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Abstract: This research developed a numerical-hierarchical framework that captured surface con-
ditions and climate parameters. Volume changes under distinct scenarios of surface boundary,
antecedent moisture, and meteorological parameters were predicted using a coupled seepage-
deformation model. Risk was hierarchically based on expert judgment for surface scenarios (Stage-I
indices) and normal distribution for antecedent moisture and atmospheric parameters scenarios
(Stage-II indices). Results indicated seasonal volumetric changes with minor variations of −5 mm
from January to April, a steady settlement of −17 mm by June, and a gradual heave of +8 mm by
December. All Stage-I indices showed similar trends such that the fluctuations were highest for vege-
tation, followed by slope, then by cover, and lowest for loading. Volume changes gradually reduced
with depth and diminished at 3.1 m. Similar seasonal and profile trends were generally found for
most Stage-II indices. Nonetheless, different trends under wet and dry conditions were observed for
initial water content, precipitation, and air temperature. For the datum scenario, risk was non-existent
till February, increased to 2.3 by June, diminished by October, and rose back to 1.0 by December.
Similar values of cyclic variations in risk were found in most urban facilities. Volume changes were
found to be two times higher in parks, insignificant for roads, half for five story buildings, and one-
fourth for pipes under roads. Among the Stage-II indices, risk for the initial water content inhibited
seasonal variations whereas that for precipitation was about half with a wider distribution; all the
other indices showed about one-third the values. Under a higher occurrence probability of 0.129,
a magnified risk was observed for all the indices such that the most critical were the initial water
content and precipitation.

Keywords: risk assessment; numerical model; hierarchical approach; volumetric changes; expansive
soil; surface conditions; seasonal weather

1. Introduction

Expansive soils are widely distributed in arid and semiarid regions of the globe. Coun-
tries or regions such as Australia [1], Canada [2], China [3], India [4], the Middle East [5],
and the United States [6] have suffered from damage that originated from swell and shrink
of such soils. The swell and shrink behavior of this soil is a response of positive charged
water entering the negative clay mineral layer, which exhibits swelling when wetted and
shrinkage when dried [7]. Weather is the main contributor for expansive soil swell and
shrink and directly governs the potential damages from such soil [8]. The potential damage
from clay includes road crack [9], house movement [10], and pipe leakage [11]. Detailed
damage data includes 19 km of damaged road, costing $11 million in 2017 in the City of
Regina [12]; annual damage in residential and commercial buildings of Sudan reported
to exceed $6 million [13]; and the predicted annual loss related to expansive soil damage
totaling $30 billion in the United States and China [14]. A comparable cost should be

Sustainability 2023, 15, 4200. https://doi.org/10.3390/su15054200 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15054200
https://doi.org/10.3390/su15054200
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8531-2577
https://doi.org/10.3390/su15054200
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15054200?type=check_update&version=4


Sustainability 2023, 15, 4200 2 of 19

expected for hazards due to similar soils in the Canadian Prairies, owing to the extreme
climatic conditions and seasonal weather variations prevalent in the region.

Given the potential damage of expansive soils, there is a need to conduct risk as-
sessment. Existing methods include probabilistic models [15]; multi-criteria evaluation
(MCE) [16]; multi-criteria decision analysis (MCDA) [17,18]; and the analytic hierarchy
process (AHP) [19–21]. The widely used AHP method is a multi-criteria decision-making
approach in which factors are arranged in a hierarchic structure [22]. The magnitude and
possibility of different evaluation indices are collected and used in constructing a fuzzy
decision matrix. The application of the AHP method to volumetric changes in expansive
soils can be divided on the basis of the required evaluation indices and the resulting out-
puts, as follows: (a) those based on a single index of soil properties, including clay content,
consistency limit, and soil mineralogy [19]; and (b) those based on multiple indices of soil
properties and variation of water content [20,21]. In the first type, only a range of heave
and settlement is computed, and as a result, no consideration is given to flow though and
volume change arising from metrological parameters. Although this is easy to carry out,
it cannot capture transient analysis. In the second type, transient volume changes can be
included only when extensive field monitoring data are available and the soil surface is
open to interact with the atmosphere. Therefore, a numerical-hierarchical framework is
required to capture variations in both surface conditions and seasonal weather.

