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Base isolation solutions are efficient alternatives for seismic protection of buildings and for enhancing resilient capacity. Currently,
seismic isolation is focused principally on the critical infrastructure of public health, transportation, education, etc. Despite these
considerations, the current worldwide implementation of this technology is still insufficient. A crucial step to be taken into the
promotion of any earthquake-resistant construction technique is the development of design codes that, although being inspired in
the major international regulations, account for the local seismic effects, among other factors. With the aim of assisting code
developers, this work analyzes and compares the code requirements for seismic base isolation in Japan, China, Russia, Italy, USA,
and Chile. Two prototype seismically isolated hospital buildings located in high and medium seismicity zones (Los Angeles and
New Mexico, respectively) were analyzed and designed with the examined codes. It is concluded that there are high differences

among some of their requirements even though the technology used is the same.

1. Introduction

Base (seismic) isolation of buildings consists in uncoupling
them from the foundation soil by inserting, between the
building and the foundation, elements (commonly termed as
isolators) that are highly flexible in horizontal directions and
rigid in the vertical one. Figure 1 displays a sketch of a typical
building structure with base isolation. In Figure 1, the iso-
lators are termed as “rubber bearings”; the current document
focusses on these devices, given their economy, satisfactory
performance, robustness, and low maintenance requirements
[1,2]. As shown in Figure 1, the building was divided in two
well distinguished main components: superstructure and
substructure, depending on whether they are located above or
under the base isolation device, respectively.

Given the high lateral flexibility of the isolator units, the
horizontal ground motion deforms these devices rather than

moving (accelerating) the superstructure. In other words,
during seismic shaking, the main body of the building re-
mains motionless, while the bearings are significantly
strained. Therefore, free space around the building base is
required to accommodate this drift; it is called as “seismic
gap” in Figure 1. Therefore, the interposition of the isolation
layer between the building and the foundation is equivalent
to add a new story and, hence, a new mode. This new mode
has long natural period, thus becoming the first one
(dominant frequency). Its shape (new mode) involves big
strains in the isolators, while the superstructure keeps
mainly unstrained (i.e., rigid-body motion).

The dynamic behavior described previously is frequently
understood as a strong flexibilization of the building in both
lateral directions. Its fundamental period is dramatically
elongated, thus, the building is essentially uncoupled from
the horizontal ground motion, and the base shear force is
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F1GURE 1: Building with seismic isolation.

markedly reduced. Another relevant advantage is that, given
that most of strain is concentrated in the isolation layer, the
incorporation of additional damping is highly feasible; it
mainly affects the aforementioned new first mode. Those
characteristics reduce forces and accelerations on the
structures, allowing those to be designed to remain near to
the elastic behavior during earthquake movements, without
important damage and maintaining its functionality, which
means obtaining resilient infrastructure.

Apart from similar techniques used by ancient cultures,
base isolation of buildings started been used in 1960 [3,4].
From then on, seismic isolation has been deeply investigated,
and many applications have been reported [5]. A number of
isolated buildings have performed satisfactorily under
strong earthquakes [6-9], ratifying the efficiency of this
solution. Nowadays, base isolation is incorporated into the
major design codes such as the European [10,11] and
American [12] regulations.

Although base isolation is a consolidated and widespread
technique, there is a significant disparity in application in
different countries. Table 1 displays the number of buildings
with base isolation in the countries where this technology is
most spread; these quantities are only approximated and
were reported between 2013 and 2015 [5,13].

Other countries have less buildings with seismic isola-
tion: New Zealand 50, Thailand 50, Canada 50, Armenia 45,
Turkey 40, Mexico 25, Colombia 20, Peru 10, and Ecuador 7
[5,13]. Correlating the quantities in Table 1 to the number of
people living in seismic zones and to the level of develop-
ment of each country, the trend shows that the use of this
technology is highly uneven, despite the high seismicity of all
the considered countries. More precisely, in Japan, China,
Russia, and Italy, the number of isolated buildings is rea-
sonably uniform, but in the USA and Chile, it is significantly
lower. This trend is also observed in some countries that
routinely consider American regulations, such as Mexico,
Colombia, Peru, and Ecuador. This might be due, among
other relevant reasons, to differences in the levels of exigency
of the design codes [14-16].

Advances in Civil Engineering

TaBLE 1: Number of buildings with base isolation.

- Country
Type of building . . .
Japan China Russia Italy The USA Chile
Essential facilities 660 330 600 75 16
Other uses 2340 1170 400 163 35
Houses 5000 3500 — 12 28

This document compares base isolation specifications
used in regulatory codes from Japan, China, Russia, Italy,
USA, and Chile. Two types of contrasts were performed:
general and particular. The particular comparison is based
on an example of a hospital building with seismic isolation.
The general assessment is carried out in terms of analysis and
design procedures, return period of the design earthquake,
soil type classification, importance factor, response reduc-
tion factor due to damping, design spectra, drift limits,
design displacements and forces, and variation of the me-
chanical properties of the seismic isolation system. For the
particular evaluation, the hospital building and the isolation
layer are thoroughly designed, according to the USA reg-
ulation (ASCE 7-2010) [12], for a high seismicity zone (Los
Angeles) and a medium one (New Mexico). Once the de-
signs were performed, the major demanding design pa-
rameters according to the other analyzed regulations were
determined and compared. Static equivalent and nonlinear
time-history analyses (using artificial accelerograms that are
fitted to the design spectra) were used. These parameters are
forces on the superstructure and the substructure, dis-
placement of the isolation layer, and forces on the super-
structure for drift limit verification; noticeably, these
magnitudes are relevant to cost estimations. Given that the
Italian code [17] allows considering several importance
factors, housing use is also analyzed.

The results of this study show that there are serious
discrepancies among the compared regulations for base
isolation of buildings. Indeed, the Russian regulations are
extremely demanding, followed by the Chinese ones. The
USA codes are routinely employed in the rest of the con-
tinent and in many other countries; such regulations do not
consider completely the local conditions for each country or
region. Therefore, the consideration of the most relevant
local circumstances can provide important benefits. A
particular study on Colombia was carried out by Piscal-
Almansa [18].

2. Comparison among the Major Base
Isolation Regulations

2.1. General Considerations. This section presents a general
comparison among the regulation for seismic isolation of
buildings of the countries where this technology has been
most used: Japan (BSL 2009) [19], China (GB 50011 2010)
[20], Russia (SP 14.13330 2014) [21], Italy (NTC 2008) [17],
USA (ASCE 7-10 2010) [12]; (ASCE 7-16 2016) [22], and
Chile (NCh 2745 2013) [23]. In the US, both the current
(referring to late 2016) (ASCE 7-16 2016) and former (ASCE
7-10 2010) regulations were analyzed. Next section describes
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the analysis and design methodologies used by each code.
Subsequent sections discuss each of the analyzed issues.

To better understand the design procedure, it should be
kept on mind that, ordinarily, design starts by selecting
desired (target) values of period and damping of the first
mode of the seismically isolated building. Typical values of
targeted periods range between 2 and 3s; regarding
damping, it ranges between 20 and 35%.

2.2. Analysis and Design Procedures. The analysis and design
methodologies for base-isolated buildings are basically the
same that are commonly employed in seismic design of
ordinary (fixed-base) buildings: static linear analysis (single
mode), modal spectral analysis (multimode), and nonlinear
time-history analysis. The most relevant considerations for
each methodology are explained next.

Firstly, static linear analysis: this approach is the most
simplified one; therefore, it can be only considered when
some conditions are fulfilled. Noticeably, Russia is an
exception, given that the Russian regulation does not in-
clude any previous requirement; for the other codes, the
most relevant required conditions are the following. The
building height is limited to 20m (Chile and the USA
(ASCE 7-10 20100), 40 m (Japan), and 60m (China);
conversely, if there are no tensioned isolators, there is no
height limitation in the new American code (ASCE 7-16
2016). The Japanese and Chinese codes state that the iso-
lators need to be located in the base of the building. Some
codes require that the superstructure has a regular con-
figuration and that the damping ratio does not exceed 30%.
Finally, it should be emphasized that, in common practice,
the static linear analysis is mainly used for preliminary
design. Noticeably, only the former US and Chilean codes
permit tension in the isolators when employing the static
linear analysis.

Secondly, modal spectral analysis: this approach is less
simplified than the static linear analysis, and therefore, the
requirements are less strict. In all the analyzed codes,
conversely to the previous methodology, the design spec-
trum corresponds to damping of 2% for short periods and
significantly higher damping ratios (e.g., 20-35%) for long
periods. The reason is that the short periods correspond to
the higher modes; such modes involve low structural de-
formation, and thus, linear behavior is pursued. Conversely,
the long periods correspond to the fundamental (dominant)
mode; its shape is basically a rigid-body, i.e., involves only
significant deformation in the isolation layer.

Lastly, nonlinear time-history analysis: since this ap-
proach is the most comprehensive of all, there are no
limitations to use it. All the codes oblige to consider a
number of pairs of accelerograms (acting simultaneously in
both horizontal directions); this number is three in the
Chilean, Chinese, and former US codes, six in Japan, three to
seven in Italy, and seven in the new US code. The Russian
code does not contain any prescription regarding this issue;
apparently, seven accelerograms are used in the professional
practice [24]. Except in Japan and China, nonlinear behavior
is concentrated in the isolator units, while the superstructure

and the substructure are assumed to remain elastic; con-
versely, the Japanese and Chinese regulations allow con-
sidering nonlinear behavior of the superstructure. Nonlinear
time-history analyses are widely used in Japan and China
[25,26], although the proposed strategies are more simplified
than in the compared codes. In the Chilean and US regu-
lations, the base shear from the static linear analysis can be
only slightly reduced when performing nonlinear time-
history analysis.

2.3. Seismic Hazard Level. The hazard level is expressed in
terms of the return period of the seismic action that is
considered for design. The prescriptions of the analyzed
regulations regarding this issue are discussed as follows:

Japan. There are three levels. The levels 1/2 correspond,
respectively, to the probability of exceedance of 63/
9.5% in 50 years, i.e., return period of Ty = 50/500 years.
Level 1 is extremely low, and therefore, any damage is
accepted. Level 2 is used to design all the involved
elements (substructure, isolation layer, and super-
structure). Additionally, a level 3 with a probability of
exceedance about 2% in 50 years (TR =2500 years) is
utilized to check the isolation system’s displacement
capacity [1].

China. There are two levels. The first level corresponds
to a frequent event with a probability of exceedance of
63% in 50 years, T = 50 years. The second level is used
in design of structures and corresponds to a maximum
(rare) event with a probability of exceedance of 2-3% in
50 years, Tx = 1600-2500 years.

Russia. There are two levels. The lowest one corre-
sponds approximately to DBE (Design Basis Earth-
quake), and the highest one to the Maximum Probable
Earthquake (MPE) with probabilities to be exceeded in
50 years ranging from 1 to 5% (Tx = 1000 — 5000 years).
DBE and MDE are considered for the design of
buildings with normal importance and highly essential
facilities, respectively.

Italy. There are four limit states in the general Italian
code for seismic design. The first two limit states
correspond to serviceability conditions: Operability
(SLO, 81% probability of exceedance in the reference
period Vi) and Damage (SLD, 63% probability). The
remaining two limit states are ultimate: Life Safety
(SLV, 10% probability) and Collapse Prevention (SLC,
5% probability). Vi is estimated according to the
nominal structural life V (Table 2) and the coefficient
of use Cy:

Vi = VaCy. (1)

In the particular case of structures with base isolation,
the SLD is fulfilled for the substructure when the SLV is.
SLV and SLC are considered for safety verification of
the superstructure and the isolation system, respec-
tively. Cu parameter is described in the Importance
factor section.
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TABLE 2: Nominal structural life in the Italian code (VN) [17].

Type of construction

Nominal life (years)

1 Provisional operation. Structures under construction <10

w N

importance

Ordinary operation, bridges, dams, and infrastructure constructions of limited size or normal importance >50
Large constructions, bridges, dams, and infrastructure constructions of limited size or normal strategic

>100

Source: authors.

The USA. ASCE 7-10 defines two levels: the Design
Basis Earthquake (DBE) and the Maximum Considered
Earthquake (MCE); they correspond to a probability of
exceedance in 50 years of 10 and 2% (T =475 and 2475
years), respectively. DBE and MCE are considered for
designing the superstructure and the isolation system,
respectively. ASCE 7-16 2016 considers the MCE for
designing the superstructure and the isolation system.

Chile. There are two levels. The lowest one corresponds
to DBE, and the highest one (Maximum Possible
Earthquake, SMP) which has a 5% probability to be
exceed in 50 years (T = 950 years). DBE and SMP are
considered for designing the superstructure and the
isolation system, respectively.

Summary. Table 3 presents a summary of the hazard
level requirements.

Regarding the substructure, all the codes indicate that
the return period should be the same as in the super-
structure, although with smaller values of R. Even most
codes recommend R=1, ie., linear behavior; only the
Chilean code allows using up to 1.5.

2.4. Soil Classification and Site Effects. 'There is no difference
with the prescriptions for fixed-base buildings regarding the
soil classification. Most of the codes either do not recom-
mend base isolation in soft soil or require particular at-
tention to this issue.

