Stage 2, before
the application of the intense rainfall events. Daily averages of
the weather simulation data are used for this additional year, to
achieve higher accuracy of the pore fluid pressure profile estab-
lished at the commencement of the intense rainfall simulation.

2.3. Evapotranspiration boundary condition

Evaporation and transpiration are simulated in a simplified
manner, as a combined evapotranspiration outflow source (sink
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term) in the continuity equation. This is made possible by ap-
plying the vegetation BC presented in Ref. 41. The potential
evapotranspiration rate, T, is an input for each increment of the
analysis. Based on a root water uptake model (Fig. 3), the actual
rate of water outflow applied as the sink term in the continuity
equation is calculated as:

2aT, R
Sacc = ASmax = — <1 - ) (1)

Rmax Rmax

where S, is the maximum water outflow when water is unlim-
ited, R is the depth within the root zone and R, is the maximum
root depth (input); below this depth S;,.x = 0. In the analyses
presented here R = 0.2 m. The actual outflow rate Sy is
calculated by multiplying S,,.x by a suction-dependent parameter
«, according to Feddes et al.*?. The variation of « with suction is
illustrated in Fig. 3. Suctions S1 (anaerobiosis point), S2, S3 and
S4 (wilting point) are input parameters and were taken as 0, 5,
50 and 1500 kPa, respectively.

The fact that S, depends on suction via @ makes the root
water uptake model non-linear, as was highlighted in Ref. 41. At
the beginning of the increment, S, is calculated with the current
o based on Eq. (1), at the Gauss points of each element within
the root zone. The equivalent nodal flow rates are estimated via
numerical integration. However, at the end of the increment, «
will vary compared to the initial estimation, since the pore water
pressure has changed due to the boundary conditions imposed.
This leads to out-of-balance nodal flows, which are minimised
with an iterative procedure, until convergence is achieved within
a prescribed acceptable tolerance.*! The next increment of the
analysis is then performed.

The input potential evapotranspiration rate, Tp, is estimated
from the weather simulation data for central London. This esti-
mation is done based on the FAO Penman-Monteith method,**
that calculates the reference evapotranspiration from the daily
precipitation data, average temperature, relative humidity, wind
speed and shortwave radiation. The calculated potential evapo-
transpiration, in monthly averages, is given in Fig. 2 and is used in
Stage 1. In Stage 2, daily average data are used, calculated by the
FAO Penman-Monteith method, consistent with the daily average
precipitation data.

2.4. Hydraulic soil properties

The fluid flow through both the unsaturated and saturated
soil layers is governed by Darcy’s law. For the case of the en-
gineered barrier, consisting of the unsaturated compacted soil
layer, in addition to the suction dependent permeability, the soil
water retention characteristics are considered via the Soil Water
Retention Curve (SWRC).

The hydraulic parameters of London Clay (LC) are well de-
scribed in the literature and have been employed in previous
studies (e.g. Ref. 44). The saturated permeability of LC can be
expressed as a function of the mean effective stress as>

ksat = koe” )

where ¢ is a fitting parameter, and kg is the reference isotropic
permeability. ¢, and ko are input parameters for the numerical
model.

A variable permeability model, that accounts for the effect
of desiccation crack opening (drying) and closing (wetting), is
depicted in Fig. 4 and employed for the Weathered London Clay
(WLC). The model was introduced in Ref. 45 as:

k
logk = logksq + ﬂIog (max) 3)
or2 — O0T1 ko
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where o7 is the current tensile total principal stress; or; and
o7, are two tensile total stress limits, in between which the logk
varies linearly; knq represents the maximum bulk permeability
of the cracked ground. The model is able to account for the
increased permeability of cracked soil during “dry” months, and
the decreased permeability due to crack closure, during “wet”
months. The parameters for the variable permeability of un-
weathered (Eq. (2)) and weathered (Eq. (3)) LC are summarised
in Table 1. Both layers are assumed fully saturated.