The main objective of this research was to develop a numerical-hierarchical framework
for predicting volume changes in expansive soils under variable surface and weather condi-
tions. Based on published soil properties, various surface conditions, antecedent moistures,
and metrological parameters were used to develop distinct scenarios using a coupled
seepage-deformation model [23]. The various scenarios were hierarchically analyzed to
determine the risk evaluation vector based on expert judgment and normal distribution.

2. Theoretical Background

Figure 1 gives the theoretical background of the AHP method of risk assessment [24–26].
The figure shows the three main components of risk assessment, including the follow-
ing [27]: risk identification (finding, recognizing, and describing), risk analysis (under-
standing the nature and calculating the level of risk), and risk evaluation (comparing the
results with criteria).
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Risk identification involves finding the objective (benchmark for the expected result),
recognizing the origin of the uncertainties (deficient information of an event), and describ-
ing the uncertainties using the risk indices (event categories with potential impacts on
objective results) [28]. The problem is structured as a hierarchy by treating the various
risk indices in stages [22]. The Stage-I indices are related to the objective but may not
be quantifiable and, as such, are required to be scaled based on experience. The Stage-II
indices are related to the Stage-I indices, and since they are quantifiable, these contribute
to the final goal in a stepwise manner [29]. Each risk index is analyzed by understanding
the following components: (i) magnitude (consequence on the objective); (ii) probability
(likelihood of occurrence), and (iii) weight (relative significance). These components are
combined using the matrix evaluation vector (Q) to quantify the level of risk.

The evaluation vector at Stage-II indices (B) is calculated based on Equation (1), and
the overall evaluation vector (Q) is calculated by combining the Stage-I and the Stage-II
indices in Equation (2), as given below:

B =
n

∑
i=1

sti

m

∑
t=1

vti·pti =

s11 . . . sm1
. . . . . . . . .
s1n . . . smn

 v11·p11 . . . v1n·p1n
. . . . . . . . .

vm1·pm1 . . . vmn·pmn

 =

 b11 . . . b1n
. . . . . . . . .
bm1 . . . bmn

 (1)

In the above equation, sti is the weight of an index with the rank (i = 1, 2, . . . , m) and
the associated risk factor (t = 1, 2, . . . , n); vti is the magnitude of an index with rank i and
risk factor t; and pti is the probability of an index i and factor t.

Q =
o

∑
r=1

wrB =

w1
. . .
wo

 b11 . . . b1n
. . . . . . . . .
bm1 . . . bno

 (2)

In the above equation, wr is the weight of Stage-I indices, and r is the number of
Stage-I indices (r = 1, 2, . . . ., O).

Risk evaluation is the process of comparing the evaluation vector (Q) with the risk
criteria (the evaluation tool works as term of reference against analysis tool) to accept or
reject the results. The risk criteria are defined as the terms of reference, which are derived
from standards, bylaws, policies, industry specifications, or based on the default datum.

3. Research Methodology

Figure 2 gives the flow chart of the risk modeling process. The objective was defined
as the volumetric change of soil in the vertical direction. The uncertainties included
four distinct event categories: soil properties, surface conditions, initial water content, and
meteorological parameters. These uncertainties were described by Stage-I indices with a
non-quantifiable effect on the objective and Stage-II indices having quantifiable effect on
the objective.

Soil properties (Figure 3) comprised index properties (specific gravity = 2.75 and plastic
limit = 28%), water retention curve (WRC), hydraulic conductivity curve (HCC), and swell
shrink curve (SSC) [30]. These indices were assumed to be constant because of the largely
homogenous nature of the soil deposit [31]. Likewise, various surface conditions included
cover, loading, slope, and vegetation of the underlying soil. These variable indices were
subsequently assigned to different infrastructure types using expert judgment. Constant
soil properties and the use of expert judgement ensured that the Stage-I indices have a
quantifiable effect on the objective. In contrast, the Stage-II indices included the initial water
content obtained from the field water content profile [30] and meteorological parameters
(precipitation, temperature, humidity, wind, and radiation) analyzed using daily data from
1970 to 2015. The effect of these variable risk indices was quantifiable.
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Various data preparation methods were used to determine the components of risk
indices (magnitude, probability, and weight). The magnitude (v) of all risk indices was
predicted through a coupled numerical model comprising soil–atmosphere interactions
using a commercial software (GeoStudio 2020) and volume change predictions based on
empirical equations [30]. A homogeneous soil column was modeled up to 3.2 m depth
and was divided along the profile into 16 layers of 0.2 m thickness. The initial conditions
included soil properties and initial water contents, whereas the boundary conditions
comprised surface conditions and meteorological parameters. Soil temperature and snow
cover depth were calculated based on meteorological parameters and applied to the model
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as boundary conditions. Further details about model development and validation were
provided earlier [23].
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Figure 3. Soil behavior functions: (a) water retention curve; (b) hydraulic conductivity curve; and
(c) swell-shrink curve [23,30,32–34].