2.5. Importance Factor. The Japanese code does not contain
any prescription; it is customary to consider 1.25 in public
buildings and 1.5 in essential facilities [27]. The Chinese
code does not include such factor. The Russian codes state
importance factors 1/1.5/2 for structures with normal/high
and exceptional importance, respectively. The Italian code
proposes coeflicients equal to those for fixed-base buildings:
Cy=0.7/1/1.5/2 for moderate/normal/high and exceptional
importance, respectively. This issue is not dealt within the
USA and Chilean regulations; it means I=1 for those
countries.

2.6. Response Reduction Factor due to Damping. Since base

isolation permits important damping increases, this issue is

relevant. The expressions for each code are as follows. For
Japan,

P 1.5 -

"7 1+10(h, +0.8hy) "

0.4, (2)

TaBLE 3: Return period (TR) of the design input (years).

Country Superstructure Isolation system
Japan 500 500
China 1600 — 2500 1600 — 2500
Russia 1000 — 5000 1000 — 5000
Ttaly 475-950 975-1950
The USA [12] 475 2475

The USA [22] 2475 2475
Chile 475 950

Source: authors.

TaBLE 4: Coefficient a in the Chilean code [23].

Soil T Soil 1I Soil TIT
0.10 396.9 293.1 224.5
0.15 180.7 124.6 98
0.20 117.9 76.1 57.1
0.25 94.0 54.3 39.6
0.50 36.9 22.2 16.1

In (2), h, and h, are viscous and hysteretic damping
factors, respectively; for 5% damping, h, + 0.8 hy=0.05.
For China,
0.05-¢
0.3 +6&

0.05— &
4+32¢

n, = 0.02 + >0.0, (3)

005-¢ _

14275 555
2 0.08 + 1.6

In these expressions, ¢ is the damping factor; the use of y,
11, and 1, is described in (8).
For Italy, the USA and Chile, respectively:

1
(10 \2 (4)
;7—<5+]00£) >0.55
% =0.25(1-1n &). (5)

1
B - By — (B, — 1)exp(-aTp|p - 0.05])B,
D

C204p) (©)
1+ 14.688%%
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TaBLE 5: Spectral acceleration in bedrock (Sp) according to the
Japanese code (m/s?) [19].

Period range Level 1 Level 2
T<0.16s 0.64 + 6T 3.2+30T
0.16s<T<0.64s 1.6 8.0
0.64s<T 1.024/T 512/T

In (6), Tp is the soil period, 8 is the damping factor; the
values of the coefficient a are listed in Table 4. Alternatively
to equations (6), equation (5) is also used as a more con-
servative approach.

The Russian code does not contain any equation to deal
with this matter.

Figure 2 displays the response reduction factor due to
damping for each country; for China, #, is plotted. Figure 2
also shows that the factors for Japan and Chile are signifi-
cantly smaller than other countries.

Noticeably, the authors have developed particular cri-
teria for Colombia [28].

5
TABLE 6: Parameter a,,,, of the Chinese code [20].
Intensi
Hazard level Rl
6 7 8 9
Frequent earthquake 0.04 0.08-0.12  0.16-0.24  0.32

0.10-0.15
0.50-0.72

0.20-0.30  0.40
0.90-1.20  1.40

Design earthquake 0.05
Maximum earthquake  0.28

2.7. Design Spectra

2.7.1. Japan. The spectral acceleration S,, is given by (7). Z is
the zone factor (ranging between 0.7 and 1), Gy(T) is the soil
amplification factor (Figure 3), and Sy is the spectral ac-
celeration in bedrock (Table 5):

Sa = ZG ()8, (T). (7)

2.7.2. China. The design spectrum S, obeys to equation (8),
where 77, 775, and y depend on the damping factor ((3); T, is
the soil characteristic period, and a,, is a factor related to
the seismic intensity (Table 6):

T=0 0.1<T<T,

0'45“max T2 ®max

T,<T<5T (8
# # 5T,<T<6 ®
T,\" y

(%) Ny ®ax (’7202 - ’71(T - STg))“max

2.7.3. Russia. 'The design spectra f3; are defined by (9) for soil
type I and II (top row) and III and IV (bottom row). The
values of f; cannot be less than 0.8 (8;>0.8):

T<0.1s 01<T<04s T>04s
0.4 0.5
1+15T 2.5 2.5('—)
T
. 9)
T<0.1s 0.1<T<0.8 T=>0.8s
0.8 0.5
1+15T 2.5 2.5(—)
i T
2.7.4. Italy. The design spectrum is given by
0<T<Ty Ty <T<T¢
SyF I + ! 1 I SyF
a —+— 1= a
g>1%0 Ty 1k, T g>1%0
(10)
Tc<T<Ty Tp<T
T T-T
agSqFoTC a,S1F, ;ZD
In (10), a, is the acceleration at bedrock, S is the soil

coefficient given by =Sy Sg (Sy: topographic amplification,
Table 7; Sg: stratigraphic amplification, Table 8), # is defined
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TaBLE 7: Topographic amplification coefficient in the Italian code [17].

Topographic category St Characteristics of the topographic surface

T1 1.0 Flat surfaces, smooth slopes, and isolated hills with average inclination i< 15°

T2 1.2 Slopes with average inclination i > 15°

T3 1.2 Reliefs with crest width much lower than in the base and average inclination i, 15°<i<30°

T4 1.4 Reliefs with crest width much lower than in the base and average inclination i > 30°

in (4), and F, is the maximum spectral amplification factor,
depending on the location (ranging between and 2.40 and
2.71). Regarding periods, Tc=Cc T ¢*, Tp=Tc/3, and
Tp=a,/g+1.6. Cc depends on the soil type (Table 8), and
T? depends on the location, ranging between 0.15 and 0.56.

2.7.5. The USA. In ASCE 7-10, the design spectrum obeys to
equation (11), where Spg and Sp; are the design acceleration
for short periods and one second, respectively:

0<T<T, Ty<T<Tq

0.6T
Sps| 0.4+ ——] Spg

TO

(11)

Tg<T<T] T>T,
h SpiTt
T T?

In (11), Spg = (2/3)F,S, and Sp; = (2/3)F,S;, where Sg
and S, are the design accelerations (MCE) for short periods
and 1s, respectively. F, (Table 9) and F, (Table 10) are site
coeflicients. Regarding the corner periods, Tp=0.2 Sp1/Spa
and Ts=5 T,. Period T}, depends on location, being defined
in [12]. Ty ranges between 4 and 16 s; noticeably, the values
of T} are extraordinarily high, thus having little applicability
to actual situations.

In Table 9 and 10, the right/left values correspond to
ASCE 7-10/ASCE 7-16. In Table 9, “*” means that a specific
site response analysis is necessary.

2.7.6. Chile. The Chilean code proposes a design spectrum
that is specific for base isolation:

T,<T<T, T, <T<T,
a,A—-A
ﬁ(T—Ta)+A a,A
(12)
T.<T<Ty T>Ty
27 2m\2
(7)o (7) eP

The required parameters are listed in Table 11. These
parameters are defined for seismic zone 2, with maximum
ground acceleration A =0.4g/0.41 g/0.45 g for soils I/II/III,
respectively. For soil type IV, a specific site spectrum is
required. For seismic zones 1 and 3, the spectrum is modified
with factors 0.75 and 1.25, respectively.

TaBLE 8: Stratigraphic amplification coefficient in the Italian code
(17].

Soil type Ss C
A 1.0 1.0
B 1.00 < 1.40 - 0.40F,a,/g <1.20 1.10(Tg) %%
C 1.00<1.70 - 0.60Fa,/g < 1.50 1.05(Tg) %
D 0.90<2.40 - 1.50Fa,/g < 1.80 1.25(TE) %
E 1.00<2.00 - 1.10Fya /g < 1.60 115(T) %

2.8. Comparison among Design Spectra. Figure 4 compares
the spectra that have been described previously. All spectra
correspond to 5% damping, importance factor 1.00, no
response reduction factor (R =1), and soil type C (according
to the USA codes) with vs 30 =500 m/s (average shear wave
velocity). Figure 4 displays spectra that are normalized to
their zero-period ordinates. Figure 4 shows that, for the
range of periods of interest for isolated buildings (2-3's),
the Russian specification spectrum has the highest ordinates
while the spectra for Italy and ASCE 7-16 have the lowest
ones. Above mentioned might be due, among other things,
to the typical characteristic of seismicity in each country, for
instance, Japan and Chile have mainly subduction type
earthquakes, while Italy and the US (California) have mainly
crustal type earthquakes.

2.9. Design Displacements and Forces. After the formulations
discussed in the previous subsections, the following major
design quantities are studied: design displacement of the
isolators (D), total design displacement of the isolators (D),
and force (F,) for obtaining the drift limit (Ay;,,). The design
displacement of isolators corresponds to the expected drift
in the isolation layer for a given return period; this quantity
is used to determine the design force for the superstructure
(Fsup)» through the constitutive law of the isolators. The total
design displacement of the isolators corresponds to the
design displacement incremented with the building torsion;
this quantity is used to design the isolator devices and to
select the required seismic gap. The design force for the
substructure (Fg,,) is determined as the one for the su-
perstructure although corresponding to a response modi-
fication factor (R) equal to 1 (except in Chile, where 1.5 is
allowed).

The recommendations related to the drift limit (A};,,) are
listed next.

Japan. The drift limit (level 1) in the superstructure is 1/
200 for H < 13 m and 1/300 for H > 13 m, where H is the
height of the building.
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TaBLE 9: Site effects (the USA) in the short period range [12,22].
. F,
Soil type/Ss
<0.25 =0.5 =0.75 =1.0 =125 >1.25 >1.5
A 0.8/0.8 0.8/0.8 0.8/0.8 0.8/0.8 0.8/0.8 0.8/N.A. N.A./0.8
B 1.0/0.9 1.0/0.9 1.0/0.9 1.0/0.9 1.0/0.9 1.0/N.A. N.A./0.9
C 1.2/1.3 1.2/1.3 1.1/1.2 1.0/1.2 1.0/1.2 1.0/N.A. N.A./1.2
D 1.6/1.6 1.4/1.4 1.2/1.2 1.1/1.1 1.0/1.0 1.0/N.A. N.A./1.0
E 2.5/2.4 1.7/1.7 1.2/1.3 0.9/* 0.9/* 0.9/N.A. N.A./*
TaBLE 10: Site effects (the USA) in the long period range [12, 22].
. FV
Soil type/S;
<0.10 =0.2 =0.30 =04 =0.5 >0.5 >0.6
A 0.8/0.8 0.8/0.8 0.8/0.8 0.8/0.8 N.A./0.8 0.8/N.A. N.A./0.8
B 1.0/0.8 1.0/0.8 1.0/0.8 1.0/0.8 N.A./0.8 1.0/N.A. N.A./0.8
C 1.7/1.5 1.6/1.5 1.5/1.5 1.4/1.5 N.A./1.5 1.3/N.A. N.A./14
D 2.4/2.4 2.0/2.2 1.8/2.0 1.6/1.9 N.A./1.8 1.5/N.A. N.A./1.7
E 3.5/4.2 3.2/3.3 2.8/2.8 2.4/2.2 N.A./2.2 2.4/N.A. N.A./2.0

TasLE 11: Parameters for the generation of the design spectrum in

the Chilean code (NCh 2745 2013).

Soil type

I 11 111
T, (s) 0.03 0.03 0.03
Ty (s) 0.11 0.20 0.375
T. (s) 0.29 0.54 0.68
Ty (s) 2.51 2.00 1.58
ay A (cm/s?) 1085 1100 1212
ay V (cm/s) 50 94 131
oy D (cm) 20 30 33

s, (1015, (0)

-—-— USA.ASCE7-10 - ITALY

-=-=- CHILE --- CHINA

— JAPAN e USA. FEMA-P-1050-1
—— RUSSIA

FIGURE 4: Design spectra for the examined codes. Source: authors.

China. The superstructure drift limits for both levels
(i.e., frequent and maximum earthquakes) are dis-
played in Table 12.

Russia. The drift limit coincides with the Italian
specifications.

Italy. For SLD, the drift limit in the superstructure is 2/3
of the one for fixed-base buildings. In buildings with
brittle partitions which are rigidly connected to the
structure, this limit is 0.5%, otherwise is 1%. In un-
reinforced/reinforced masonry buildings, the drift limit
is 0.3/0.4%.

The USA. The drift limit for linear/nonlinear analyses is
1.5/2%.

Chile. The drift limit in the superstructure is 0.2%.

Regarding the forces to obtain the drift limit (F,), in the
Chinese and Chilean codes, Fj = Fq,p. Fa corresponds to
Level 1 and SLD in Japan and Italy, respectively. In the USA
regulations, Fx = F,, R.

Since the Russian code does not consider the static linear
analysis, it is not included in Table 13.

The meanings and characteristics of the elements in
Table 13 are described next.

Regarding the expressions used to define D, M is the
superstructure mass, and K. is the isolation layer effective
stiffness. By transforming the dynamic behavior of the
isolated building to a SDOF system, K, is related to the
fundamental period (T) as follows:

an*M

- (13)

K, =
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TABLE 12: Drift limits in the superstructure in the Chinese code [20].