Finally, the permeability properties and SWRC for the com-
pacted soil (CS) and the drainage layer (DL) of the engineered
barrier are defined. The DL is assumed to be constructed with
a coarse-grain gravelly sand material. The calibration of its hy-
draulic properties is based on data for gravelly sand reported
in Ref. 46. The CS is assumed to be constructed with a silty clay
material, tested in Ref. 47, while the calibration of the unsatu-
rated permeability and SWRC functions in ICFEP were presented
in Refs. 48, 49. The CS layers provides the water holding capacity
and the DL the capillary break function due to its coarser fraction.

For both layers, the logarithm of the permeability varies lin-
early with suction, allowing the permeability of intact saturated
soil, ko to reduce with increasing equivalent suction .4, until
reaching a prescribed minimum value, k;;;;, within the prescribed
suction limits S.q; and s.q. The mathematical expression is given

as:
S k
logk = logko + 7eqllog ( 0 ) (4)
Seq2 — Seq1 Kinin
where s;; = s — sqr is the current equivalent suction; s is

the current value of matrix suction; s, is the suction value
at air-entry. The resulting permeability curves are presented in
Fig. 5. Based on the data and calibration presented in Fig. 5, the
permeability of the DL will decrease eight orders of magnitudes
during the fast desaturation of this coarse-grain material due to
suction increase. This mechanism makes the DL a capillary break
layer, since it has the property of stopping the flow when it is
under suction.
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Fig. 4. Assumed variation of soil permeability with major tensile stress due to desiccation cracking.
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Fig. 5. Assumed variation of soil permeability with suction during desaturation.

The SWRC employed for the silty clay layer*® is described as:

B 1 — Seq/Seqo
1+ ag,wSeq

r (5)
where s, is the equivalent suction at zero degree of saturation,
Sr; g,y is a fitting parameter for the primary drying (d) and wet-
ting (w) curves. By a4 = a,, a non-hysteretic SWRC is considered
here.

The SWRC employed for the gravelly sand layer is described
as:

1
S =
' <1 + ((Seq — Seq,des

where S, is the minimum degree of saturation; Seq4es iS the
suction at the beginning of desaturation and a, n and m are
fitting parameters for this non-hysteretic SWRC. Scarfone et al.*°
showed that SWRC hysteresis may affect the hydraulic perfor-
mance of a capillary barrier, but is omitted here for simplicity.
The resulted SWRC are presented in Fig. 6. The hydraulic input
parameters for all layers are summarised in Table 1.

)(1)") (1 - Sr,O) + Sr,O (6)

2.5. Mechanical soil properties

The mechanical behaviour of WLC and LC are simulated with
the nonlinear elasto-plastic Mohr-Coulomb (MC) constitutive
model, with model parameters given in Table 2. The MC model is
coupled with the ICG3SM nonlinear elastic small strain overlay
model of Taborda et al.’!, for the two materials. The material
parameters for the latter model are also summarised in Table 2.
The calibration of the MC and small-strain nonlinear elastic mod-
els for weathered and unweathered London clay was presented
in Ref. 31, while similar values have been employed in Ref. 52.
The mechanical behaviour of the DL is simulated with a linear
elastic model and its stiffness is independent of suction. Young's
modulus and Poisson ratio representative for gravely sand soils
are chosen and their are presented in Table 3.

The mechanical behaviour of CS in the engineered barrier is
simulated by a constitutive model detailed in Ref. 48. This is an
extended and modified version of the Barcelona Basic Model,”>
first implemented in ICFEP by Georgiadis et al.>*. The model
adopts two independent stress variables, the equivalent suction,
Seq» as introduced in Eq. (4), and the equivalent stress:

0 = Onet + Sair (7)
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Fig. 6. Assumed soil water retention curves for the materials of the engineered barrier.