The datum scenario had an upper boundary of no cover, no loading, no slope, and
no vegetation along with mean values of meteorological parameters; the mean initial
water content was applied to the entire soil column. A probability of 12.9% (pertaining
to ±0.3 standard deviation) was set to assume no variations of all indices within this range.

The probability (p) of Stage-I indices was defined as the ratio of area under a given soil
condition divided by the total area. Using constant soil properties, seventeen scenarios were
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modeled. Four surface scenarios used maximum conditions one at a time while keeping
all other indices the same as the datum scenario. The maximum conditions were cover
(of 0.15 m thick asphalt with a hydraulic conductivity of 3 × 10−7 m/s [35,36]), loading
(allowable design stress of 300 kPa for expansive soils [37]), slope (assumed gradient of 45◦

with the horizontal), and vegetation (root zone depth of 0.35 m [38]). The probability of
these variables was set to be 100% to provide equal chance of occurrence.

The probability of Stage-II indices was calculated using normal distribution function
(NDF). Two initial water content scenarios were modeled using the dry and the wet profiles
(Figure 4) one at a time while keeping all other indices the same as the datum scenario;
the climate-dependent parameters of snow depth and soil temperature were also kept at
the datum. The 2-year field measurements [30] for initial water content were analyzed in
1 m layers to obtain mean values. The standard deviation was calculated to obtain the
95% confidence interval for each layer. Therefore, the probability of extreme water content
was set as 2.5%. Finally, ten extreme scenarios (Figure 5) were modeled using the highest
and lowest values of each metrological parameter one at a time while keeping all other
indices the same as datum. The climate-dependent parameters were assigned based on the
corresponding Stage-II indices, for example, dry snow depth for dry precipitation and so on.
The 45-year daily data of atmospheric parameters (precipitation, air temperature, relative
humidity, wind speed, and net radiation) were statistically analyzed to obtain daily mean
values and 95% confidence interval for each parameter. Again, the probability of extreme
meteorological parameters was set as 0.5% and pertained to a 40-year return period.
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The overall weight (wr) of Stage-I indices (r) (Table 1) was calculated for eight selected
infrastructure types. Based on expert judgement, an area factor (Ar, percentage of area
affected by a given index) and a scaling factor (Lr, linear interpolation between datum and
maximum of a given index) were assigned. The following equation was used to determine
the overall weight:

wr =
ArLr

∑4
r=1 ArLr

(3)

In contrast, the weight of Stage-II risk indices was set to be 1 because the influence of
each parameter was included in the governing equation of the coupled model [23]. The
evaluation vector (Q) of each risk index was calculated separately for Stage-I and Stage-II
indices using Equations (1) and (2), respectively. The risk was evaluated by comparing Q
for each index using the risk criteria, that is, the datum model.
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Table 1. Summary of Stage-I risk indices for the investigated urban infrastructure.