Type of structure

Frequent earthquake

Maximum earthquake

Concrete frame

Concrete frame with structural walls
Tube in tube

Steel structures

1/550 1/50
1/800 1/100
1/1000 1/120
1/300 1/50

TaBLE 13: The prescriptions of each code for D, Dr, and F,.

Design displacement for

Total design displacement for isolators

Design force for the superstructure

Country isolators (D) (Dy) (Foup)

Japan 1.2MF,S,/K, 1.1 D 1.3 DK,
China S.,BMIK, D[1+ x12e/b* +d*] ) 0.858,8M

Italy SuM/K s in D[1 +e/r2x] S,M/R
%‘fO;jSA (ASCE 7-10 gSp Tp/Am2B D[1+x12e/b* +d*]>1.1 D DK,,,../R
ggf;SA (ASCE 7-16 Sy T ai/47*B D1+ x/P*12e/b* + d*]>1.1 D ) Ky DIR(W /W)'=>%
Chile Cp/Bp DI[1 + x12e/b? + d*] ) DK, . /R

&) These expressions correspond to x direction; the relations for y direction are analogous.

TaBLE 14: Reduction factor f3 in terms of the ratio between the base shear force under isolated and fixed-base conditions. Chinese code [20].

Ratio 0.53

0.35 0.26 0.18

B 0.75

0.50 0.38 0.25

The reduction factor  for China is obtained after the
ratio between the base shear force under isolated and fixed-
base conditions; the values of f are listed in Table 14.
Moreover, the Chinese code states that Fg,, cannot be lower
than the base shear of a fixed-base building under a seism
with intensity 6 (Table 6) [29].

In the Italian code, K. mi, is the minimum equivalent
(secant) stiffness of the isolation layer with respect to the
variability of its mechanic parameters. In the US regulations,
Tp and T, are the fundamental periods of the isolated
building for the design and maximum displacements, re-
spectively. In the Chilean code, Cp, (for SMP) depends on the
soil type and the seismic zone; for soil I/II/III, Cp, =240 Z/
360 Z/396 Z, respectively. Z ranges between 3/4 and 5/4.

In Table 13, the expressions for Dyrepresent a simplified
way to consider torsion effects. In the provided equations, x
and y are the distances between the center of rigidity of the
isolation system and the analyzed bearing; these distances
are measured perpendicular to the input direction. Also, e is
the sum of the eccentricity between the center of mass of the
superstructure and the center of rigidity of the isolation
system, and the accidental eccentricity; such accidental
eccentricity should be taken as 5%. Then, b and d are the
shortest and longest plan dimensions, respectively. Finally,
r. and ry are the torsional radii in x and y directions, re-
spectively; P, is the ratio between the effective translational
and torsional periods. Once Dr is set, the main verification
criterion of the isolator units is to confirm that the de-
manding factored compression and tension axial loads do
not exceed the corresponding critical values. The load
combinations used in the USA for compression and tension

are (1.2+40.25,,5)D + Qp + L and 0.8 D — Qp, respectively.
In these expressions, Sy;s is the spectral response accelera-
tion parameter at short periods, D and L are dead and live
loads, and Qg is the maximum considered earthquake effect.
The other regulations consider different prescriptions; for
instance, the European regulations state G + yx Q + E, where
G, Q, and E play the role of D, L, and Qg, respectively, and yp
is a combination coeflicient (ygz<1). This circumstance
points out that, regarding the design of the isolators, the
American codes are more demanding than the European
ones. Another design criterion for the isolator units is the
maximum allowable shear strain; since it ranges commonly
between 100% and 400%, usually this condition is less
demanding.

Regarding Fgp, in Japan and China there is not any
reduction factor of elastic forces, it is assumed that linear
behavior is expected. In the rest of countries, this factor is
represented by R or q. In Russia, R= 1. In Italy, g=1/1.5 for
serviceability conditions/ultimate limit state. In the USA, R
is three eighths of the value for fixed-base condition;
moreover, 1 <R <2.In Chile, R =2 for any structure, except
for 1.6 for eccentric bracing and 1.4 for cantilevers. In the
former USA code, K may is the isolation layer’s maximum
equivalent (secant) stiffness. In the new USA code, K, is the
equivalent stiffness of the isolation layer corresponding to
the maximum displacement (MCE); W/W; are the seismic
weights with/without the base level weight. Finally,  (in the
American codes) is the first mode damping ratio (%).

The USA and Chilean specifications in Table 13 show
relevant differences in the computation of D. The Chilean
code assumes that the fundamental period of the isolated
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building lies in the constant displacement branch (T'> T,).
Conversely, in the USA regulations, this branch is rarely
reached, as discussed previously; in fact, it is assumed that
the 1s period always corresponds to the constant velocity
branch. This circumstance is relevant, given that in some
cities with soft soils, this period can correspond to the
constant acceleration branch. This is one of the major
reasons preventing the USA codes’ direct application to
foreign countries.

The design of the superstructure does not depend only
on the design force Fjp; its distribution along the building
height is also relevant. Fy, is distributed almost uniformly
among stories in Japan, Italy, and Chile. The Chinese and the
old USA codes propose approximately triangular distribu-
tion. The new USA code considers a distribution that is
proportional to the story mass and to h*; b is the height
above the isolation interface and exponent k given by k=14
B T, where By is the effective damping for the maximum
earthquake, and Ty, is the fundamental period of the building
under fixed-base conditions. To discuss on this issue, it
should be kept on mind that, the higher the value of k, the
more demanding the distribution; for instance, when k=0/1,
the distributions correspond to a uniform/triangular. On the
other hand, a value of k>1 generates over-triangular dis-
tributions (higher forces in the top stories) [30]. Commonly,
Par is close to 0.2; then, for ordinary framed mid-height
buildings, k is significantly higher than 1. Hence, it can be
concluded that the recommendations of the new USA code
regarding this issue are more demanding than in the pre-
vious versions.

3. Variation of the Design Parameters of the
Isolator Units

The parameters of the rubber bearings may vary due to
heating, rate of loading, scragging, aging, environmental
conditions, and manufacturing irregularities.

In the static linear method, the Japanese code proposes
multiplying D for 1.2 (Table 13). The Chinese and Russian
regulations do not include any specific criteria. The Italian
code refers to the corresponding European regulation [11];
this document proposes a simplified and conservative for-
mulation, to be used when no more specific information is
available. In such approach, the major mechanical param-
eters of the rubber bearings are modified with a factor A that
accounts for aging, heating, contamination, and cumulative
travel; the A factor affects the stiffness and the yielding force.
The final value of A is obtained by multiplying those for
aging, heating, contamination, and cumulative travel. The
maximum value of A for NRB is 1.65 (for stiffness).

The old USA code [12] deals only with variations due to
manufacturing; it states that the ratio between the maximum
and minimum stiffness of the isolators shall not exceed 1.3
[31]. Conversely, the new USA code contains a wider set of
recommendations. In the same sense, the European regu-
lations [32] also propose a factor A that accounts for all the
aforementioned issues; maximum and minimum values of A
need to be considered. In NRBs, the A factor affects the
stiffness; their maximum and minimum values are 1.83 and

0.77, respectively. In LRBs, the A factor affects the post-yield
stiffness and the yielding force; their maximum and mini-
mum values are 1.83/1.84 and 0.77, respectively (1.83 and
1.84 correspond to post-yield stiffness and yield force, re-
spectively). The current Chilean code follows the old USA
regulation.

In calculating the design displacement for isolators (D)
in the old USA code (Table 13), Tp is obtained for the
minimum value of stiffness of the isolation layer; conversely,
B is determined for the maximum value of such stiffness.
Hence, Tp is longer than if it would correspond to the
maximum stiffness, and B is lower than if it would corre-
spond to the minimum stiffness. Therefore, this approach
has some inconsistency and is conservative, since D is
proportional to Tp and inversely proportional to B. In the
new USA code, Tp and B are determined for the same
stiffness. Maximum and minimum values of it are consid-
ered; among the two obtained displacements, the highest one
is chosen. Hence, the formulation of the new code is con-
sidered more consistent.

4. Example of a Hospital Building

4.1. General Considerations. A reinforced concrete (RC)
hospital prototype building is analyzed. Two localizations for
the same prototype are considered: one is situated in Los
Angeles and the other in New Mexico; these locations
represent high and medium seismicity, respectively. The
superstructure and the isolation layer are designed according
to the ASCE 7-10 recommendations, and their structural
behavior is assessed for the other discussed codes. These
verifications are performed with the “Static linear analysis”
and the “Nonlinear time-history analysis” methods. Finally,
since the Italian code considers different importance factors,
housing use is also contemplated in the verification under
the Italian regulation. In brief, there are 8 cases: Japan,
China, Russia, Italy (hospital), Italy (housing), USA (ASCE
7-10 2010), USA (ASCE 7-16 2016), and Chile.

4.2. Prototype Building and Isolation System. The basic
characteristics of the prototype building are described in
Figure 5. That figure shows that the structure is a 3D 4-story
RC frame; the typical story height is 3 m.

The prototype building has important features that are
typical of hospital facilities [33]: (i) moderate height, (ii)
horizontal architecture arrangement, aiming to facilitate
access and circulation, (iii) large span-length for better use
flexibility, (iv) redundant and spacious vertical connections
(stairs, elevators, and ramps), and (v) wide horizontal
connections (e.g., corridors) inside each story.

Two types of isolation units are used: natural rubber
bearings (NRB) and lead rubber bearings (LRB); moreover,
additional viscous dampers are incorporated in the Los
Angeles building, to provide more energy dissipation ca-
pacity. The behavior of NRBs and LRBs is represented by
linear and bilinear models, respectively. The dampers be-
havior is described with a Maxwell model given by F =

K,ux = cv® [34]; in this expression, F is the interaction force
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FIGURE 5: Prototype hospital building. (a) 3D view. (b) Plan view.

between the device and the building, K, is the stiffness
representing the oil compressibility, x is the damper dis-
placement, ¢ is the damping coefficient, v is the velocity, and
« is an exponent.

4.3. Generation of Seismic Inputs for Time-History Analysis.
The seismic inputs to be used in the dynamic analyses are
pairs of artificial accelerograms fitting the design spectra
that correspond either to the seismicity of Los Angeles or
New Mexico. According to the European code [10], two
different inputs are selected for each horizontal direction.
The Italian code states that a minimum of three pairs of
accelerograms should be used, while the Chilean and the
old USA codes indicate that the number of pairs to be
utilized can be either three or seven; depending on this
choice, maximum or average response shall be considered.
In this work, both options have been initially considered,
but the alternative of three inputs is disregarded since some
results are not satisfactory, given the excessive influence of
any discordant result. Therefore, seven pairs of accelero-
grams are generated for each case. Each pair of inputs is
used for determining a given design parameter: Dy, Fqyp,
Fgupb, or Fa. Given that the Italian code allows considering
different importance levels, the number of inputs is dou-
bled in Italy. After these considerations, the number of
considered accelerograms is

8 (cases) x 7 (pairs) x 2 (directions) x 2 (locations)

x 4 (design parameters) = 896 accelerograms.
(14)

The accelerograms are created to fit the design spectra
that correspond to each situation. The spectral ordinates are
modified with the factor (T R/T,)O‘3, where T, is the reference
period [10] (Table 15). Regarding the location, the seismicity
of Los Angeles and New Mexico is represented by its zero-
period spectral ordinate S,(0). Concerning the design pa-
rameter, the design spectra are generated for the return
period that is stated in the corresponding code (T, Table 3).

The inputs are generated for 20s duration [35]. The
variation of amplitude vs. time responds to the function
described in [36]; the maximum amplitude corresponds to
4s, and the final instant amplitude is 5% of the maximum

one. This choice is based on its superior capacity to re-
produce the behavior of actual inputs [36]. Figure 6 displays
an example of an accelerogram whose response spectrum fits
the design spectrum of the new USA code ((11) and Fig-
ure 4). The design spectrum in Figure 6 corresponds to the
design parameter Fy,, and the seismicity of New Mexico
(medium).

Figure 6(b) highlights the great similarity between the
design spectrum and the individual spectrum of the example
accelerogram, the Design of the Building and the Isolation
Layer According to ASCE 7-10.

The building and the isolation system are jointly designed
with the old USA code, using the Static Linear Analysis
method. Initially, it is approximately estimated that the dead
load is 7kN/m® per story and 4kN/m? for the roof. Addi-
tionally, the live load is taken as 4 kN/m? for surgery rooms
and laboratories, 2 kN/m? for rooms and 5kN/m” for stairs,
corridors, and other public areas. The soil has a shear wave
velocity of 500m/s, corresponding to soil type C. The pa-
rameters for the site seismicity of Los Angeles/New Mexico
are S, =0.623/0.183, S, = 1.55/0.625, F,=1/1.15, F,=1/0.621,
Ty=0.08/0.082s, T, = 0.402/0.412 s, and T} = 8/65s. From this
information, it follows [12] that the zero-period spectral
ordinates in soil type C (S,(0)) are 0.4g and 0.2 g for Los
Angeles and New Mexico, respectively. As indicated previ-
ously, Los Angeles and New Mexico correspond to high and
medium seismicity, respectively. The characteristic value of
the concrete compressive strength is f =21 MPa, and the
reinforcement steel yield point is f ;=420 MPa.

