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Resilience model for coastal-building foundations with time-variant soil strength
due to water intrusion in a changing climate
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1. School of Civil, Mining and Environmental Engineering, University of Wollongong, Wollongong, Australia
2. Center for Technology and Systems Management, Department of Civil and Environmental Engineering, University of Maryland, College Park, Maryland
20742, USA

Abstract: Groundwater inundation as a consequence of sea level rise triggers significant risks for building foundations in coastal
areas. This paper presents a framework to model the resilience of coastal-building foundations in the presence of soil strength
deterioration due to water intrusion. The resilience model is mathematically based on the integration of the time-variant performance
function within a reference period of interest. A strip foundation is considered, whose ultimate bearing capacity is modeled by the
Terzaghi trinomial formula. The rise of groundwater table reduces the strength of soils, and the impact of climate change on
groundwater level rise is incorporated in the resilience assessment. An example is presented to demonstrate the applicability of the
proposed framework. It is shown that ignoring the effect of water level rise in a changing climate would result in a non-conservative
estimate of structural resilience. The life-time resilience is also dependent on the selection of the maintenance strategies, through
which the performance function is restored to an enhanced state. Future studies should also consider the joint impact of other factors

(e.g., corrosion) on the deterioration of coastal-building foundations.
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1 Introduction

Building foundations in coastal regions are usually
vulnerable to groundwater inundation' . To ensure
the normal serviceability of buildings, the foundations
are expected to be resilient, that is, to be in readiness
for, to absorb, recover from and adapt to disruptive
factors such as water intrusion'.. It has been projected
in the literature® ® that the sea level will rise due to
the potential impacts of climate change. This will
unavoidably lead to groundwater level increase for
coastal areasl’l triggering greater failure risks for
buildings and constructions'®. For example, in June
2021, the Champlain Towers South, a 12-story beachfront
condominium in Miami, US, partially collapsed™, and
the contributing factors under investigation included
the degradation of structural performance due to water
penetration. In the presence of these catastrophic
events, the question frequently raised was whether a
changing climate even exasperated the consequences.
In fact, the American Society of Civil Engineers
(ASCE) MOP 140 has suggested that!'%! new paradigms
should be developed for use in engineering practice
when climate change may occur but cannot be projected
with a high degree of certainty. Manda et al.l!
highlighted the need for groundwater management
strategies that address future changes to the groundwater
systems in coastal regions. However, urban coastal
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vulnerability assessments have often overlooked the
impact of rising groundwater!!!"12!,

In the past decades, the engineering community
has extended their attention from structural reliability
assessment to resilience assessment. For the former,
the emphasis is on the safety/serviceability of a
structure, typically involving risk analyses!'*'4. For
example, Hamrouni et al.'>l performed reliability
analysis of the pseudo-static seismic bearing capacity
of a strip foundation using the limit equilibrium theory,
where the dynamic bearing capacity was determined
by modifying the commonly-used static bearing capacity
equation. Shen et al.l'¥) studied the impact of soil spatial
variability on the failure mechanism and undrained
capacity of strip foundations in a reliability analysis.
In terms of resilience assessment, the focus shifts to
the life-time continued structural performance under
changing conditions!!”). For example, in the design of
a geotechnical structure or system, considering reliability
alone may be insufficient to fully capture the likelihood,
manifestation, and consequences of structural failure
states!!®]. This is particularly the case when the ever-
increasing risks associated with climate change are
taken into account!'”. Huang et al.?”) assessed the
resilience of a shield tunnel, where the tunnel horizontal
convergence was selected as the performance indicator,
and a real-world case study of extreme surcharge on
Shanghai metro tunnel was presented. Martinez et al.l*!!