Facility
Type Index Area Factor

(Ar)
Scaling Factor

(Lr)
Overall Weight

(Wr)
Rationale and Reference

Park

Cover 0 0 0 No construction

Loading 0 0 0 No construction

Slope 1 0.1 0.1 Low average slope of 0.5◦ (100:1) with marginal runoff
[39]

Vegetation 1 1 0.9 High average root depth of 0.35 m for grass and trees
with full evapotranspiration [38]

Parking
Lot

Cover 1 1 0.8 Average asphalt thickness of 0.15 m with full
insulation from atmosphere per Bylaw 2325 [36]

Loading 0 0 0 Vehicular load not considered

Slope 1 0.2 0.2 Medium average slope of 8.3◦ (12:1) with moderate
runoff per Bylaw 2999 [40]

Vegetation 0 0 0 Flowerbeds not considered

Unpaved
Road

Cover 0.8 0.5 0.55 Average gravel thickness of 0.15 m with partial
insulation from atmosphere per Bylaw 2120 [41]

Loading 0 0 0 Vehicular load not considered

Slope 1 0.2 0.3 Medium average slope of 8.3◦ (12:1) with moderate
runoff per Bylaw 2999 [40]

Vegetation 0.2 0.6 0.15 Medium average root depth of 0.2 m for grass with
moderate evapotranspiration on shoulders [42]

Paved
Road

Cover 1 1 0.7 Average asphalt thickness of 0.15 m with full
insulation from atmosphere per Bylaw 2325 [36]

Loading 0 0 0 Vehicular load not considered

Slope 1 0.4 0.3 High average slope of 18.5◦ (3:1) with high runoff [43]

Vegetation 0 0 0 No vegetation on shoulders

Single
Storey
House

Cover 0.2 1 0.3 Average asphalt thickness of 0.15 m with full
insulation from atmosphere per Bylaw 2325 [36]

Loading 0.6 0.2 0.4 60 kPa distributed over strip footing [44]

Slope 1 0 0 Prepared as flat compacted ground with roof runoff
collected by storm sewer

Vegetation 0.2 1 0.3 High average root depth of 0.35 m for grass/trees with
full evapotranspiration in lawns [38]

Five
Storey

Building

Cover 0.4 1 0.4 Average asphalt thickness of 0.15 m with full
insulation from atmosphere per Bylaw 2325 [36]

Loading 0.6 1 0.6 300 kPa for five floors mat footing [44]

Slope 1 0 0 Prepared as flat compacted ground with roof runoff
collected by storm sewer

Vegetation 0 0 0 No vegetation due to plinth protection

Pipe in
Back
Alley

Cover 0.8 0.5 0.55 Average gravel thickness of 0.15 m with partial
insulation from atmosphere per Bylaw 2120 [41]

Loading 0 0 0 Soil overburden considered with respect to depth

Slope 1 0.2 0.3 Medium average slope of 8.3◦ (12:1) with moderate
runoff per Bylaw 2999 [40]

Vegetation 0.2 0.6 0.15 Medium average root depth of 0.2 m for grass with
moderate evapotranspiration on shoulders [42]

Pipe in
Front
Road

Cover 1 1 0.7 Average asphalt thickness of 0.15 m with full
insulation from atmosphere per Bylaw 2325 [36]

Loading 0 0 0 Soil overburden considered with respect to depth

Slope 1 0.4 0.3 High average slope of 18.5◦ (3:1) with high runoff [43]

Vegetation 0 0 0 No vegetation on shoulders
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4. Data Preparation

Figure 3 presents the soil behavior functions for the investigated soil. The shapes of
these functions are attributed to soil fabric that comprises discontinuous cracks as well
as a soil matrix of particles and pores. Derived from spatially variable deformations and
geological stress history, cracks are found in both natural deposits [32] and compacted
soils [45]. The cracks periodically open during shrinkage (drying due to evaporation)
and close during swelling (wetting due to precipitation). The WRC (Figure 3a) shows
two air entry values, with the first (8 kPa) for air entering the soil cracks and the second
(300 kPa) for air entering the soil matrix. Likewise, there are two residual values, with the
first (100 kPa) pertaining to water leaving the crack walls and the second (2 × 104 kPa)
corresponding to adsorbed water removal from the soil particles. The saturated hydraulic
conductivity (ksat) was reported to range from 5 × 10−9 m/s to 10−10 m/s [33]. Starting at
the highest value, the HCC (Figure 3b) showed a marginal reduction up to 1 × 10−9 m/s
at 8 kPa. Thereafter, the unsaturated value (kunsat) decreased drastically to 1 × 10−12 m/s
at the second air entry of 300 kPa, to 5 × 10−16 m/s at the second residual suction of
2 × 104 kPa, and to 1 × 10−20 m/s under completely dry conditions. In contrast, vapor
conductivity (kvapor) remained at 1 × 10−14 m/s and met the HCC around 3000 kPa [34].
Finally, the SSC (Figure 3c) comprised a low structural shrinkage (with e reduced from 1.1
to 1.0) where water flows through cracks, a high normal shrinkage (with e reduced from
1.0 to 0.6) where water flows through the soil matrix, and a low residual shrinkage (with e
reduced from 0.5 to 0.6) where water leaves particle surfaces [23].