After some iterations, the design starts by selecting
target values of the fundamental period and the first mode
modal damping; in Los Angeles, such values are 2.69 s and
27%, and in New Mexico are 2.53 s and 25%, respectively.
Then, the design of the building and the isolation layer is
carried out as described in the corresponding parts of the
previous section. The seismic weight of the superstructure
for the Los Angeles/New Mexico buildings is 34952/
32218 kN (D +0.3L).

The isolation system consists of LRB and NRB for both
buildings; in Los Angeles, there are also viscous dampers.
Figure 7 displays the layout of these devices. Figure 7 shows
that the LRBs and the dampers are located far from the
center of rigidity, to provide torsion stiffness and increase
the damping developed (Table 16).
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TaBLE 15: Return periods for generation of the input accelerograms in the hospital building example.

Case Dr Fsup Foup Fy
Tr (years) Ty (years) Ty (years) T (years)
Japan 500 500 500 50
China 2500 (0.4g) 2000 (0.2g) 2500 (0.4g) 2000 (0.2g) 2500 (0.4g) 2000 (0.2g) 2500 (0.4g) 2000 (0.2 g)
Russia 1000 1000 1000 1000
Italy (hospital) 1950 950 950 100
Italy (housing) 975 475 475 50
The USA (ASCE 7-10 2010) 2475 475 475 475
The USA (ASCE 7-16 2016) 2475 2475 2475 2475
Chile 950 475 475 475
0.3
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F1GURre 6: Example accelerogram selected to fit a design spectrum for the analysis of the hospital buildings. (a) Accelerogram. (b) Fit between

both spectra.
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F1cure 7: Distribution of isolators and dampers in the Los Angeles
building describes the principal geometrical and mechanical 556
parameters of the rubber bearings.

All the dampers are alike. The main parameters are exponent
() 04, damping coefficient (¢) 135.4kN/(mm/ $)*%, initial
stiffness 7144 kN/m, maximum stroke + 30 cm, maximum speed
0.569 m/s, and maximum force 109 kN.

Table 17 displays the periods and the modal mass ratios of
the first six modes of the base-isolated buildings and the first
three modes of the buildings under fixed-base conditions.

Since incorporating the isolation layer adds three new modes,
in Table 17 the first three modes of the fixed-base buildings
are associated with the 4™, 5™, and 6™ modes of the base-
isolated buildings, respectively. In the isolated buildings, the
periods are calculated for the effective secant stiffness.
Table 17 shows that, for both isolated buildings, the first
three modes correspond to motion along x, y, and rotational
directions, respectively; this indicates a high symmetry both
in the structure and the isolation system. Comparison
among the periods of the first three modes of the base-
isolated buildings and those of the fixed-base buildings
shows that the isolation elongates the periods as expected.

4.4. Design Spectra. Additionally, to the design spectra de-
fined according to USA codes, a group of design spectra for
each studied country was developed. The cities used cor-
respond to the ones where the seismic hazard may have
similar hazard characteristics to the USA used. That is, cities
where soil type is C, and with spectral ordinates in zero-
period equal to 0.4 g and 0.2 g, to represent intermediate and
high hazard levels (e.g., Los Angeles and New Mexico,
respectively).
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TaBLE 16: Parameters of the isolators (minimum/nominal/maximum) for the hospital buildings.

Los Angeles New Mexico

NRB LRB NRB LRB
Diameter (mm) 500 600 450 450
Rubber layer height (mm) 5 6 5 5
Rubber height (mm) 125 250 110 180
Lead core diameter (mm) — 90 — 60
Rubber shear modulus (MPa) 0.392 0.385 0.392 0.385
Lateral initial stiffness (kN/m) 616/677/800 5867/5867/5867 567/623/737 5585/5585/5585
Yielding force (kN) — 54.91/60.40/71.38 — 26.70/29.30/34.71
Lateral after-yield stiffness (kN/m) — 451/496/587 — 430/473/559
Vertical stiffness (kN/m) 1228 1106 1043 811
Effective design stiffness (kN/m) 515 715 567 738
Effective damping (%) — 20.38 — 25
TaBLE 17: Modal parameters of the hospital buildings under isolated/fixed-base conditions.
Los Angeles New Mexico
Mode Period (s) Mod_al mass Modial Rotatlon?l Period (s) Mod?l mass Modgl mass Rotatlon.al
ratio (x) mass ratio (y) mass ratio ratio (x) ratio (y) mass ratio
1/- 2.690/- 0.993/- 0/- 0/- 2.530/- 0.998/- 0/- 0/-
2/- 2.670/- 0/- 0.999/- 0/- 2.510/- 0/- 0.999/- 0/-
3/- 2.400/- 0/- 0/- 0.990/- 2.290/- 0/- 0/- 0.999/-
4/1 0.300/0.513 0/0.820 0/0 0/0 0.350/0.706 0/0.836 0/0 0/0
5/2 0.288/0.470 0/0 0/0.820 0/0 0.330/0.697 0/0 0/0.830 0/0
6/3 0.265/0.449 0/0 0/0 0/0.820 0.310/0.617 0/0 0/0 0/0.833
TaBLE 18: Design parameters for static linear analysis of the example hospital buildings.
: o :
Reduction factor due to damping Spectral ordinate (5% dz?mpmg,
c 475 years return period)
ase
Damping 27% for high Damping 25% for medium  High seismicity Medium seismicity
seismicity (5,(0)=0.4g) seismicity (S,(0)=0.2g) (5,(0)=0.4g) (5,(0)=0.2¢g)
Japan 0.405 0.429 0.2110 0.1121
China y=0.785, 1, =0.00259, 7,=0.570 y=0.789, 1, =0.0033, 1, = 0.583 0.1921 0.0974
Russia 0.559 0.577 0.3860 0.1950
Ttaly 0.559 0.577 0.1274 0.0720
The USA (ASCE 7-10 2010) 0.577 0.597 0.1529 0.0813
The USA (ASCE 7-16 2016) 0.577 0.597 0.1318 0.0696
Chile 0.444 0.461 0.1628 0.0920

4.5. Structural Analyses Using the Compared Codes. In this
section to the buildings previously described and designed
according to ASCE 7, two types of verifications are performed:
(i) static linear analyses according to all the codes (obviously,
except for the old USA one), and (ii) nonlinear time-history
analyses (according to all the codes) by using the accelero-
grams described previously. In both cases, the verification
consists of comparing the values of Fgp,, Fyubs Fa, and Dy
Some calculations require obtaining seismic accelerations for
return periods different from the reference one; as in the
generation of accelerograms, this modification is done through
the factor (TR/Tr)O'3 , where T, is the reference period [10].
Table 18 displays, for each analyzed code and level of
seismicity, the reduction factors due to damping (Figure 2),
and the spectral ordinates (Figure 4) for 5% damping,
475years return period, and the corresponding target

fundamental period. Table 18 shows that the maximum and
minimum damping reduction correspond to Japan and the
USA, respectively (Figure 2). In addition, the maximum and
minimum spectral ordinates correspond to Russia and Italy,
respectively (Figure 4).

Table 19 displays the total displacements of the isolators
(Dr, Table 13), the design forces for the superstructure (F,
Table 13), the design forces for the substructure (Fg,,), and
the forces used to obtain the drift limit (F,). Values from the
equivalent lateral force method (static linear analysis) and
dynamic calculations (nonlinear time-history analysis) are
presented for each code and each seismicity level.

The results in Table 19 represent the design parameters
of the isolated buildings according to each analyzed regu-
lation and corresponding to the same (equivalent) level of
seismicity. Since Table 19 summarizes the most relevant
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TaBLE 19: Design parameters for static/time-history analysis of the analyzed buildings.

Dy (mm Foyp (KN Fou (KN Fr (KN

Case/S,(0) T (mm) wup (KN) b (KN) - (kN)
=04g =02g =04g =02g =04g =02g =04g =02g

Japan 269/264 141/141 7201/7092 3479/3423 7201/7092 3479/3423 3910/3870 1889/1876
China 604/387  360/237  10898/8528  5872/3790  10898/8528  5872/3790  10898/8528  5872/3790
Russia(*) 596/563  292/299 14266/13456 6927/6910 14265/13456 6927/6910 14266/13456 6927/6910
Italy (hospital) 277/244  158/138  3920/3461 2030/1780  6001/5356  3046/2713 3125/2801 1626/1485
Italy (housing) 216/193  129/115 3185/2955 1649/1524  4778/4299 2474/2209  2432/2230 1259/1167
The USA (ASCE 7-10 2010) 395/319  213/180 3939/3392 1909/1671 5908/4682 2863/2266 5908/4681 2863/2266
The USA (ASCE 7-16 2016) 346/284 182/158 5636/4838 2781/2321 8586/7242 4171/3435  8586/7 242 4171/3435
Chile 267/254  140/137 3354/3197 1256/1219 4472/4213 1674/1584 3354/3197 1256/1219

(*) In Russia, the results for static analysis correspond to modal spectral analysis.

results of this work, comprehensive interpretations are
necessary. Major comparisons are discussed next:

(i) Static vs. dynamic results: this comparison shows
that, in almost all the situations, the results for the
dynamic analyses are smaller; in fact, only in one
case (Dr, Russia, S,(0)=0.2g), there is a slight in-
crease. This circumstance is expected, given that the
dynamic analyses involve fewer simplifications. The
minimum and maximum reductions for Dy are
1.62/0.07% (Japan 0.4g/0.2g) and 35.85/33.99%
(China 0.4g/0.2g). Regarding Fg,, and Fy, the
minimum and maximum decreases are 1.51/1.63%
(Japan 0.4g/0.2¢g) and 21.75/35.46% (China 0.4 g/
0.2g). Concerning F,, these reference values are
1.02/0.72% (Japan 0.4g/0.2g) and 21.75/35.46%
(China 0.4g/0.2g). These data show that in the
Japanese and Chilean codes, the static and dynamic
formulations are highly adjusted; as regards the
Chinese code, nonlinear time-history analyses are
widely used [25,26]. In the USA regulations, the
reductions are significant, ranging between 13.34
and 19.24 for Dy, 12.47 and 16.25 for F,, and Fyy,
and 15.66 and 20.87 for F,. If nonlinear time-history
analyses are performed, the American and Chilean
regulations allow maximum reductions in regular
buildings of Fqp, Dy, and Fgy, of 40, 20, and 10%,
respectively; Table 19 shows that these limitations
are only exceeded for F,, in the USA cases.

(ii) High vs. medium seismicity: given that the differ-
ences between the static and dynamic results have
already been discussed, this paragraph analyzes only
the decreases from high to medium seismicity in
static linear analysis. The minimum and maximum
reductions for Drare 40.28% (Italy for housing use)
and 51.01% (Russia). Regarding Fg,p, Fsups and Fa,
the minimum and maximum diminutions are
46.12% (China) and 62.56% (Chile). These com-
parisons show that, as expected, the percentage of
lessening is close to 50%; the variation among the
analyzed regulations is rather low.

(iii) Comparison among cases: given that the differences
between the static and dynamic results and between
the high (S,(0)=0.4g) and medium seismicity

(S.(0)=0.2 g) have been discussed in the previous
paragraphs, only the figures for static analyses and
high seismicity are compared herein. At a first
glimpse, it is apparent that the specifications of the
compared codes are uneven. The minimum and
maximum values for Dt are 216 mm (Italy for
housing use) and 604 mm (China). Regarding Fi,p,
the minimum and maximum values are 3185kN
(Italy for housing use) and 14266kN (Russia).
Regarding Fg,p,, the minimum and maximum values
are 4472kN (Chile) and 14265kN (Russia). Con-
cerning F,, these quantities are 2432kN (Italy for
housing use) and 14266 kN (Russia). These com-
parisons show that the Russian code is by far the most
conservative and, except for the substructure, the
Italian code for housing use is the least conservative.
If looked in detail, in the Italian code, the differences
between housing and hospital use are significant,
both for design forces and drift limits. The variations
in the new USA code referring to the old one are
~9.87% for Dr, +43.08% for Fq,, and +45.33% for
Fub and F,. The study [37] shows that, in some cases,
the new code is more demanding for the super-
structure. The values obtained in this study could
change, using the modification factor properties in
the calculus for both cases: ASCE 7-10/ASCE 7-16.

The required stiffness is obtained by dividing the force F5
by the corresponding drift limits, and the values computed
for comparison are as follows: 65.16 kN/m (Japan), 45.41 KN/
m (China), 336.40kN/m (Russia), 78.13kN/m (Italy for
hospital use), 60.79 kN/m (Italy for housing use), 32.82 kN/
m (USA (ASCE 7/10 2010)), 47.70 kN/m (USA (ASCE 7-16
2016)), and 139.76 kN/m (Chile). These results show ex-
tremely important discrepancies; the strictest stiffness re-
quirements come from the Russian code and the least strict
ones from the old USA one.

Table 20 displays the total displacements of the isolators
(Dr, Table 13), the design forces for the superstructure (F,
Table 13), and the design forces for the substructure (Fg);
these results correspond to levels of seismicity that are
uniform in terms of return period. Only values from the
equivalent lateral force method (Static linear analysis) are
presented. The results for Russia are omitted, given that they
are outermost; also, the case “Italy for housing use” is not
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TaBLE 20: Design parameters for static analysis of the analyzed buildings under uniform return period demand for medium seismicity

(S.(0)=02g).