Table 1 Table 2

Soil hydraulic properties of LC, WLC, DL and CS. Soil mechanical properties of London Clay (LC) and Weathered London Clay
Description Symbol Value (WLC).
Permeability London Clay (Eq. (2)) London Clay, Weathered LC
Isotropic reference permeability ko [mm/h] 1.33E-2 Mohr-Coulomb model
Fitting parameter ¢ [m?/kN] 0.007 Symbol Value
Permeability Weathered London Clay (Eq. (3)) ¢ [°] 23
Isotropic reference permeability ko [mm/h] 1.55E—1 ¢ [kpa] 33
Total principle tensile stress limit or1 [kPa] 0 v [-] O.
Total principle tensile stress limit orz [kPa] 100 v Il
Ratio of max and saturated k Kmax/ko 100 Small strain overlay model
Permeability drainage layer Symbol Value
Isotropic reference permeability ko [mm/h] 3.6E+5 Go [kPa] 955
Equiv. suction limit Seq1 [kPa] 0 Ko [kPa] 1665
Equiv. suction limit Seqz [KkPa] 2 Gumin [-] 2000
Ratio of min and saturated k ko /Kmin 10E+8 Knin [-] 3000
Permeability Compacted soil (Eq. (4 mg [-] 0.7

ermeability Compacted soil (Eq. (4)) my [kPa] 07

Isotropic reference permeability ko [mm/h] 10 ag [-] 1.81E—4
Equiv. suction limit Seq1 [KkPa] 0 Re.min [-] 5E—2
Equiv. suction limit Seqz [KPa] 1000 R.min [-] 7.9E—2
Ratio of min and saturated k ko/Kmin 100 To '[_] 3E—4
SWRC of the drainage layer (Eq. (6)) so [-] 11
Equiv. suction at beginning of saturation Seq,des [KPa] 0
Degree of saturation at long-term Sro 0.03
Fitting parameter a 5.5 Table 3
Fitting parameter n 1.7 Soil mechanical properties of Drainage Layer (DL).
Fitting parameter m 1.0 Drainage Layer (DL)
SWRC of the Compacted soil (Eq. (5)) Linear elastic
Suct_ion at .air-entw value Sqir [KPa] 0 Symbol Value
Equiv. suction at zero S, Seqo [KkPa] 100000
Fitting parameter (drying) ag 0.008 E [kPa] 180000
Fitting parameter (wetting) ay 0.008 vI[-] 0.2

where 0. = 0Ootar — Ued, U, being the air-pressure and I the
second order identity tensor. This formulation allows the transi-
tion from saturated to unsaturated states at the air-entry value of
suction. Both strength and stiffness of the simulated unsaturated
material depend on the equivalent suction s.q, during drying and
wetting. Further details on the effect of suction on the strength
and stiffness of the soil, using the adopted constitutive law can be

found in Refs. 48, 54. The mechanical material properties in this
work are the same as those employed in Ref. 40 and are sum-
marised in Table 4, corresponding to an unsaturated compacted
silty soil tested by Estabragh and Javadi*’. The over-consolidation
ratio is used to initialise the hardening parameter py of the yield
surface and is set to 3.5 for the compacted soil after the barrier
construction.
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Table 4
Soil mechanical properties of the compacted unsaturated soil (CS).

Compacted unsaturated soil

Georgiadis et al.>* model

Symbol Value Symbol Value
ag, af [-] 0.7 A(0) 0.086
e, iy [-] 0.9999 K .005
Mg, My [-] 0.899 v 2.12
apy [-] 0.6 p¢ 1

n [-] 0.5 r 0.06
Buy [KkPa] 0.25 B 0.001
m [-] 0.5 s 0.3
Sqir [KPa] 0.0 Ks 0.08
so [kPa] 1000 Datm [KPa] 100
Kinin [_] 300

G/po [-] 15

3. Numerical simulations
3.1. Seasonal pore fluid pressure profile initialisation (Stage 1)

At the beginning of the analysis, soil stresses are initialised
based on the unit weight of London Clay (LC), i.e. 19.1 kN/m?,
above and below the ground water table (GWT). The coefficient
of earth pressure at rest, KO, is 2.1 at the ground surface, reducing
to 0.6 at 15 m below the ground surface, linearly. The GWT is
1-m deep and the pore water pressure profile is hydrostatic, with
suction developing above the GWT.