Figure 4 shows the analysis of the initial water content data. The water content profile
(Figure 4a) showed a funnel-shaped trend with a mean water content of 28% and a range of
5% to 45% at the surface that tended to reach 28% at 3.5 m depth. As mentioned earlier, the
various scenarios were defined based on the 95% confidence interval using NDA (Figure 4b).
Generally, these curves were found to be bell-shaped and were centered at 28%, which
pertains to the plastic limit of the soil. Using σ for standard deviation, wc for measured
water content, and µ for arithmetic mean, probability curves were developed following
NDA [46]:

f (x) =
1√

2πσ2
e
(wc−µ)2

2σ2 (4)

Figure 5 presents the simulated meteorological parameters of mean (datum), dry,
and wet years for the investigated area. These daily average values were retrieved from
Environment Canada at the Regina International Airport station (ID 4016560) for precipita-
tion, air temperature, relative humidity, and wind speed and the Power NASA database
(Access Viewer) for net radiation. The cumulative snow depth was calculated by adding
daily precipitation values when air temperature (Ta, ◦C) was below zero and assuming
snow density remained at 100 kg/m3 [47]. When the air temperature was above 0 ◦C,
a daily water volume corresponding to snowmelt was applied at a constant rate over a
two-week period [31]. Furthermore, the soil surface temperature (Tsur, ◦C) was calculated
for no-snow-cover days according to the following equation [48]:

Tsur = Ta +
Qn − AE

0.35η(1 + 0.146Ww)
(5)

In the above equation, Qn is net radiation (mm/day), AE is actual evaporation
(mm/day) obtained using GeoStudio 2020, η is psychrometric constant (0.06733 kPa/◦C),
0.35 (1 + 0.146 Ww) (mm/day/kPa) is an empirical expression for turbulent exchange (Pen-
man, 1948) including Ww as wind speed (km/hr). Likewise, the soil surface temperature
under snow cover was assumed to be 20% of Ta. The bottom soil temperature at 3.2 m was
fixed at 4.6 ◦C, based on measured data in Regina [49]. The seasons were defined on the
basis of mean air temperature, that is, winter (November to March) was below 0 ◦C and
summer (April to October) was above 0 ◦C.



Sustainability 2023, 15, 4200 10 of 19

The mean data (datum) shows 92 days of precipitation, with a cumulative value of
341 mm comprising 49 mm snowmelt (0.49 m of snow depth) and 292 mm rain. The snow
depth was allowed to melt at a rate of 3.5 mm/day from 4 to 17 April. The average values
for the remaining parameters were found to be as follows: air temperature, −10 ◦C in
winter and 12 ◦C in summer; soil surface temperature, −2 ◦C in winter and 9.5 ◦C in
summer; wind speed, 18 km/h in both seasons; relative humidity, 70% in both seasons; and
net radiation, 20 MJ/m2/day in winter to 30 MJ/m2/day in summer. This mean weather is
classified as Dfb according to the Köppen climate classification.

The dry scenarios (obtained from the same database sources) include lowest pre-
cipitation, highest temperature, lowest humidity, highest wind, and highest radiation;
these values were derived from daily data over the 45-year period. The dry scenario
shows 49 days of precipitation, with a cumulative value of 203 mm comprising 3 mm
snowmelt (0.03 m snow) and 200 mm rain. The snow depth was allowed to melt at a rate of
0.24 mm/day from 3 to 17 January. The average values for the remaining parameters were
as follows: air temperature, 2 ◦C in winter and 21 ◦C in summer; soil surface temperature,
−3 ◦C in winter and 17 ◦C in summer; wind speed, 28 km/h in winter and 31 km/h in
summer; relative humidity, 50% for both seasons; and net radiation, 24 MJ/m2/day in
winter and 37 MJ/m2/day in summer. The dry scenarios simulated drought with a 40-year
return period for each of the atmospheric parameters. Similar dry weather spells occurred
in 1984 with 225 mm precipitation and in 2017 with 157 mm precipitation [39].