Case Dy (mm) Tg=2475 years Fyup (KN) T =475 years Foup (KN) Tr=475 years
Japan 155 2476 2476
China 253 2517 2517
Ttaly 191 1312 1968
The USA (ASCE 7-10 2010) 213 1909 2863
The USA (ASCE 7-16 2016) 182 1508 2542
Chile 164 1105 1474

TaBLE 21: Design parameters for static analysis of the analyzed
buildings under uniform conditions.

Case Dy (mm)  Fyyp (KN)  Fyp (KN)
Japan 86 1587 1587
China 257 3815 3815
Ttaly 117 1427 2141
The USA (ASCE 7-10 2010) 52 583 875
The USA (ASCE 7-16 2016) 50 584 984
Chile 100 850 1131

included because it is distinguished from “Italy for hospital
use” through the return period.

Table 20 shows significantly less scattering than Ta-
ble 19. This circumstance indicates that part of the huge
disparities observed in Table 19 is due to the different
demand requirements in terms of return period. However,
with only two exceptions, the codes that provide the
minimum and maximum values are the same in Tables 19
and 20. Noticeably, the results for both USA codes show
that, once the quantities are normalized regarding the same
return period, the new code can be considered less de-
manding for some configurations of the isolation layer,
without considering the variation of properties, which can
change this affirmation.

Table 18 through Table 20 contrast globally the analyzed
codes; to compare only their prescriptions for the static
linear analyses, further calculations corresponding to the
same starting values have been performed. Such common
values are as follows: target damping ratio 25%, target period
2.53s, return period of the design input 475years, and
normalized spectral acceleration for the target period
0.081 g. Noticeably, this last consideration is the most sig-
nificant difference concerning to the previous calculations,
given that the design spectra of the analyzed codes are not
utilized herein. Similarly to Table 20, Table 21 displays the
obtained design parameters.

Table 21 shows significantly more scattering than Ta-
ble 20. This circumstance can be read as a certain degree of
internal coherence of the analyzed regulations, given that the
differences in the spectral shapes apparently tend to com-
pensate the huge discrepancies among the results in Table 21.
In the same sense, it can be concluded that the discrepancies
among the compared codes do not lie only in the seismic
hazard levels requirements but also in the rest of the
formulation.

5. Conclusions

This paper compares the design codes for base isolation of
the countries where this technology is most spread: Japan,
China, Russia, Italy, USA, and Chile. According to the
analyzed codes, the design of a hospital building, located
in zones with high and medium seismicity, is also
compared.

The overall conclusion of this study is that there are
enormous discrepancies among the compared codes,
encompassing virtually all the involved issues (seismic
hazard level requirements, design spectrum, reduction
factor due to damping, and variation of the design pa-
rameters of the isolator units, among others), although all of
them wants to obtain a better performance of the structures,
thinking in lower damage and resilient infrastructure.
Broadly speaking, the Russian code is the most conservative,
apparently mainly because of its low specificity for base
isolation. The Chinese code is also highly conservative,
mainly the simplified analysis strategy. The American
regulations exhibit a certain degree of conservatism; in
some cases, even the new version is more demanding. The
level of conservatism of the Japanese regulations is com-
parable to the one of the USA codes. The Chilean code is
significantly less demanding than the American ones. The
Italian regulation is the least demanding, mainly for non-
essential facilities; this conclusion can be extended to all
countries whose regulations are based in the European
regulations (Eurocodes). If the code prescriptions are
normalized with respect the return period, three major
changes are observed: the dispersion among the analyzed
countries is significantly reduced, the Chilean code becomes
more conservative than the Italian one, and the new USA
code is less demanding than the old one (without consid-
ering properties variation). Regarding the Chinese and
Japanese regulations, the consideration of nonlinear be-
havior of the superstructure in the time-history analyses,
might generate less demanding conditions when such ap-
proach is utilized. Another relevant general observation is
that the direct application of the American regulations to
foreign countries can lead to serious inconsistencies, given
that these codes do not contemplate the local particularities;
therefore, each country should develop its own design code.

More detailed conclusions are discussed next. They are
separated in general (e.g., applicable to any building) and
particular (e.g., applicable to the prototype hospital buildings).
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The general conclusions are as follows:

(i) Seismic hazard: the return period for designing the
superstructure ranges between 475 years (Japan,
former US, and Chile) and 2500 years (China and
the new US). Regarding the isolators, such period
ranges between 500 years (Japan) and 2500 years
(China and the USA).

(ii) Importance factor: the Italian code proposes co-
efficients that are equal to those for fixed-base
buildings. In the other codes, such factor is equal to
one.

(iii) Reduction factor due to damping: the factors for
Japan and Chile are significantly smaller than the
other ones.

(iv) Design spectra: for the range of periods of interest
for the isolated buildings, spectra for Russia and
Japan have the highest ordinates while the spectra
for Italy and the new US code have the lowest.

(v) Load combinations: the load combination for the
USA codes is the most demanding.

(vi) Maximum allowed reductions after time-history
analysis: only the USA and Chilean codes contain
these limitations. In the old code USA, such re-
ductions range between 10% (for the substructure)
and 40% (for the superstructure); these limitations
are more restrictive in the new code.

(vii) Reduction factor due to ductility: in Italy, this
factor (gq) is 1/1.5 for serviceability conditions/
ultimate limit state; in the US code, (R) cannot
exceed 2, and in Chile, (R) is always 2; in Russia, it
is 1. The Chinese and Japanese codes do not
consider this coefficient.

(viii) Drift limits: these bounds must be judged with
respect to the corresponding demanding force; the
strictest requirements come from the Russian code
and the least strict ones from the old USA code.

(ix) Particular requirements: the Chilean and the old
USA codes require an in depth review of any base
isolation project; noticeably, the requirements are
slightly less strict in the new US regulation.

The particular conclusions (for the prototype hospital
building) are as follows:

(i) Static vs. dynamic analyses: in the Japanese and
Chilean codes, the static and dynamic formulations
are highly adjusted; conversely, the maximum dif-
ferences are observed in China, where the dynamic
analyses are extensively used. In most of the cases,
considering seven pairs of accelerograms has pro-
vided better results than using only three.

(ii) Superstructure: the design forces are the highest in
the Russian code and the smallest in the Italian one
(for housing use). However, the differences are less
exaggerated regarding the design forces that cor-
respond to the same return period (the highest
demands correspond to China and Japan and the
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lowest to Chile).The differences in the required
stiffness for drift limit verification are extremely
important; the value for Russia is more than ten
times higher than the one for the old USA code. In
the Italian code, the differences between housing
and hospital use are significant, both in terms of
design forces and drift limits.

(iii) Isolation system: the highest requirements corre-
spond to China, the lowest ones to Chile and Japan.
The highest and lowest displacements for the same
return period correspond to China and Japan.

(iv) Substructure: the requirements are extremely un-
balanced, being most demanding for China and
least for Chile. After normalizing for the same
period, the most demanding prescriptions are those
of the old USA code, and the least one is in the
Chilean regulation.
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In the context of bridge management, three main types of maintenance actions can be considered. Maintenance actions can be
taken preventively before the predefined limit condition is reached, or as a corrective measure in case those limits have been
reached. The third possibility corresponds to the so-called “doing nothing” scenario, in which no action is taken on the bridge. To
be able to implement preventive maintenance, it is necessary to know the current condition of the bridge, as well as to be able to
predict its performance. On the other hand, it is also important to be able to identify potentially threatening events that might
occur in the analysis life period. This paper describes an integrated methodology to help bridge managers in defining an efficient
maintenance program, considering the specific case of a railway bridge. The novelty of the methodology is focused on updating an
existing methodology proposed by COST TU1406, by extending it to railway bridges and also by including the resilience analysis
in case of a sudden event occurrence. The analysis considers a multi-hazard future scenario, in which a flood event occurs while
corrosion phenomena were already in place. The results show the feasibility of the proposed methodology as a support for the
establishment of an efficient maintenance schedule to prevent bridge severe degradation, as well as to establish recovery plans in

case of a sudden event.

1. Introduction

Asset Management (AM) is a multidisciplinary task that in-
volves an extensive series of processes, such as those related to
life cycle analysis, maintenance, risk analysis, and optimization
[1,2]. As a formal approach to proposing guidelines on the field
of AM, the International Standard Organization (ISO) released
in 2014 the ISO 55000 series, which are composed of three
documents: (i) ISO 55000-Asset Management: Overview,
Principles and Terminology; (ii) ISO 55001-Asset Manage-
ment Systems: Requirements; (iii) ISO 55002-Asset Manage-
ment Systems: Guidelines for the Application of ISO 55001.
There is a wide range of definitions of AM depending on the
field of evaluation. According to ISO 55000 [3], AM can be
defined as a “coordinated activity of an organization to realize
value from assets”.

In the context of bridge management, the processes
mentioned before have been included in the bridge man-
agement systems utilizing three main modules [4]: (i) in-
ventory database module that contains all the information to
identify the bridge and its condition state; (ii) prediction
module, encompassing degradation and cost models, in
which all the predicted scenarios for the bridge are stored
concerning its time-dependent performance, as well as all
the costs involved in the maintenance; (iii) optimization
module that includes a set of algorithms to support pointing
out the best maintenance strategies to be applied on the
bridge to get cost-effective maintenance during the analyzed
period.

Nowadays, different bridge management systems are
implemented worldwide. A nonexhaustive list includes
Pontis, now denominated AASHTOWare, from the USA
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[5]; KUBA from Switzerland [6]; DANBRO from Denmark
[7]; and J-BMS from Japan [8]; the report of International
Association for Bridge Maintenance and Safety (IABMAS)
[9] can be consulted for other systems. Furthermore, several
examples of research and development projects can be
identified in the last years, namely (project name, duration,
and reference), Sustainable Bridges, 2003-2007 [10];
NCHRP (National Cooperative Highway Research Pro-
gram) [11-13]; SustIMS (Sustainable Infrastructure Man-
agement System), 2012-2015 [14]; and COST TU1406 -
quality specifications for roadway bridges, standardization at
a European level, 2015-2019 [15]—among others that have
contributed to fostering the bridge management topic.

This work consists of the application of the above-
mentioned concepts to a steel railway bridge. Steel has been
adopted as an alternative material in the construction of
bridges since the second half of the nineteenth century. Thus,
many of these old structures are still in service. The study of
the life cycle of steel bridges is a very promising topic with a
lot of challenges yet to be overcome. These days, a trend
proving that a high number of bridges are starting to show
large signs of degradation, thus being in need of interven-
tion, has been registered. These issues bring inspection and
maintenance to the spotlight in which readjustments on
budgets for inspection and conservation should be opti-
mized by the administrations.

In this context, the first step is the evaluation of steel
bridge condition. Several research works have been devel-
oped in the past, addressing steel bridges assessment as
shown in Table 1.

Moreover, additional works in the broader field of bridge
management can be referred to, wherein predictive models,
as well as proposals of life cycle management strategies and
sustainability analysis, have been addressed [27-32].

Considering the aforementioned works (Table 1), some
challenges remain open in the field of bridge management.
Most of the works still rely mainly on the bridge structural
analysis, while other important aspects such as safety of
users, availability assessment, and response to unexpected
sudden events remain scarce in the literature.

As an attempt to overcome some of these shortcomings,
the present work proposes a bridge assessment methodology
that combines four different key performance indicators
(KPI): (i) reliability, (ii) safety of users, (iii) availability of the
bridge, and (iv) costs associated with lifetime maintenance.
Moreover, three different maintenance actions that can be
taken during the bridge management are thoroughly dis-
cussed: (i) no maintenance, (ii) preventive maintenance, and
(iii) corrective maintenance. The latter situation is also the
subject of an additional study. This consists of simulating the
influence of a multi-hazard context on the bridge in terms of
its structural performance. This analysis includes the es-
tablishment of a recovery plan by estimating the bridge
resilience parameter. It is noteworthy that this integrated
methodology is proposed as an extension to the existing
methodology proposed by COST TU1406 [15] by extending
it to take account of railway bridges and also by considering
the inclusion of sudden events as well as the establishment of
recovery plans. Accordingly, the paper is divided into 4
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sections. Following the Introduction, Section 2 is dedicated
to the proposed methodology. Section 3 describes the ap-
plication of the methodology to a case study of a steel railway
bridge. Finally, in Section 4, the most important conclusions
of the work are provided.

2. Methodology

This section describes a methodology for the assessment of
existing bridges over their life cycle by combining the fol-
lowing different KPI: (i) reliability, (ii) safety, (iii) avail-
ability, and (iv) cost. The methodology is divided into two
main stages: (i) current performance assessment and (ii)
future performance prediction. Figure 1 depicts the flow-
chart of the proposed methodology.

2.1. Bridge Current Performance Assessment. The first steps
of the assessment process refer to the acquisition and
compilation of bridge characteristics and details. Whenever
available, the information from previous inspection reports
should also be compiled together with the remaining in-
ventory information. Only with this data in hand, it is
adequate to start the in situ bridge assessment. The infor-
mation regarding the previous inspection reports should be
thorough enough, including data about the condition state
of both the bridge and its several components, as well as the
cost information regarding any previous important inter-
ventions made.

Depending on the bridge structural type and loading
conditions, among others, it should be possible to identify
the potentially vulnerable zones. Those should be associated
with the most relevant failure modes for each specific bridge.