In Stage 1, a long duration analysis was performed to compute
the stabilised seasonal pore water pressure (PWP) in the soil
profile, with the assigned hydraulic and mechanical properties
discussed in Sections 2.4 and 2.5, respectively. The climatic input
data are those discussed in Sections 2.2 and 2.3. Fig. 7 presents
the resulting PWP profiles in the top 20 m of the 45 m deep soil
column. It is concluded that 4 years annual cycles are sufficient
to achieve the representative stabilised PWP profile for this set of
soil properties, as the filled circular points (4 years) are shown to

coincide with the solid lines (6 years). This result is consistent for
September, when the monthly average evapotranspiration rate
is higher than the precipitation rate, and for March when the
opposite holds.

It is of interest to note a different trend in the PWP profiles in
the WLC compared to the LC. More specifically, the PWP profile
follows a non-linear distribution with depth in LC, whereas, the
distribution is linear in WLC. This is attributed to the differences
in the reference and evolving permeability. The reference per-
meability, ko, of the WLC is 1.55E—1 mm/h, approximately one
order of magnitude higher than the reference permeability of LC
(1.35E—2 mm/h).

3.2. Excavation of in-situ soil and construction of the barrier system
(Stage 2)

At Stage 2, the engineered soil barrier is constructed, by ap-
plying the excavation and construction boundary conditions de-
scribed in Ref. 35. The elements of the top 1 m of the soil column
in Fig. 1a are removed and the same elements are constructed
again, but with the properties of the Drainage Layer (DL) and
Compacted Soil (CS) and become again a part of the active mesh.*
The process occurs in 4 time steps, of At = 1 day, each. The
initial suction in the CS upon construction is an input in the
analysis and 50 kPa was assumed, while 8 kPa was assumed in
the DL. The suction profile within the barrier depends both on
the type of soil and the compaction effort during construction.
Since data for a site specific constructed barrier are not available,
a low suction value is assumed for the coarse-grained gravelly
sand and a higher suction value for the fine silty-clay. A degree of
saturation consistent with the SWRC (Eqgs. (5) and (6)) was also
input. The case where the soil column contains the engineered
barrier is abbreviated as the “treated soil column”, while the case
with the in-situ soil is called the “untreated soil column”, in the
following text for clarity.
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Fig. 8. Surface pore water pressure prediction, during one year of soil-atmosphere-vegetation interaction.

One additional year of barrier-atmosphere-vegetation inter-
action, with daily average precipitation and evapotranspiration
data, is performed at Stage 2. This simulation provides a more
detailed description of the suction variation within every day of
the year since the monthly averaging process smooths out some
critical maxima and minima in the resulting annual evolution of
suction. Each increment of the analysis represents 1 day, and thus
365 increments are applied.

The calculated water pressure (suction positive), at a node of
the top boundary of the soil column, is plotted against time in
Fig. 8. The black line represents the treated soil column, while
the grey line represents the untreated case. Day number 1 in
Fig. 8 is April 1st. The initial suction (day 0) is 50 kPa for the
treated case, due to the construction of the compacted soil of the
barrier, while in the untreated case it is 10 kPa. This value results
from the preceding precipitation-dominant “wet” period at the
end of which the precipitation boundary condition switched from
a prescribed infiltration rate, equal to the rainfall intensity, to
a constant pore pressure of 10 kPa at the same boundary. In
both cases, the surface suction has the tendency to increase
during the “dry” period of about 6 months, up until day 175,
corresponding approximately to the end of September. During
this period, the evapotranspiration rates are, on average, higher
than the precipitation rates (Fig. 2). The rate of suction increase is
higher for the untreated case, hence higher surface suctions are
predicted during the “dry” period for the case of the untreated
soil, approximately after one month. During the “wet” period
(after the initial 6 months), when precipitation rates are higher
than potential evapotranspiration rates, the surface suction pro-
gressively decreases for both cases. The rate of decrease is higher
in the untreated case and the surface suction eventually reaches
the 10 kPa constant boundary pore pressure, imposed by the
precipitation BC when precipitation is dominant.

Finally, the surface settlement that is developed within the
extra year of soil-atmosphere-vegetation interaction is plotted
in Fig. 9 for the two cases. It is observed that the construction of
the barrier reduces the maximum settlement of the soil column
by approximately 50%.