This work was supported by the Vice-Chancellor’s Postdoctoral Research Fellowship from the University of Wollongong, Australia.
First author: WANG Cao, male, born in 1993, PhD, Vice-Chancellor’s Postdoctoral Research Fellow, research interests: structural reliability and resilience

assessment. E-mail: wangc@uow.edu.au

Published by Rock and Soil Mechanics, 2023



Rock and Soil Mechanics, Vol. 44 [2023], Iss. 1, Art. 3

68 WANG Cao et al./ Rock and Soil Mechanics, 2023, 44(1): 6774

evaluated the resilience of a representative set of
underground transportation assets in coastal areas,
where the impacts of sea level rise and storm surge
scenarios were assessed. Li et al.*?l developed a
resilience model for a degrading anchor-stabilized
slope due to corrosion, where maintenance strategies
are conducted when the failure probability reaches a
predefined threshold. However, limited attention has
been paid to the resilience assessment of coastal
building foundations exposed to water intrusion.

2 Model for resilience quantification

The concept of resilience includes the following
four essential components!®>4: (1) Robustness—
structural ability to withstand hazardous events without
significant performance loss; (2) Redundancy-the
extent to which the structure remains functional under
the impact of disturbance; (3) Resourcefulness—structural
ability to diagnose and prioritize problems and to
initiate solutions by identifying and mobilizing all
types of resources; (4) Rapidity—structural capacity to
restore functionality timely. Attoh-Okine et al.l*]
proposed a dimensionless measure for structural
resilience, Res, as follows,

1
t, —t,

T

Res=

jt: O(t)dt (D

in which Q(¢) is a function representing structural
performance/quality (taking a value between 0 and 1),
ty is the occurrence time of hazard (disruption), and ¢
is the time of full recovery. The resilience model in
Eq.(1) can be further extended to capture the
occurrence of multiple hazardous events. For a
reference period of [0, #], the life-time resilience
measure can be formulated by considering either the

(26271 or the multiplication® 2! of the

summation
resilience measures associated with all the hazardous
events. In this paper, the former (i.e., summation-
based) will be considered, since the focus is on the
gradually-varying load capacity of building foundations.
Mathematically, the life-time resilience is measured

by,

Res = tl [ o)t 2
1

where #; is the duration of service life, and Q(¢) is the
performance function, which is modeled to be
dependent on structural load bearing capacity. Note
that there are other forms of resilience definition in the
literature!®*”! except Eq.(1), which can also be used as a
basis for structural life-time resilience measure. The
resilience measure Res in Eq.(2) varies within [0,1]. In
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some occasions it is more convenient to use the
nonresilience measure, which is the complement of
Res (i.e., 1 —Res).

The performance function Q(¢) being equal to 1.0
means there is no degradation in structural serviceability;
on the other hand, Q(¢) being 0 indicates no service is
available. If the structure suffers from a particular
damage state, the structural quality is reduced to £,
taking a value between O and 1.0, representing the
structural deterioration in terms of serviceability. The
value of [ is dependent on the damage state of the
structure, as well as the decision-makers’ expertise in
practice B!, For instance, B = 0.8 means that the
building usage is restricted to 80% the normal state. It
is straightforward to interpret that, a more severe damage
state results in a smaller value of /. In the context of
building foundation resilience, the performance function
QO(1) is related to the time-variation of the foundation’s
load bearing capacity. The possible changes in
groundwater table, as a result of sea level rise in a
changing environment, may trigger damages to the
foundation as the resistance degrades to a predefined
threshold 2. For example, in the Chinese Standard for
evaluation of existing building subsoil [**), the bearing
capacity of foundations can be classified into four
grades (A, B, C and D) according to the characteristic
ratio ¢ (cri is defined as the ratio of f; to px, where f; is
the characteristic value of the load bearing capacity of
ground, and px is the average pressure at the foundation
bottom under standard load combination): Grade A if
i =1.0;Bif0.9< ¢;<1; Cif 0.8<X ¢,1<0.9, and D if
¢ri <0.8. Corresponding to the evaluation result of the
foundation, one may further adjust the utility availability
of the building (e.g., fully available, partially available,
or not available), which consequently determines the
structural performance Q(f). With this regard, an
example is presented in the following.