2.1.1. Condition Assessment. After gathering all the details
concerning the structural behavior of the bridge, as well as
the previous reports, the next important step on the bridge
assessment refers to the selection of the performance in-
dicators (PI) more suitable to define bridge performance.
Those PI can be then grouped into key performance indi-
cators (KPI), which are classified on a 1 to 5 scale to ease
their combination. Four different KPI are suggested: (i)
reliability, (ii) safety, (iii) availability, and (iv) cost. Reli-
ability KPI is estimated based on the homonymous PI re-
liability index, widely studied in the field of structural
engineering. This PI is used to measure the structural
performance given the existing uncertainties. It traduces the
bridge failure probability, which is given by the violation of a
given limit state. Nowadays, there are several codes wherein
the assessment of existing bridges reliability is being
addressed. Reliability KPI directly refers to the structural
performance of the bridge, so it is useful for assessing the
impact of the degradation mechanisms on bridges. Since the
reliability index is computed using a continuous scale, Ta-
ble 2 presents the corresponding reliability KPI scale using
reliability index intervals.

As for safety, this KPI measures the ability of a bridge to
minimize damage to its users. Damage herein means the
possible injuries that might occur when using the bridge,
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TaBLE 1: Research works in the field of assessment of steel bridges.

Reference

Main contributions

Kim et al. [16]

Lee et al. [17]

Akgiil and Frangopol
(18]

Czarnecki and Nowak
(19]

Lee et al. [20]
Gervasio and Silva [21]
Pipinato and Modena
[22]

Kwon and Frangopol
(23]

Peng et al. [24]

Kere and Huang [25]

Lee et al. [26]

Reliability index of the overall steel railroad bridge by evaluating fatigue over its lifetime adopting simplified,
probabilistic, and deterministic procedures.
Life cycle cost approach and procedure for effective life cycle cost optimum design of steel bridges.
Lifetime analysis of superstructure components of a steel bridge, with initial reliability and lifetime reliability
profiles being addressed.

Time-variant reliability analysis of steel girder bridges.

Life cycle cost-effective optimum design of steel bridges considering the effects of corrosion and traffic.
Complete life cycle analysis of a steel-concrete composite bridge.

Time-dependent fatigue reliability assessment of a steel bridge.

Evaluation of the fatigue reliability at a given period considering crack growth and the probability of detection

models.

Life cycle analysis of steel railway bridges based on the growth of cracks.
Time-dependent reliability analysis considering four different maintenance strategies related to the corrosion of

steel.

Improving the system reliability to handle the varying-amplitude load; proposing an analysis that enables
updating the system-level risk of fatigue failure for railway bridges after inspection and repair.

with this being the associated PI. This KPI can be related to
reliability KPIL, for example, in the event of someone getting
hit by a chunk of concrete spalling from underdeck cover.
That, in turn, should be a sign of reliability loss. Moreover,
safety is also related to the nonstructural element condition
state (e.g., pavement, guards, and barriers). Table 3 sum-
marizes how safety KPI can be computed from the corre-
sponding safety PL

The availability KPI quantifies the period in which the
bridge is functioning adequately. Therefore, maintenance
activities that restrict accessibility and disrupt traffic flows
influence availability. Moreover, major disruptive events,
such as sudden events, should be accounted for in the
measurement of the availability.

While the previous two KPI were defined according to
the Quality Control Plan of [33], availability KPI was defined
differently. The availability KPI scale proposed by [33] was
developed for roadway bridges. To make it general and
applicable to other types of bridges, e.g., railway or railroad
bridges, in the present methodology, it is suggested that
speed restriction coefficient (SRC) is used as PI to quantify
availability KPI. This PI represents the speed reduction,
compared to normal speed, in case of an intervention. The
more critical the intervention is, the highest the SRC is.
Table 4 presents the proposed quantification scale for the
availability KPIL

The cost KPI is also computed based on a homonymous
cost PI, which addresses the long-term management cost. It
can aid bridge managers in establishing proper budget
strategies to minimize costs while maintaining an adequate
performance level. Within a life cycle analysis concept, those
costs are divided into the following: (i) direct costs, i.e., costs
of construction, maintenance, and eventual demolition at
the end of the bridge lifetime; (ii) indirect costs, i.e., costs
related to inadequate performance of the bridge, such as
extra time spent by users to use detour routes, due to
maintenance actions. The maintenance component of cost
(C\paint) 1s composed of different parts, namely, inspection

costs (Cj,q,)>» maintenance actions costs (C, on)> and re-
building actions costs (C,,,). Hence, the maintenance cost
can be computed by (1). To allow grouping cost PI into a set
of five cost KPI values, the cost PI quantitative scale is
normalized using (2). Note that these five groups were

defined based on expert judgement.

Cmaint = Cinsp + Caction + Creb‘ (1)

COST,

COSTnormalized = m

x 100%, (2)

where COST; refers to the total cost in year i and COST,
corresponds to the cost of rebuilding the bridge. Table 5
depicts the adopted cost KPI scale.

The bridge’s final condition is obtained by analyzing the
four KPI estimated before. To this purpose, the value of each
KPI can be plotted in a spider diagram as further discussed.

2.2. Bridge Future Performance Prediction. The lifetime
analysis of a bridge is the subsequent step after its analysis in
the present year. Such a task is of paramount importance
since it provides valuable information about its behavior in
medium-long term for the process of decision making.

Bridges are exposed to several aggressive environments
and threats during their life cycle. Understanding how these
aspects influence the bridge performance and establishing
suitable degradation models constitute the first step. The
literature offers several degradation models that explain the
time-dependent bridge performance. Generally, they can be
divided into deterministic, wherein the uncertainty effects
are disregarded, and probabilistic models, in which uncer-
tainties are considered. The most common bridge man-
agement systems rely on the latter, which in turn are usually
supported by Markov-based stochastic deterioration
models.

Besides the environmental conditions that cause pro-
gressive degradation over the bridge lifetime, sudden events
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FiGure 1: Flowchart of the presented methodology for the assessment of existing bridges.

represent another type of threats to the bridge that can result
in bridge unavailability for major intervention, or even
bridge failure. A sudden event is viewed as an event that
drastically reduces the performance of the infrastructure in a
short amount of time. According to [35], the most recurrent
sudden events in bridges are related to hydraulic (e.g., floods,
scour) and collision (e.g., vessel shocks) events.
Considering that the bridge can be subjected to those
different processes of degradation, some scenarios of
bridge performance should be defined to start the per-
formance prediction analysis. Those scenarios can com-
prise situations where, in each specific year of analysis,

there will be no maintenance applied on the bridge or
some maintenance activities are carried out. In either of
these situations, if a sudden event occurs, then corrective
maintenance actions should be implemented. Regardless
of the type of maintenance occurring in each scenario/
year, the analysis is conducted for the entire years of each
of the scenarios predefined. In the end, by employing a
comparison between scenarios, boundaries for the bridge
performance evolution can be drawn, and decisions re-
garding the best maintenance schedule can be taken. The
following sections describe the above-mentioned three
maintenance types in detail.
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TaBLE 2: Correlation between reliability KPI qualitative scale and reliability index () PI quantitative scale, adapted from [33].

Reliability KPI

Reliability PI (B)

1 B=4
2 3,25<B<4
3 2,50<B<3,25
4 2<B<2,50
5 p<2
TaBLE 3: Correlation between safety KPI qualitative scale and safety PI quantitative scale, adapted from [33].
SKaIf;:ty Safety PI
1 No danger. It is very unlikely that a person could get injured because of the current bridge performance.
It is unlikely that a person could get injured because of the current bridge performance.
3 It is unlikely that a person could get injured because of the current bridge performance. Intervention shall be performed before
the next inspection.
4 It is likely that a person could get injured because of the current bridge performance. Intervention shall be performed shortly
after inspection.
5 Immediate danger. It is very likely that a person could get injured because of the current bridge performance. Immediate action

is required.

TaBLE 4: Correlation between availability KPI qualitative scale and
speed restriction coefficient (SRC) PI quantitative scale, adapted
from [34].

Availability KPI Speed restriction coeflicient PI

<10%
10%-40%-
40%-70%
70%-90%

>90%

G W N =

TaBLE 5: Correlation between cost KPI qualitative scale and cost PI
quantitative scale.

Cost KPI Cost PI

1 COST ormalized < 20%

2 20% < COST o 1imalized < 40%
3 40% < COST o matized < 60%
4 60% < COST o malized < 80%
5 80% < COST o, malised

2.2.1. No Maintenance. In this situation, it is assumed that
there are no maintenance activities in the current year. This
means that the bridge is going to degrade continuously. This
is expected to be the most common option during the first
years of the bridge. Sometimes, this is also the option even
when the bridge is older. While that may seem inadequate, in
many situations, the existence of large stocks of bridges and
very limited budget leave no other option. In these situa-
tions, less important bridges can be successively left behind
and have their maintenance postponed in favor of other
more relevant bridges. However, even in these extreme
situations, minor inspection actions are assumed to occur, at
least to update the evolution of bridge’s performance and
ensure it is safe. Those inspection actions depend on several
factors like the condition of the bridge, the type of in-
spection, the skills of the inspector, and the type of material.

In the current work, the proposal of [36] is adopted for the
estimation of the inspection costs, given by the following
equation:

2d 20+ 0.5L)H xSxIx M
insp = | o T ( ! ) XX X (Cl + Cv)’
P 80 60

(3)

where d is the distance from the depot in km, L the length of
the bridge, H the condition of the bridge, S the skill of the
inspector, I the inspection type, M the bridge material, C; the
labor costs (€/h), C, the vehicle costs (€/h), and r the dis-
count rate.

2.2.2. Preventive Maintenance. Apart from the inspection
actions, which are quantified using (3), in any specific year,
there can be considered some preventive maintenance ac-
tions to reduce the degradation rate. The literature offers
several models to compute costs of intervention on bridges.
Nevertheless, the general approach of the cost calculation is
computed by the following equation:

m
Caction = Z UC; X qu Xy, (4)

i=1

where C, ., is the direct maintenance action cost per year
(€), i is one of the m activities composing the action, UC; is
the unit cost of each activity (€/unit), Aq; is the number of
units of activity i (unit), and v is a reduction factor of costs
according to the condition state of the bridge.

As the maintenance is carried out, there are indirect costs
related to the delay imposed by the work ongoing on the
bridge. This work might reduce the availability of the bridge,
or even close it, thus forcing drivers to use alternative detour
routes. On the other hand, this maintenance work can affect
the availability of the bridge at different levels.



2.2.3. Corrective Maintenance. This situation is related to
the occurrence of unexpected events that might lead to
reducing, or even closing, the bridge in a specific year. Those
unexpected events can cause disruptions on the network and
thus significant impacts on traffic management. In the
context of resilient management, this behavior is concep-
tually defined in Figure 2 and analytically expressed by the
following equation:

to+tg
Resilience = J Q(t)dt, (5)
t

where Q(t) is the time-dependent functionality, ¢, is the
event occurrence time, and ty is the time to complete re-
covery of the bridge under analysis.

It can be seen that a bridge with a certain functionality
level is affected by some disruptive event at year t,. Then,
after a first moment in which the impact of such an event is
being accommodated, a restoration process needs to be
started, with the bridge being unavailable (partially or to-
tally) during that process. The amount of time the recovery
lasts, i.e., the bridge resilience, is a function of the observed
damage. On the other hand, the response to the hazard event
is highly dependent on a previous estimation of the potential
consequences, as well as the definition of an adequate re-
covery plan.

A recovery curve of a bridge can be defined as a function
that describes the process for restoring a bridge to its initial
performance after a disruptive event. However, bridge re-
covery is a complex process as it is affected by several pa-
rameters, many of which have a high level of uncertainty.
Therefore, the recovery models must have a simple structure
such that they can be easily adapted to fit real or numerical
observations. Several models have been proposed to describe
recovery functions, which can be either empirical or ana-
Iytical, depending on the source of data and the type of
analysis [37-39].

Hazard estimation. The process of natural degradation that a
bridge undergoes throughout its lifetime is usually desig-
nated an interceptable event. If a noninterceptable event
occurs in a specific year, those two events must be combined
to obtain a fair estimation of their joint effect on the bridge as
given by the following equation:

P(H,Hy)=P(H,)+P(Hg) - P(H,) x P(Hp), (6)

where P(H,) and P(Hp) are the probability of bridge
collapse occurrence after A and B events, respectively. It is
worth mentioning that this formulation assumes that their
occurrence is statistically independent and collectively
exhaustive.

Consequences. Consequence estimation has been proposed
by several authors in the literature for the field of the in-
frastructures at the network level, as it can be seen in [40].
Generally, these consequences are related to rebuilding the
system given by the following equation:

Cop =cXW XL, (7)
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Ficure 2: Resilience illustration.

where c is the cost per square meter (€/m?), W the bridge
width (m), and L the bridge length (m). Like other cost
components, consequences also have an indirect part, which
considers all the impacts that, despite being not directly
related, followed the hazard occurrence.