3.3. Barrier performance during intense rainfall (Stage 3)

Rainfall infiltration during intense precipitation events is sim-
ulated in Stage 3 during both “dry” and “wet” periods, corre-
sponding to July 20th and January 20th, respectively, as annotated
in Fig. 8.

3.3.1. Rainfall simulation during the “dry” period

Fig. 10 compares of the performance of the treated soil column
for intense rainfall events in the “dry” period. In Fig. 10 a, b and
¢, the evolution of surface suction with time is plotted during
the 300 min of the ¢ = 9 mm/h, the ¢ = 15 mm/h and the
g = 18 mm/h event, respectively. The return periods of the g
= 9 mm/h, the ¢ = 15 mm/h and ¢ = 18 mm/h events are
T = 2 years, T = 10 years and T = 25 years for the London
area, respectively. Runoff is initiated when the surface suction
becomes zero and the precipitation BC switches from infiltration
rate application to constant pore fluid pressure application, in
this case 0 kPa (instead of 10 kPa as in Stage 2). This reflects
the assumption that ponding of the rainfall runoff water is not
allowed on the soil surface. The bottom percolation rate, i.e., the
rate that the water passes through the drainage layer to the soil
under the barrier is also calculated. A calculation at the same
depth is made for the untreated column too for comparison. It
can be seen that the construction of the engineered barrier in the
treated soil column (black solid lines) prevents runoff initiation
as surface suction is retained in all three cases. Conversely, in
the untreated soil column (grey solid lines) runoff occurs for all
three cases when the surface suction reaches zero. The rate of the
decreasing surface suction increases significantly with increasing
rainfall intensity g, in the untreated soil column case (slope of the
grey solid line in Fig. 10a, b and c), whereas it is less affected in
the case of the treated column. The higher infiltration capacity of
the barrier, due to higher permeability and water retention prop-
erties, makes it less sensitive to increased rainfall intensity. This
will be discussed further later in the paper, through a parametric
analysis of the hydraulic properties of the barrier.

Fig. 10 d, e and f, illustrate the infiltration (full squares), runoff
(empty square) and bottom percolation (cross-mark) rates, for the
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Fig. 9. Surface settlement prediction, during one year of soil-atmosphere-vegetation interaction.

treated (black lines) and untreated (grey lines) cases, during the
same intensity rainfall events. In the treated soil column case,
the infiltration rate equals the applied rainfall rate for the whole
duration 300 min of the rainfall event. The infiltration capacity
of the barrier is not exceeded, and the runoff rate remains zero.
On the other hand, in the untreated soil column, the infiltration
rate equals the rainfall rate up until runoff initiation. After that, it
progressively decreases while runoff rate progressively increases.
The increasing runoff rate leads to an increase of accumulated
runoff as presented in Fig. 10g, h and i. The highest rainfall
intensity (Fig. 10c, f and i) leads to the largest accumulated runoff
in the untreated case, both because the runoff is initiated sooner,
but also because the runoff rate is higher than in the other two
cases. The bottom percolation rate is zero for the treated case in
all three events. This means that no rainfall water passes through
the DL towards the soil layers underneath. The DL acts as a
capillary break layer, since its suction remains significantly higher
(96 kPa in the middle of the DL) than the value required for the
permeability to increase from its minimum desaturated value,
according to the unsaturated permeability calibration presented
in Fig. 5. In contrast, the rainfall water percolation at equivalent
depth to the layers underneath is significant for the untreated
case (grey dotted lines with cross-mark).

It can be therefore concluded that the engineered barrier,
consisting of the Compacted Soil (CS) and a Drainage Layer (DL)
that acts as a capillary break layer, is an efficient solution for
controlling runoff and percolation of rainfall water in the layers
underneath, during the “dry” period.