Let Ry be the initial capacity, and R(f) the degraded
capacity at time ¢. The deterioration of R(f) may be
dominated by environmental attacks such as water
intrusion, as will be discussed in the next section. The
normalized capacity, R(f)/Ro, deteriorates gradually
from 1 at the initial time (see Fig.1). Before reaching a
predefined threshold ¢, at time ¢, the performance
function Q(f)=1. At the subsequent stage as R(f)/Ro
continues to degrade to ¢, at time #, the performance
function Q(t)= f, (as illustrated in Fig.1). In such a
manner until time 7, Q(f) is described by a step
function, depending on the deterioration process of the
load bearing capacity. For the case as illustrated in
Fig.1, applying Eq.(2), the resilience measure for a
service period of [0, #] can be calculated by
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Resztl[tl +(t2 _tl)ﬂl +(t3 _t2)ﬂ2+(tl _Z3)’B3:|

(3

Note that in Fig.1, only the gradual deterioration of

R(7) has been considered. This model can be further
extended to incorporate the impact of shock deteriorations
(e.g., due to earthquake excitations).

R()/Ro
1

[2%]

2%}
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Fig.1 Dependence of time-variant performance function on
deteriorating structural capacity

In the context of structural resilience, if the foundation
capacity degrades to an unacceptable level, maintenance
measures, such as groundwater drawdown*¥, shall be
conducted immediately. Fig.2 shows two maintenance
strategies. In Fig.2(a), upon R(f)/Ro degrades to ¢
(0= o, <1) at time #;, maintenance measures are taken
so that the load bearing capacity is restored to the
initial state (it takes a duration of ¢J; for the ith
maintenance, i=1,2,..., which is referred to as “repair
time”). In Fig.2(b), a relatively less strict maintenance
strategy is presented, where the intervention is applied
when R(f)/Ro degrades to a, (0< a, < o, <1) at
time ¢ for i=1,2,... (however, no maintenance measure
is taken when R(¢)/Ro degrades to ¢, at time #'). For
both cases in Fig.2, one may employ Eq.(2) to assess
the structural life-cycle resilience. Similar to Eq.(3),
for the case in Fig.2(a), the resilience measure for a
reference period of [0, #] can be calculated as follows:

Res:l—ﬂziﬁi (4)
tl

and for the case in Fig.2(b), the resilience is,

Res:l—%zj[(ti—ti’)(l—ﬂ1)+5i(1—ﬂ2)] (5)
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(a) Maintenance measures taken upon R(#)/R, degrades to ¢

R(O)/Ry |
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(b) Maintenance measures taken upon R(f)/Ry degrades to &

Fig.2 Dependence of performance function on
maintenance strategies

3 Ultimate bearing capacity for strip
foundations

In this section, the load bearing capacity of strip
foundations will be discussed. To this end, the
trinomial formula developed by Terzaghi can be used
to calculate the ultimate bearing capacity, ¢, , as
follows™],

Gu =N, +yD;N, +0.57B.N, (6)

where c is the cohesion of soil, ¥ is the unit weight of
soil, D, and B; are the depth and width of the
foundation, respectively (see Fig.3), N . N, and
N, are non-dimensional bearing capacity factors
(functions of the soil internal friction angle, ), and

are defined by
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N, = tan’ (%+§J exp(ntang)

N, =(Nq—1)cot¢) 7

C

N, =2(Nq +1)tan(0

Note that other models are also available in the
literature™***! to compute the ultimate bearing capacity
of strip foundations.

The rise of groundwater table may reduce the
strength of soils and thus the foundation capacity. In
Eq.(6), it has been assumed that the groundwater table
is at least at a depth of B below the foundation
bottom. When this assumption cannot be satisfied, one
would need to adjust Eq.(6). As shown in Fig.3, the
following two cases are considered™®.