The wet scenarios (obtained from the same database sources) include highest precip-
itation, lowest temperature, highest humidity, lowest wind, and lowest radiation; these
values were derived from daily data over the 45-year period. The wet scenario shows
181 days of precipitation, with a cumulative value of 639 mm comprising 169 mm snowmelt
(1.69 m of snow depth) and 470 mm rain. The snow cover was allowed to melt at a rate
of 12.1 mm/day from 12 to 25 May. The rest of the parameters registered the following
average values: air temperature, −27 ◦C in winter and 3 ◦C in summer; soil surface tem-
perature, −5.1 ◦C in winter and 3.8 ◦C in summer; wind speed, 7 km/h in both seasons;
relative humidity, 86% for both seasons; and net radiation, 14 MJ/m2/day in winter and
23 MJ/m2/day in summer. The wet scenarios pertained to a 40-year return period for each
of the atmospheric parameters. Similar wet weather conditions prevailed during 2010 with
576 mm precipitation and 2014 with 502 mm precipitation [39].

5. Results and Discussion

Figure 6 gives predicted net water flux for the mean, dry, and wet scenarios. Under
the mean scenario (Figure 6a), the daily flux remained constant during winter due to snow
cover and frozen surface and was followed by a variation of ±10 mm/day during summer
due to alternate rainfall and evaporation. In contrast, the dry scenario (Figure 6b) shows
up to −5 to +2 mm/day (higher than mean scenario) because of lack of snow and frozen
ground during winter, which was followed by −12 to +8 mm/day (lower than mean
scenario) during summer due to low precipitation and evaporation. Furthermore, the wet
scenario (Figure 6c) is similar to the mean, with the exception that the summer is only
five months (May through September).

The monthly cumulative flux under the mean scenario (Figure 6a) was initially 0 mm
up to March because of frozen surface. It decreased to −5 mm by April, as snowmelt
primarily resulted in runoff because infiltration through the soil pores was low. It remained
constant in May despite more rain and evaporation, both of which occurred through the soil
pores as well as cracks [23]. The flux peaked to +12 mm by June and remained positive in
July because of frequent and high-intensity rain events. It gradually decreased to −10 mm
by October because of low rainfall and remained constant thereafter because of frozen
surface. The overall negative net flux (except for May to July) is attributed to the arid (Dfb)
weather under the mean scenario. Under the dry scenario (Figure 6b), the flux decreased
from 0 mm to −15 mm by January, remained constant till May, peaked to −2 mm by June,
and gradually decreased to −20 mm by December. The initial decrease and the subsequent
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negative values up to May are attributed to the absence of snow cover, which increased
evaporation. Under the wet scenario (Figure 6c), the flux remained zero till April because of
snow cover. It rapidly increased to +50 mm by June due to high snowmelt and frequent and
high-intensity rains. The flux gradually decreased to +30 mm by September and remained
constant thereafter due to an early freezing condition at the surface.
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Figure 7 gives the cumulative volume changes at selected depths for Stage-I indices
over a one-year timeframe: + for heave, and – for settlement. The volume change on
1 January was set to zero to ensure direct comparison of the various indices. At 0.3 m depth
(Figure 7a), the datum (black curve) showed minor variation of −5 mm from January to
April due to snow cover and frozen ground. This was followed by a gradual settlement up
to −17 mm by June due to the negative flux in April and May (Figure 6a). Thereafter, the
soil showed gradual heave up to +2 mm by October due to positive flux in June and July.
This delay in soil response is due to the low hydraulic conductivity of the soil (Figure 3b),
which resulted in slow water movement. The soil continued to increase in heave up
to +8 mm by December due to movement of existing water from before under a frozen
surface. Such a cyclic trend of soil displacement was reported through 1961 and 1968 field
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monitoring data [50] and confirmed through numerical modeling using a suction-based
approach [31] and seepage-based approach [23]. The deformations in the datum scenario
gradually decreased with depth and diminished at 3.1 m below surface. This is because
heave is cancelled by soil overburden [51] and settlement is subdued because soils cannot
release water from deeper layers [52].
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For all Stage-I indices, the seasonal and depth (highest at 0.3 m) trends were identical,
albeit with different magnitudes. Under cover, the displacement generally plotted 0 to
−12 mm decreases (up to 5 mm above the datum curve) in early summer due to restricted
evaporation in summer and −15 mm to +6 mm heave (up to 2 mm below the datum) in
winter due to restricted infiltration. Under loading (300 kPa), soil settled up to −4 mm
(end of June) and bounced back to +2 mm (end of December). This relatively lower volume
change is attributed to a reduced void ratio of the soil under a structural load [53]. Under
slope, the soil showed a minor volume change up to −5 mm by April followed by a rapid
decrease to −25 mm by June and then by a gradual increase to −20 mm by December.
The rapid initial decrease and the low bounce-back in volume change compared to the
datum scenario is due to increased runoff, resulting in negligible water infiltration [54].
Under vegetation, the curve showed a rapid heave in early April from −8 mm to +3 mm,
quick settlement (−25 mm) in May, cyclic deformations from −30 mm to −5 mm during
June and July, and gradual increase to −8 mm by December. This trend is similar to the
datum scenario, except for June and July. During these months, vegetation is active, thereby
resulting in increased evapotranspiration through leaves and increased infiltration via
the root system [55]. Among all Stage-I indices, volume change fluctuations were highest
for vegetation index owing to enhanced evapotranspiration and infiltration, followed by
slope index because of surface runoff, then by cover index due to isolation of soil from
atmosphere, whereas loading index diminished most of the deformations.