3.3.2. Rainfall simulation during the “wet” period

The same three rainfall events introduced above are applied
again, but starting during a day of the “wet” period. Fig. 11 a, b
and c show that the initial surface suction, at the commencement
of the rainfall events (t = 0 min), is significantly lower than in
the “dry” period (see also Fig. 8). Due to this, the runoff initiation
in the untreated case starts within a few minutes after the com-
mencement of each of the three events (grey solid line reaches

zero), while in the treated case even the smaller magnitude of
the initial suction is beneficial for preventing runoff even for the
extreme case of ¢ = 18 mm/h (Fig. 11c). Another critical feature
of the untreated soil column’s performance is the high runoff
rates after runoff initiation. Fig. 11 d, e and f show that in the case
of the untreated soil column the runoff rates reach very quickly
their maximum value, which equals the applied rainfall rate. At
the same time the infiltration capacity of the column drops to
zero. This leads to very large accumulated runoff, as presented in
Fig. 11g, h and i. The percolation of rainfall water from the DL
to the layers underneath the barrier is zero for all three events
in the treated case. Significant suctions are sustained (26 kPa at
the end of the most severe 18 mm/h event) in the DL and thus
the desaturated permeability remains very low (see Fig. 5). In the
untreated case, the percolation of rainfall water at an equivalent
with the end of the barrier depth to the layers underneath is zero
due to the fact that surface run-off initiates immediately, thus,
rainfall water stays outside the soil column.

Finally, the predicted surface heave during the ¢ = 15 mm/h
intensity, T = 10 y return period rainfall events, starting during
the “wet” and “dry” periods, is plotted in Fig. 12. It can be seen
that the engineered barrier significantly reduces the large surface
heave that is observed in the untreated soil column (grey dashed
line) during the intense rainfall event of the “dry” period.

From the advanced hydro-mechanically coupled FEM analyses,
it is concluded that the construction of the engineered barrier
can effectively control the runoff initiation and runoff volume
for intense events starting both during the “dry” and the “wet”
period. At the same time it minimises the rainfall percolation
through the drainage layer to the layers underneath. Additionally,
the barrier can potentially control the excess deformation in
the top layers during the soil-atmosphere-vegetation interaction
throughout the year and leads to significantly reduced heave
compared to the untreated case, during an intense event that
occurs during summer These are promising results towards the
development of design guidelines for climate adaption solutions
for urban environments, that will both reduce the risk from fast
flooding and protect shallow underground infrastructure from
excessive deformation.
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Fig. 10. Performance of the engineered barrier (treated soil column) versus in-situ soil (untreatd soil column) during the “dry” period.

3.3.3. Parametric study

The effect of hydraulic properties and depth of the CS layer
on the performance of the barrier is examined next by means
of a parametric study. Three sets of numerical simulations are
summarised in Table 5, where bold values represent variations
to reference values adopted in the above base study. A reference
value is modified in both the simulation of Stage 2, when the
barrier is constructed, and Stage 3, when the intense rainfall event
(g = 15 mm/h) is applied. Since this parametric study focuses
on the effect of the hydraulic properties and the depth of the
engineered barrier, the modified parameters do not influence the
results of Stage 1 (before the barrier’s construction). Finally, the
q = 15 mm/h is applied during the “wet” period, on the 20th of
January as annotated in Fig. 8.

Fig. 13 shows the effect of the reference saturated perme-
ability ko of the CS layer (Set 1) on the runoff initiation, runoff
rate and accumulated volume, percolation rate and percolation
volume, while keeping all the other hydraulic and mechanical
parameters the same as detailed in Tables 1, 2 and 4. The runoff
initiation is prevented in the two cases where kg = 100 mm/h
and k; = 10 mm/h (their lines are overlapping in Fig. 13b),
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Table 5
Numerical simulation program for parametric study.
Permeability, ko [mm/h] SWRC, aq4 Depth, D [m]
100
Set 1 10 0.008 0.8
1
0.1
0.015
Set 2 10 0.008 0.8
0.004
0.8
Set 3 10 0.008 0.3
whereas runoff initiation is observed for kp, = 1 mm/h and

ko = 0.1 mm/h. In the latter case, the runoff is initiated after a
few minutes and leads to significant runoff rates and accumulated
runoff. In all cases the percolation rate and volume remains zero.