Ground

Groundwater table v Case 1

Xa
D¢

Xb
>

1] Groundwater table y Case2

By

Fig.3 Illustration of a strip foundation

3.1 Case 1
If the groundwater table is above the foundation
bottom, at a distance of x, , Eq.(6) becomes

9.1t ZCNC+|:7/(Df _xa)+'xa(7sa _yw)]Nq—i_
0'5(7sa _}/W)BfNy

in which y_, is the saturated unit weight of soil, y,
is the unit weight of water, and the remaining variables
are as in Eq.(6).
3.2 Case 2

If the groundwater table is below the foundation
bottom, at a distance of x, , Eq.(6) becomes

(8

qultZCNc+7/Dqu+

x, D)
05 (}/sa _7w)+g(y_ysa _7w) BfNy
f

In order to reflect the impact of sea level rise on
groundwater inundation, as shown in Fig.4, assume
that the groundwater table relative to the sea level,
h(x), at a distance of x to the coastal boundary, can be
modeled by the Glover equation as follows!”,
2 ( p s p f ) qx
p.K

N

h(x)= (10
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Volcanic rock
Saltwater

[N
i Freshwater-saline
ter interface rise

Fig.4 Groundwater level rise as a consequence of sea level
rise (adopted from Ref. [4V)

where p, is the saltwater density, p; is the freshwater
density, K is the hydraulic conductivity, and ¢ is the
freshwater flow per unit length of shoreline. Eq.(10)
suggests that for a fixed onshore location (with a fixed
value of x), the relative height A(x) is time-invariant.
Thus, it is reasonable to assume that the groundwater
level rise is equal to that of sea level rise for a
particular building site. When evaluating the impact of
groundwater level rise on the foundation’s ultimate
baring capacity, in the presence of Eqs.(6), (8) and (9),
with a changing groundwater level, one needs to
consider the relative position of the groundwater table
with respect to the foundation bottom, so as to choose
the appropriate formula to compute the ultimate capacity.
In Egs.(6)—(9), the soil strength parameters (cohesion
and internal friction angle) may also vary with time, if
taking into account the impacts of bulk density and
moisture content!*! 42,

4 Example

In this section, a numerical example is presented to
demonstrate the applicability of the resilience model
in Eq.(2). Consider a strip foundation with a width of
0.9 m and a depth of 0.6 m. The statistical characteristics
of the random variables associated with the soil properties
are summarized in Table 1. Assume that the foundation is
located at a coastal region in Sydney, Australia (Latitude
—33.825, Longitude 151.222). According to the Australian
Groundwater Explorer Bore ID GW023150, the site is
with a high groundwater table!*!, which is 1.8 m
lower the ground level. Assume that the cohesion of
soil ¢ is negligible so that it has a value of zero. The
unit weight of water y, is 9.81 kN/m’, and the
internal friction angle ¢ is a time-invariant lognormal
variable. It was projected* that the global mean sea
level may rise 0.5-1.4 m by the end of the 21st
century. Thus, in this example, the groundwater table
for the foundation site increases linearly by 0.5—-1.4 m
over a reference period of 80 years.

Table 1 Statistical characteristics of random variables
involved in the example

Saturated unit weight
of s0il %,

Coefficient Mean Coefficient

of variation /(kN » m™) of variation

Unit weight of soil y Soil friction angle ¢

Mean Coefficient Mean
/(kN * m™3) of variation /(° )