3. Demonstration of the Methodology:
Application to a Railway Steel Bridge

The methodology discussed in Section 2 was applied to a
steel railway bridge located in Obidos region, Portugal. Note
that the developed methodology is consistent for any other
type of bridge within reasonable assumptions. The bridge
was originally built in 1886. However, due to the need for
modernizing the rail line, the bridge was renewed in 1990. In
this work, considering that a major intervention was made in
1990, the lifetime analysis of this bridge was considered ever
since. The studied bridge is made of steel with the reticular
structure shown in Figure 3, with a total length of 27.25m
and a width of 5.3 m. The average daily traffic is 30 trains.

3.1. Bridge Current Performance Assessment. The structural
scheme adopted for this application was based on a truss
bridge; see Figure 4. Note that the truss bridge is symmetric
wherein the distance between adjacent points is 4.30 m with
a corresponding height of 6.2 m. While there are different
failure modes to be analyzed in a truss bridge, for the sake of
brevity, in this case study, only the axial buckling failure
mode is considered.

This bridge was subjected to two visual inspections re-
cently. In the first inspection (2011), evident signs of decay
and ageing were found, essentially related to corrosion and
oxidation of the elements. In the second inspection (2015),
corrosion was again the main problem of the bridge, with the
deck being the most affected component as depicted in
Figure 5. As for the cost analysis, there were no reports about
its quantification of interventions or inspections on this

bridge.
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FIGURE 4: Structural scheme adopted [dimensions in meters].

Figure 5: Corrosion of the deck’s steel members (bottom view).

3.1.1. Condition Assessment. For the condition assessment,
the KPI previously presented in Section 2 were estimated.
For reliability, only the superstructure, i.e., the deck, was
considered. For this truss bridge, the limit state function can
be calculated by considering the difference between the
resistance axial strength and the axial action as expressed in
the following equation:

g=f,xA-Ng(PLLM71), (8)

where f is the yield strength of steel in MPa and A is the
cross section in mm”. The axial load N is given as a function
of the permanent loads (PL) and the live loads. The later was
based on the LM71 load model provided by Eurocode [41].
Considering that uncertainty quantification is needed to
have a proper definition of the reliability index, the involved
variables were defined probabilistically by considering
probabilistic normal distributions with mean and coefficient
of variation parameters as provided in Table 6.

After having defined all the resistance and demand
variables, a structural analysis was made, and the limit state

equations were defined. A first-order reliability method
(FORM) analysis was used to calculate the reliability index.
Since the structure is isostatic, the obtained global reliability
index was given by the minimum value obtained for each bar
element. Thus, the obtained reliability index was $=4.87,
corresponding to the central vertical bar (bar Dd in Fig-
ure 4). This reliability index corresponds to the initial re-
liability. To consider the structural performance for the
remaining years of the bridge life cycle, an estimation of the
time-dependent reliability index was assumed based on an
analytical model proposed by [42] and given by the following
equation:

C = A5, 9)

in which C is the average corrosion penetration rate in
micrometre, t is the time in years, A and B are regression
parameters determined from analysis of experimental data
under different environmental conditions. For this situation,
the regression parameters A and B were assumed to be 34.0
and 0.65, respectively, for a rural environment and un-
protected carbon steel.

Table 7 shows the obtained reliability index, for a sit-
uation of corrosion, until the time of the last inspection
(2015). Note that the calculations were assumed for the year
1990. Because the first available reports of inspection were
from 2011, a detailed calculation of the true initial time of
corrosion was impracticable. Therefore, an alternative was
found in the study of [43], which developed reliability-based
degradation models for steel bridges, that is, a rate of cor-
rosion being practically zero between 10 and 15 years.
Likewise, for this study, no degradation in the first 10 years
was assumed.

In this case study, safety of users was associated with the
nonstructural element condition rather than the super-
structure itself. Inspection reports state, back in 2011, that
the pedestrian crossing was very much damaged, consti-
tuting a form of dangerous hazard for the operators of the
line as observed in Figure 6.

The condition state on the sidewalks and parapets was
classified by the inspector in 2011 and 2015. According to the
scale proposed in this paper, in 2011, the safety was classified
as 4. The inspection of the year 2015 showed that some
sidewalks were replaced, thus denoting an improvement on
the safety indicator. Considering this intervention, a clas-
sification of 3 was assigned to the safety.

The inspection of 2011 was merely visual with no signs of
activities of maintenance on the bridge. Thus, the availability
in that year was classified as 1, according to Table 4. In 2015,
due to some repair activities on the sidewalks of the bridge, a
value of 3 was assigned to the availability since trains were
expected to pass slower during the period in which main-
tenance teams were working.

Regarding the KPI cost, the report of the inspections of
2011 and 2015 did not reveal any kind of expenses. Although
the improvements on the sidewalks in 2015 were made, no
costs were reported. Nevertheless, it is estimated that the
intervention costs fall within a condition state level of 1,
according to Table 5.
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TaBLE 6: Random variables quantification.

Variable Mean CoV* Reference
. Cross section, A (mm?) Nominal value 4% JCSS 2001
Resistance C 11
Yielding strength, f,,, (MPa) 202.16 MPa 7% JCSS 2001
Permanent Loads (PL) 23 kN/m 10% Assumed
Actions . 207.4kN 0
Live loads (LM71) 63.4KkN/m 10% CEN 2004

*Coefficient of variation

TaBLE 7: Reliability value of the critical bar for each inspection year.

Year Reliability index
1990 p=4.87
2000 =487
2011 B=4.50
2015 B=440

(@

(b)

FIGURE 6: User safety condition assessment: (a) sidewalks; (b) parapets.

Considering the scales proposed in Section 2, Table 8
summarizes the evolution of all the KPI until the last year of
inspection. Note that the bridge was in a good structural
condition; hence, the reliability KPI is graded 1 in the entire
column. Similarly, the cost KPI is also graded 1 since there
were no indications from the reports of major interventions
until 2015. Contrarily, safety of users was identified as a
serious threat given the condition state of the parapets and
the sidewalks. Because there was an improvement of those
elements from 2011 to 2015, the availability KPI was graded
3 given the interventions. Figure 7 depicts these results,
using a spider diagram, to ease comparison between the
different years considered in the analysis.

3.2. Bridge Future Performance Condition. This section ad-
dresses the lifetime analysis of the bridge. For a demon-
stration of the methodology, the period of analysis was
assumed to be 20 years starting in the last inspection year
(2015). Moreover, such period was considered based on the
periodicity of the inspections since there is a high probability
of their occurrence in this time horizon. Some possible
future scenarios were considered given different levels of loss

of performance. Following the methodology discussed in
Section 2, in this study, three types of scenarios were dis-
cussed: (i) natural scenario, (ii) preventive scenario, and (iii)
corrective scenario. Each scenario was considered isolated to
prove the calculation details associated with each one.
However, scenarios combining years without maintenance
actions, years with maintenance actions, and years in which
some sudden event might occur can and should be
considered.

3.3. Natural Scenario. In this scenario, only routine in-
spections were assumed, so natural evolution of bridge
condition is considered. The time-dependent KPI are il-
lustrated in Figure 8. The nonnormalized costs are also
presented. It is observed that, in terms of reliability, the
bridge presents a good structural performance. This was
expected since the bridge was designed for a period higher
than 20 years. Nevertheless, since reliability PI is progres-
sively reducing, from year seven onwards, the corresponding
KPI changed from 1 to 2 (Figure 8(a)).

The safety KPI, which in the beginning had a value of 3,
decreased to a value of 5 around year 16. This reveals that
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TaBLE 8: Assessment of the bridge at the year of the last inspection.
Year Reliability Safety Availability Cost
1990 1 1 1 1
2000 1 1 1 1
2011 1 4 1 1
2015 1 3 3 1
Reliability
1
Cost Safety
Availability
—— 1990 and 2000
— 2011
— 2015

FIGURE 7: Bridge condition evolution until the last year of inspection.
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some actions should be taken to avoid major consequences
for the users (Figure 8(b)).

Availability maintains a value of 1, for both PI and KPI,
throughout all the lifetime analysis. This occurs since the
system is considered fully available since there is no in-
tervention; thus, no speed restrictions and no extreme
disruptive events were considered (Figure 8(c)).

The cost KPI also presents a value of 1 during the entire
lifetime of the bridge (Figure 8(d)). Nevertheless, in this case,
the PI value is constantly changing since inspection costs
were considered each year. The calculation of the costs for
this scenario was based on (3). Their calculation was based
on the parameters quantified in Table 9.

3.4. Preventive Scenario. Apart from the inspection actions,
the preventive scenario includes preventive maintenance
actions that are carried out to reduce the deterioration rate.
Such maintenance actions include associated costs. The
quantification of both direct and indirect costs, associated,
respectively, with bridge managers and user costs, was taken
into consideration in this work. For the sake of brevity, in the
present work, only two maintenance actions were consid-
ered. Table 10 shows the effects of applying the maintenance
actions on the bridge, as well as the unit costs and the
frequency of application, based on expert opinion [44]. The
direct maintenance cost calculation is given by (4).

The indirect costs can be computed by the following
equation:

Cactionind = [ DC x DUR x TMD X y,., X (SR + BRK)],
(10)

where DC are the delay costs (€/min) that the infrastructure
company must pay to the train operator in case of main-
tenance activities, obtained according to an asset owner;
DUR is the duration of the maintenance activity (days);
TMD is the average daily traffic of trains; y,,, is the speed
restriction related to the preventive action; SR and BRK are
delays related to the speed reductions and braking, re-
spectively. Those parameters are herein estimated according
to [45] and given by the following equations:

11
SR:6OX®L+OJQX(§—§>. (11)
1000
BRK= ——————x (S, -§,) x(2.2-0.0105 x S,),
60 x 60 x 60

(12)

where S, and S, are the reduced and normal speed in km/h,
respectively, and BL is the bridge length, in km, with
150 meters added when there is reduced speed. Both these
equations include the conversion factors to convert from km
to m and hours to minutes. Table 11 shows the variable
quantification adopted in this study.

The corresponding time-dependent KPI are illustrated in
Figure 9. As the first tentative for a preventive scenario,
actions were considered in the years in which performance
changes were found in the natural scenario (see Figure 8).
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Hence, in year 6 an action was taken to delay the corrosion
process, thus maintaining reliability in the best value for two
more years (Figure 9(a)). Likewise, in years 8, sidewalks were
replaced to improve the safety level; when considering the
natural scenario, it was expected to decrease (Figure 9(b)).
Moreover, with the preventive actions applied on the bridge,
the availability KPI slightly decreased in the periods when
they were being applied, due to some speed restrictions
(Figure 9(c)). The cost KPI remained at a maximum value of
1. However, it can be observed that the cost PI experienced a
sudden increase in the years when the preventive actions
were applied (Figure 9(d)).

3.5. Corrective Scenario. As stated in Section 2, the corrective
scenario aims at accounting for situations wherein an un-
expected event occurs forcing the closure of the bridge for its
rehabilitation. This scenario is yet somehow different from
the previous one in terms of assessment. Thus, this section is
divided into three steps: (i) hazard analysis, (ii) consequence
estimation, and (iii) recovery plan.

3.5.1. Hazard Analysis. For the hazard analysis, a multi-
hazard event is herein applied following (6). Here, the events
A and B were defined according to the case study imple-
mented. Hence, the event A stands for the corrosion process
while event B stands for the flood.

Floods were reported to be a common event in the
bridge’s location wherein the level of the flood results in
water reaching the deck of the bridge in some of the worst
past floods. In this way, an estimation of the bridge damage
due to the flood is addressed, as well as consequence esti-
mation to highlight the potential threats of such event and
possible consequences for the bridge and thus for the net-
work to which it belongs.

The flood event estimation follows the formulations of
[46, 47]. When the deck is partially or completely sub-
merged, the main forces involved are the dragging, F,, and
the lifting, F;, forces given by the following equations,
respectively:

F 1

TDZExCDxvazxs(kN/m). (13)
F, 1 2

- =£><CL><P><V x W (kN/m), (14)

where C, is the drag coefficient, C; the lift coeflicient, p the
density of water, v the flow velocity, s the deck thickness, L
the bridge length, and W the width of the bridge deck.
Deck failure occurs when there is transverse or uplift
failure. Transverse failure is defined as the event where the
drag force exceeds the transverse resistance between the deck
and the piers and the uplift force does not exceed the uplift
capacity of the bridge. Here, transversal capacity was con-
sidered to be the friction force as yPL, with y being the
friction coefficient and PL the permanent loads [48]. Thus,
the limit state function for transverse failure is given by (15).
Uplift failure is defined as the event where the uplift forces
exceed the uplift resistance of the bridge and the drag force is
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TaBLE 9: Quantification of the variables for inspection costs.

Parameters Notation Quantification

Distance from the depot (km) D Approximately 344 km

Length (m) 27.25

Condition of the bridge (H)* H 0.9

Skills of the inspector (S)* S 1

Inspection type (I)* I 1

Bridge material (M)* M 1.2
Technician: 207.66

Labor costs (€/day)* G Supervision: 119.66
Operator: 109.07

Vehicle costs (€/km) C 0.40

*Values provided by bridge owner. The inspection team is composed of 1 technician, 1 supervisor, and 3 operators. The inspection takes one day and is made

on an annual basis.

TasLE 10: Effects for the maintenance actions.