Figure 8 gives the cumulative volume changes at various depths over a one-year
timeframe for Stage-II indices: + for heave, and – for settlement. Results of the datum
scenario are the same as in Figure 7. Under the dry scenario, the initial water content index
at 0.3 m depth showed a significant drop to −30 mm compared with 0 mm at datum at the
start of the simulated year owing to the imposed initial condition. Thereafter, an opposite
trend to the datum (Figure 7) was observed with minor variations of −30 mm to −25 mm
and back to−30 mm. This lower vertical displacement compared to the datum is attributed
to the lateral consumption of swelling in the initially opened cracks [56]. As expected,
the precipitation index was generally below the datum such that the minimum reached
−30 mm by June and bounced back to −4 mm by December. The effect of precipitation
was reported to be the most critical among the metrological parameters [57]. The remainder
of the Stage-II indices followed the datum curve with some fluctuations. This means that
air temperature, wind speed, relative humidity, and net radiation have minimal impact on
soil volume change. With respect to depth, transient fluctuations gradually decreased for
all other Stage-II indices. Under the wet scenario, the initial water content index at 0.3 m
showed a significant heave of +40 mm compared with 0 mm at the datum at the start of
the simulated year owing to the imposed initial condition. Thereafter, it linearly increased
to +50 mm by June and then remained primarily constant because of surface ponding.
As expected, the precipitation index showed 0 mm till April and continuously increased
to +18 mm by December. The air temperature index did not significantly affect volume
change because of frozen ground conditions for most of the year. The wind speed, relative
humidity, and net radiation closely matched and showed identical trends as the datum
scenario. With respect to depth, transient fluctuations were lower than the dry scenarios.

Figure 9 presents the risk evaluation vectors for selected infrastructure types using
Stage-I indices. Deformations at 0.3 m were used for surface facilities, namely open areas
(Figure 9a), roads (Figure 9b), and buildings (Figure 9c), whereas deformations at 1.5 m
were used for underground pipes (Figure 9d). The datum scenario at surface showed no
risk till February due to frozen soil, increased to 2.3 by June due to settlement arising from
moisture deficit, diminished by October due to heaving arising from preceding summer
rainfall, and rose to 1.0 by December due to heaving. A similar trend was observed for the
datum scenario at 1.5 m depth, albeit with subdued risks, that is, up to 1.2 in summer-fall
and negligible in winter. All of the urban infrastructure types showed the same seasonal
patterns as their respective datum. In comparison to the datum, the risk was two times
in parks, insignificant in roads, one-half in five story buildings, and one-fourth for pipes
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under roads. These changes are attributable to the assignment of overall weights based on
expert judgement (Table 1).
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Figure 10 presents the risk evaluation vectors for Stage-II indices. Results of the
datum scenario are the same as in Figure 9. As expected and based on Figure 8, the data
indicate similar trends for all of the indices because of similar seasonal weather patterns.
In comparison to the datum, the risk for the initial water content index inhibited seasonal
variations, the precipitation index was about half with a wider distribution; all of the other
indices showed about one-third the values. These departures are attributed to the product
of high magnitudes and low p = 0.025 (high return period of 40 years) for both dry and
wet conditions. To highlight the relative impact of extreme conditions, the probability of
indices was increased to 0.129 while keeping the magnitude and the weight as before. This
resulted in a high magnified risk for all of the indices such that the most critical were the
initial water content and precipitation.