16 0.15 30 0.10 18 0.15
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Fig.5 shows the mean deterioration of the ultimate
capacity in time without maintenance measures
(denoted by Strategy 0) in the presence of different
groundwater level rise scenarios. The results in Fig.5
are obtained through N=100,000 replications of
simulation, where the statistics in Table 1 are used to
generate samples for the random variables. For each
case in Fig.5, totally N trajectories of time-variant
qui(?) are simulated first, based on which the mean
deterioration is obtained by taking the average. It can
be seen from Fig.5 that, a more severe sea level rise
scenario leads to a greater deterioration rate of the
ultimate bearing capacity. If the sea level rises by 0.5
m over 80 years, qu: degrades by 5%; this value is
amplified to be 31% if the sea level rises by 1.4 m,
suggesting a significantly greater risk of foundation
failure. Furthermore, for each case of groundwater rise
scenario, the 5th and 95th percentile trajectories are
obtained from the Ns samples, and are also presented
in Fig.5 to demonstrate the variances associated with
the ultimate capacity deterioration processes. With a
more severe sea level rise scenario, the deterioration
process qui(?) is associated with a greater uncertainty.
For instance, as the sea level rises by 0.5 m, the
interval for qui(?)/qui(0) featured by the Sth and 95th
percentiles is [92.0%, 98.5%] at the end of 80 a. This
interval becomes [51.3%, 91.5%] if the sea level rises
by 1.4 m.

qui(?) /qu(0)

— 05m v e
07k ---08m e
coo Llm v v
== 14m ~
06 L v 5th percentile v,‘\
A 95th percentile ]
"
0.5 L . L y
0 20 40 60 80
Time /a

Fig.5 Deterioration of ultimate bearing capacity
quit(f) with time

As illustrated in Fig.2, in order to achieve a
resilient foundation, maintenance measures shall be
conducted upon some critical conditions are met.
Herein, the following two strategies will be considered.
4.1 Strategy 1

Maintenance measure is conducted immediately
when the ultimate bearing capacity decreases to 95%
the initial state. The repair time follows a normal
distribution with a mean value of 1 a and a COV of 0.2
(see Fig.2(a), with a1 =0.95).

Published by Rock and Soil Mechanics, 2023

4.2 Strategy 2

Maintenance measure is conducted when gui(?)
decreases by 10% (i.e., 2=0.9 in Fig.2(b)). The repair
time is normally distributed with a mean value of 2 a
and a COV of 0.2.

It is also assumed that the performance function
QO(t) takes a value of 0.8 when gqui() reaches a1 quit (0)
and 0.5 if qut (O)/que (0= (i.e., B =0.8, [/ =0.5).
Fig.6 presents sampled trajectories of Q(¢) as functions
of time associated with different maintenance strategies
and sea level rise scenarios. When either strategy 1 or 2
is used, upon the deterioration trajectory of ultimate
capacity reaching a damage-defining threshold, the
repair time, which is the time the foundation takes to
regain initial capacity qui(0), is simulated based on its
statistical characteristics (mean value, COV and distribution
type) and is applied to the performance function. The
sea level rises by 0.5 m over 80 a in Figs.6(a)—6(c)
and 1.4 m in Figs.6(d)—6(f). In Fig.6(a), for each
trajectory, when Q(¢) decreases from 1 to fi, due to
qui()/qui(0) reaching «i, it continues to be S before
qui(t)/qui(0) reaching v, since no maintenance measure
is planned. This is different from the cases in Fig.6(b),
where the performance function is restored to 1 if gui(?)
degrades to aiqui(0). In Fig.6(c), no maintenance measure
is conducted because for all the trajectories, quu(?) 1s
greater than aqui(0) due to the relatively slight sea
level rise. In Fig.6(d), in the presence of more severe
sea level rise scenario (by 1.4 m over 80 a), the
performance function, which is described by a step
function, degrades with a greater rate compared with
that in Fig.6(a). When qui(f) degrades below aqui(0),
it is assumed that the foundation is in an “unsafe to
use” state, and thus the performance function Q(¢)
equals 0. In Figs.6(e) and 6(f), the performance
function is restored to the initial state once gui(¢)/qui(0)
reaches its predefined threshold (ai or o), which is
similar to the illustrations in Fig.2. In the presence of a
more severe sea level rise scenario, the restoration
measures are conducted more frequently.