Fig. 14 shows the effect of the SWRC on the performance of
the barrier, by testing three different SWRCs that are presented
in Fig. 15 and Table 5, keeping the base reference permeability
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Fig. 11. Performance of the engineered barrier (treated soil column) versus in-situ soil (untreated soil column) during the “wet” period.

the same (ko = 10 mm/h). For the case where oy = 0.004, the
initial suction at the commencement of the rainfall simulation is
43 kPa, and the corresponding degree of saturation is 0.88. For
the case where oy = 0.008, the initial suction is 53 kPa, and the
corresponding degree of saturation 0.84, while for «y = 0.015,
the initial suction is 54 kPa and the degree of saturation 0.60.
Fig. 14a shows that for the SWRC that sustains higher degree of
saturation at a given value of suction (see dotted line with a; =
0.004 in Fig. 15), the infiltration capacity decreases significantly,
and runoff is initiated (grey line in Fig. 14 a, b and c). Moreover,
the runoff rate increases quickly and leads to significant accumu-
lated runoff. In all cases the percolation rate and volume remains
zero.

Finally, the depth of the engineered barrier is examined, since
it is a critical design parameter that significantly effects the cost
of the construction process. Fig. 16a shows that the reduced depth
of the engineered barrier (D = 0.3 m) lead to runoff, while the
D = 0.8 m barrier prevents it. It is further observed that the
runoff rate increases instantaneously after the initiation (Fig. 16b)
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to the maximum rate that equals the rainfall intensity, which
is attributed to the fact that the decreased depth barriers get
saturated faster.

4. Discussion

From the results of the base and the parametric studies, it
is tempting to conclude that a coarse granular geomaterial like
sand or gravel is the best candidate for an engineered barrier
constructed with the goal of runoff control. The larger permeabil-
ity and the faster desaturation lead to an enhanced infiltration
capacity, thus an improved capability to facilitate intense precip-
itation events, compared to in-situ fine grained soils. However,
a coarse geomaterial reduces the water holding capacity of the
barrier, so the water that this system collects tends to flow easier
to the underlying layers, causing larger changes in stresses in
deeper layers. Moreover, water holding capacity is essential for
the healthy growing of vegetation, that can provide a natural
drainage mechanism through transpiration.
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An optimum balance between the hydraulic properties that
increase infiltration capacity, water holding capacity to keep the
system functional and compressibility for the system to protect
shallow underground infrastructure is thus required. This work
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provides a workflow for the analysis of this complicated synergy,
by considering all the mechanisms that contribute to the complex
hydro-mechanically coupled response.

5. Conclusions

The performance of an engineered barrier in preventing and
reducing runoff is investigated in this work, by means of ad-
vanced hydro-mechanically coupled FE analyses. The work is
mainly focused on the barrier’s ability to control runoff initiation
and accumulated runoff volumes during intense rainfall events,
using the ground and weather conditions associated with the
London area, as an example of an urban environment. The main
observations from the study can be summarised as follows:

e A compacted unsaturated barrier with increased permeabil-
ity and water retention properties, compared to those of
the in-situ soil, is capable of preventing runoff initiation for
intense rainfall events of up to 25 years return period, which
may occur in both dry and wet periods of the year.

The coarse-grained material in the drainage layer acts suc-
cessfully as a capillary break layer and prevents the per-
colation of rainfall water to the layers underneath due to
the low unsaturated permeability when is under suction.
This property makes the barrier successful in protecting
underlying underground structures from stress change and
excessive deformation.
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Fig. 16. Effect of the barrier depth on the performance of the engineered barrier.

e The key controlling parameters identified for barrier design
are permeability, water retention properties and depth of
the barrier.

It is demonstrated that the permeability of the barrier upon
construction needs to be approximately the same as the
design rainfall intensity, for the effective runoff control to
be achieved.

It is further shown that the water retention behaviour of the
barrier needs to ensure an appropriate lower degree of sat-
uration for the design value of suction, to enable sufficient
infiltration capacity and runoff prevention.

It is finally established that the depth of the barrier needs
to be substantial to enable an effective annual balance of
water that would ensure that it remains unsaturated. Rela-
tively thin barriers are shown to suffer from rapid saturation
during an intense rainfall, thus losing the ability to prevent
or control runoff.
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