The limitations of this research are divided into three categories. The numerical model
can be improved by capturing volume changes due to variations in freeze–thaw, snow
melting, ground water table, crack depth, and daytime duration. Stage-I indices can include
the following: spatial heterogeneity in the soil properties; human activity such as lawn
watering, pipeline leakage, snow dumping, and house heating; surface conditions such as
impermeable asphalt, vehicular load, slope orientation, and large trees; and non-linearity
between the datum and the maximum values. Likewise, Stage-II indices can be improved by
considering following: spatial variation in metrological parameters; effect of solar radiation,
cloud thickness, and albedo on evaporation; interactions of atmospheric parameters to
identify other long-term extreme weather conditions; and short-term extreme weather
simulation such as high intensity storm, drought followed by rain fall, high snow melt
followed by drought, and rain fall on snow dump.
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6. Summary and Conclusions

Knowledge of surface- and weather-related volumetric changes are critical for civil
infrastructure supported by expansive soils. The primary achievement of this research is
the development of a numerical-hierarchical framework that captured surface conditions
and climate parameters. Using numerically predicted transient volume changes, one datum
scenario (exposed to mean weather), four surface scenarios (cover, loading, slope, and
vegetation), two extreme antecedent moisture scenarios (dry and wet), and ten extreme
meteorological parameter scenarios (dry and wet) were analyzed. The risk of volume
change was hierarchically determined for eight types of infrastructure utilizing the four
surface scenarios (Stage-I indices) based on expert judgement as well as for antecedent
moisture and atmospheric parameter scenarios (Stage-II indices) using normal distribution
functions. The main results of this research are summarized as follows:
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Under the datum scenario, the soil surface exhibited minor variations up to −5 mm
from January to April, a steady settlement up to −17 mm by June, and a gradual heave
up to +8 mm by December. Such cyclic variations were found in all the Stage-I indices
such that the fluctuations were highest for vegetation, followed by slope, then by cover,
and lowest for loading. Volume changes gradually reduced with depth and diminished
at 3.1 m.

Among the Stage-II indices, similar cyclic trends to the datum were generally obtained,
except for initial water content (dry and wet), precipitation (dry and wet), and air tempera-
ture (wet). Volume change under dry initial water content dropped to−30 mm and showed
an opposite trend with minor variations. In contrast, the same index under wet conditions
showed a heave of +40 mm at the start and a linear increase to +50 mm by December.

Volume changes under dry precipitation were below the datum, reaching a minimum
of −30 mm by June and bouncing back to −4 mm by December. When wet, the same
index showed no volume change until April and continuously increased to +18 mm by
December. Volume increase under wet air temperature was minor during most of the year.
The transient seasonal fluctuations in volume change gradually decreased with depth for
all Stage-II indices.

Under the datum scenario, risk was non-existent till February, increased to 2.3 by
June, diminished by October, and rose back to 1.0 by December. Similar values for cyclic
variations in risk were found in most urban facilities. Volume changes were found to be
two times higher in parks, insignificant for roads, one-half for five-story buildings, and
one-fourth for pipes under roads.

Among the Stage-II indices, the risk for the initial water content inhibited seasonal
variations, the precipitation was about one-half with a wider distribution; all the other
indices showed about one-third the values. When the probability was increased to 0.129, a
magnified risk was observed for all the indices such that the most critical were the initial
water content and precipitation.
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