Applying Eq.(2), the mean values of foundation
nonresilience for a service period of 80 a are summarized
in Table 2, considering different maintenance strategies
and sea level rise scenarios. The values in Table 2 are
obtained through taking the average of 100 000
sampled nonresiliences (random variables) in Eq.(2).
Consistent with the observations in Fig.6, a more
severe sea level rise results in a larger structural
nonresilience (and thus smaller resilience) due to the
enhanced risks. Furthermore, with a fixed sea level rise
and non-repair measure scenario, the nonresilience
associated with strategy 1 is the smallest, followed by
those associated with strategy 2 and strategy O,
respectively. This implies that a stricter maintenance
strategy (with a greater threshold for the degraded
bearing capacity) would lead to a greater structural
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resilience. This difference is even amplified in the
presence of a more severe sea level rise.

The observations from Fig.6 and Table 2 suggest
the importance of “adaptive design and adaption” for
coastal regions exposed to the impacts of climate change,
in particular, sea level rise. The maintenance strategies
discussed in this paper align with the recommended

action of “accommodation” (i.e., living with the water)
in the ASCE MOP 140"%; other types of adaptions
such as “protection” may also be applicable, depending
on the available resources. However, designers and
engineers should make risk-informed decisions and
implement adaptive risk management for coastal
building foundations in a changing environment.

1.0 1.0 1.0
08 I—U-“ 08} m[’[’[W 08} H_I.I_\
= 0.6 ':06- 06}
. 0.4 r S 04} S 04}
02F 0.2 02}
0.0 L L L ! 0.0 L ! L ! 0.0 . . : !
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Time /a

(a) Strategy 0, 0.5 m

(b) Strategy 1, 0.5 m

Time /a Time /a

(c) Strategy 2, 0.5 m

g il I TmwT L
0.8 | 0.8} 0.8} |
= 06F N ~ 06} 06} u\‘
S S £ |
04t 04} S o4t
0.2 F 02 F 02|
0.0 1 1 1 1 0.0 1 1 1 3 0'0 1 1 1 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 30
Time /a Time /a Time /a

(d) Strategy 0, 1.4 m

(e) Strategy 1, 1.4 m

(f) Strategy 2, 1.4 m

Fig.6 Sampled trajectories of time-variant performance function

Table 2 Mean value of the nonresilience measure for a
reference period of 80 a

Mean value of nonresilience measure

Strategy

0.5m 0.8 m 1.1m 1.4m
Stmteﬁ]yefsfﬁg)“pa“ 825x107  1.10x1071  242x107  3.65x107
Strategy 1 S.12x107 1.64x107°  3.92x10%  6.73x10°
Strategy 2 820x10°  4.87x102  4.92x102  6.22x10°

5 Concluding remarks

In this paper, a resilience model for coastal
building foundations has been presented. It is based on
the integration of the structural performance function
within a service period of interest, and takes into
account the impact of groundwater intrusion as a
consequence of sea level rise in a changing climate, as
well as different maintenance strategies. The following
conclusions can be made from this paper.

(1) A more severe groundwater level rise results in
a larger deterioration rate of foundation ultimate
capacity. If the sea level rises by 1.4 m over 80 a, the
ultimate bearing capacity could decrease by 31%. This
observation suggests the importance of reasonably

https://rocksoilmech.researchcommons.org/journal/vol44/iss1/3
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projecting the future scenarios of groundwater table
rise in the design of coastal building foundations.

(2) The selection of maintenance strategy affects
the structural resilience significantly. A strategy with a
higher maintenance level leads to a smaller structural
nonresilience and thus a greater resilience. If the sea
level rises by 1.4 m over 80 a, the structural
nonresiliences associated with different strategies
could vary by one order of magnitude.

Finally, it is noticed that in this paper, only the soil
strength deterioration has been discussed. Future
works may include the joint impact of corrosion* on
the capacity of coastal-building foundations.
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