Preventive maintenance action Effect of the maintenance Frequency of application Cost
Anticorrosive painting Delay of corrosion process for 2 years 10 years 1400 €/m
Sidewalk replacement Restoring safety level 15 years 100 €/un
TaBLE 11: Variable quantification for indirect costs. v Q (mls). (19)
Parameters Quantification A
DUR Expert opinion Uncertainty of the input variables was estimated by their
I 27.25m mean value and coeflicient of variation (CoV) as shown in
l; 200 m Table 12.
Type of train Regional trains Medium-long trip trains By applying the FORM analysis and considering the limit
bC 4€/min 2.5€/min state function given by (15) and (16) and the parameters in
Sr 30km/h 30km/h Table 13, the obtained reliability index considering the effect
S, 90 km/h 90 km/h .
T™MD 30 5 of the flood event was f=2.00. Note that, for computing the
Vorer 40% reliability index, it was assumed that the wetted perimeter

higher than zero. The uplift capacity of the bridge is per-
manent loads. The limit state function associated with this
event is given by (16). Then, the final probability failure of
the deck is given as the combination of these two events
according to (17).

Ytransverse = P[FD >A“(PL - FL)] r]p(FL A PL)' (15)
guplift =p(FL>PL)np(FD>0)' (16)
pf,ﬁnal = Gtransverse U Guplift- (17)

For this case study, the stream is assumed to have a
trapezoidal cross section with a 45° wall inclination, a bottom
width of 17 m, a top width of 27 m, and a height of water of
3.525m. Thus, assuming Manning’s equation, the discharge
can be obtained by the following equation:

A (AN g s
Q=;X<F> X1 (m /5), (18)
where A is the cross section of the flow, P is the wetted
perimeter, i is the slope of the channel, and 7 is the Manning
roughness coefficient. Therefore, the velocity is given by the
following equation:

reached the height of the deck.

Moreover, considering the combination of the hazards,
the joint failure probability, defined in (6), is given as
follows:

P(HcHy) = P(H) + P(H) - P(He) x P(Hy),  (20)

where P(H) and P(Hp) are the failure probabilities given
the hazards of corrosion and floods, respectively. The ob-
tained probabilities given the hazard of corrosion and flood
were 4.81e—5 and 0.030, respectively. The resulting joint
failure probability was around 0.030. It should be high-
lighted that this formulation was adopted for the calculation
of the reliability index of the deck. The obtained value can
thus be considered conservative since the whole deck-pier-
foundation system was not considered due to the lack of
information regarding the pier and the foundations.

3.5.2. Consequence Estimation. Direct consequences on the
system are here estimated based on (7). As for the effects, the
bridge is assumed to return to as-built conditions, with a
total rebuilding cost of 8000€/m>. This value was based on
expert opinion. The estimation of the evolution of the
performance indicators over time is illustrated in Figure 10.
Due to the high uncertainty of a sudden event, the time of its
occurrence was assumed to happen at year 12 just to
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FIGURE 9: Bridge performance considering preventive scenario: (a) reliability; (b) safety; (c) availability; (d) cost.
TaBLE 12: Variable quantification for flow quantification.
Variable Mean CoV Distribution Observation Reference
Channel’s slope, i (m/m) 0.005 0.053 Normal Measured from topographic data [49]
Manning’s roughness, n 0.060 0.068 Normal Assuming natural channel [50]
Model uncertainty factor, k, 1 0.15 Lognormal Factor related to flow velocity [46]
Drag coefficient 1.10 — Deterministic — [47]
Lift coefficient -1.60 — Deterministic —
Thickness of the deck, s (m) 1.525 — Deterministic From drawings’ information —
TaBLE 13: Variable quantification for indirect consequences.
Description Notation Value
Traffic conditioned percentage Veorr 100%
. Cars Trucks
Average daily traffic TMD 950 50
Cost per kilometre (€/km) Ck 0.18 0.68
Cost per hour (€/h) Cy 8.4 10.1
Normal speed (km/h)* S, 120
Restricted speed (km/h) S, 70 50
Detour route (km) Ly 8.700
Normal route (km) Lp 5.000

*Normal speed of the train for that zone of the line.
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FiGure 10: Bridge performance condition considering corrective scenario: (a) reliability; (b) safety; (c) availability; (d) cost.

exemplify the application of corrective scenario. Further-
more, in this figure, only the direct consequences, i.e., re-
building of the system, are presented. All the indirect
consequences are covered in the next section regarding the
recovery plan of the system.

3.5.3. Recovery Plan. In this section, the year of the oc-
currence of the event is thoroughly discussed. For this study,
it is assumed that the bridge is meant to be fully recovered,
i.e, return to as-built condition. Concerning the indirect

2
L L
Cdetour = DUR x Yeorr X Z TMD x CK X (LD - LP) + CH X<_D - _P)]’

v=1

where DUR is the duration of the activity (days), y.,, is the
speed restriction for the corrective intervention, v is a
variable that considers the vehicle type (for cars v=1 and
trucks v=2), TMD is the average daily traffic, L, is the
detour route length (km), L, is the normal route length
(km), S, is the normal speed (km/h), S, is the restricted

consequences, their calculation was based on (21), with the
variables being quantified according to Table 13. Note that,
in this work, the considered indirect consequences were
related to the detour of the vehicles, i.e., when finding an
alternative route. With most of the railway tracks being not
redundant as the roadway roads, most of the time, an al-
ternative route is defined through roadways. Bearing this in
mind, the calculation of the indirect consequences is based
on (21) provided by the study of [34].

21
s (21)

speed (km/h), C is the unit cost per kilometre (€/km), and
Cy, is the unit cost per hour (€/h).

The DUR variable is an unknown parameter as there is
no real information about the recovery time of the bridge.
Thus, recovery time values were assumed based on the lit-
erature review on bridge resilience topic. The study of [51]
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FIGURE 11: Recovery scenario and consequence estimation for different recovery functions: (a) recovery for 180 days; (b) recovery for
270 days; (c) consequences for 180 days; (d) consequences for 270 days; (e) legend of the recovery functions.

TaBLE 14: Resilience estimation using different recovery functions.

Recovery function

Recov. time of 180 days (%)

Recov. time of 270 days (%)
Resilience (%)

Harmonically overdamped 96.7 93.7
Critical harmonically overdamped 88.9 85.1
Liner 50.0 50.0
Lognormal 47.8 43.1

proposes the recovery time for bridges according to different
levels of severity. In this case study, a moderate and high
severity were considered resulting in a recovery of 180 and
270 days, respectively.

The recovery functions were obtained following the
methodology in Section 2. The selection of the best pa-
rameters is a difficult task since society preparedness and
response are quite variable. However, some functions fit
better for a fast recovery while others fit better for a slow
recovery. Since the present case study has no available in-
formation regarding those parameters, a parametric study is
proposed based on the recovery functions proposed by
[37-39]: (i) harmonically overdamped recovery, (ii) critical
harmonically overdamped recovery, (iii) linear recovery,

and (iv) lognormal recovery. Thus, for each recovery time,
the corresponding indirect consequences for the closed-
system, recovery functions as well as the resilience for each
recovery function were estimated based on (21). Figure 11
depicts the recovery functions as well as the estimation of the
consequences for 180 days and 270 days. Table 14 resumes
the resilience estimation for different recovery functions. To
ease comparison, the recovery functions were normalized
and then converted into percentages.

Observing the obtained results, we find that the har-
monically as well as critical overdamped recovering func-
tions present the highest resilience, being thereby the
functions that correspond to a well-prepared recovery.
Contrarily, the linear and the lognormal functions present
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the lowest recovery capacity. Regarding the estimation of the
indirect consequences, it is observed in Figure 11 that, as
expected, their values decrease while the recovery is oc-
curring. The high influence of the recovery time on the
indirect consequences is also observed; i.e., lower recovery
times lead to considerably lower indirect consequences.

3.6. Comparison of the Key Performance Indicators. The last
step of the proposed framework summarizes all the results
obtained in the previous sections. Spider diagrams were used

for this purpose as they are very useful for showing results
combining different indicators simultaneously. The results
for the three different scenarios analyzed can be seen in
Figure 12. The years selected for result visualization were
based on the years before and after the most relevant events,
i.e., maintenance for the preventive scenario and sudden
event for the corrective scenario. As for the no maintenance
scenario, three results, for 10-year-spaced periods, were
considered.

Considering all the analyses presented in the previous
sections, it can be concluded that, in the analyzed period of
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20 years, the safety KPI is the most relevant for the per-
formance condition of the bridge. Therefore, maintenance
actions should be carefully considered to maintain proper
safety to the users. On the other hand, the natural scenario,
at year 8, already presented minor signs of degradation.
These findings were the premises for the preventive scenario.
With the introduced preventive actions, the safety KPI
presented an improvement, while reliability KPI was kept
better for a longer period. These introduced some losses in
terms of cost and availability KPL.

This kind of conflict between bridge performance in-
crease and budget/time decrease shall be considered very
carefully by the manager of the bridge. As for the corrective
scenario, a sudden event of the flood was simulated. In year
12, corresponding to the event occurrence, all KPI were
graded 5, thus assuming the worst scenario possible. After
the recovery period, the bridge was rebuilt, and all KPI were
updated accordingly.

4. Conclusions

Different management scenarios considering the method-
ology of this work were presented. The methodology
combines two different assessment moments: (i) assessment
of the bridge at the current year, considering the inspection
reports of the bridge; (ii) lifetime analysis in which different
scenarios were proposed and discussed. Besides, this work
introduced a proposal of a recovery plan in the corrective
scenario with an estimation of the resilience for different
recovery functions and periods. Thus, the main contribu-
tions of this work focused on the following:

(i) Updating the existing Quality Control Plan, pro-
posed by COST TU1406 (TU1406 2018), by intro-
ducing resilience concepts in case of an extreme
event occurrence, in addition to proposing a re-
covery plan after its occurrence.

(ii) Extending the methodology to other types of bridges,
e.g., railway bridges, by proposing specific scales for
computing KPI in their context.

The approach was validated in a truss railway bridge
located in Portugal. It must be noted that, although the
methodology may be considered for similar assets, the
conclusions of the case study are dependent on the char-
acteristics and conditions of the case study itself and must
not be extrapolated to other cases without carrying out the
full framework analysis. The assessment of the bridge in
terms of reliability revealed that the bridge presents a good
condition in terms of structural analysis. On the other hand,
the safety of users was somehow compromised since the
parapets and sidewalks showed poor condition.

Regarding the lifetime assessment, three different sce-
narios were considered in an analysis period of 20 years. The
no maintenance scenario has shown that the reliability
presents a good performance. On the other hand, safety was
compromised, reaching the worst possible grade at year 16.
Even in this unsafe scenario, since there were no inter-
ventions on the bridge, the availability KPI was classified as
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1. Likewise, the cost only included visual inspections and
thus was graded 1.

For the preventive scenario, two interventions were
considered revealing a good improvement on the bridge
performance, mainly on the safety KPI. Accordingly, in the
interventions’ years, the availability decreased since speed
restrictions needed to be considered. The corresponding
costs of maintenance were also calculated. Despite an ad-
ditional cost from the preventive maintenance actions, a
grade of 1 was achieved.

The corrective scenario covered the possibility of sudden
event occurrence. In the present work, the impact of a flood
was simulated to be estimated. A conservative approach was
adopted by considering only the bridge’s deck. Moreover, a
recovery plan was proposed to estimate the consequences of
the flood occurrence, as well as the bridge’s resilience in the
postevent period. Several recovery functions were applied
considering a well-prepared and a not-prepared system. The
results have shown considerable differences in the obtained
resilience for each recovery function, with the critical and
harmonically overdamped recovery functions being the best,
and the lognormal and the linear recovery functions being
the worst. It was then emphasized that defining proper
recovery plans is of utmost importance.

Future developments in this field must deal with some of
the limitations identified in this work, namely, the following:

(i) Quality and quantity of information to quantify the
performance indicators. The lack of information
about inspection reports, as well as damage quan-
tification, forced the authors to solve this issue using
models adopted in the literature. On the other hand,
the quantification of the condition state is known to
be subjective since it normally includes parameters
defined based on expert judgement. Strategies to
overcome this aspect should also be sought.

(ii) Quantification of a sudden event. Due to the fact of
not having in-site information about the flood
event, the authors proposed quantification based on
some studies about hydrological events based on the
literature. The methodology presented should be
tested in new case studies in which more complete
information is available; thus, fewer assumptions
need to be made.

(iii) Quantification of direct and indirect consequences.
In this regard, it was necessary again to take ad-
vantage of reasonable formulations and values
adopted in similar case studies presented in the
literature.

(iv) Resilience quantification. Given the lack of infor-
mation about recovery time for the present study,
the authors proposed different recovery times based
on the literature. The same happened for the re-
covery function given the lack of historical infor-
mation on recovery systems. In the end, the
sensitivity analysis conducted could be revisited in
case new information becomes available to pick the
most suitable recovery times/functions.
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In order to research the force state of the piers subjected to a ship collision under the protection of floating anti-collision facilities,
this study uses nonlinear spring connections to simulate the impact of ship damping and incidental water quality in the collision
area. BIM technology is used to realize a safety evaluation method for the anti-collision floating box protection when the ship is
colliding with piers. Established a BIM-based parametric preprocessing model for ships, piers, and anti-collision facilities, and
opened the interface with ABAQUS longitudinally. After realizing the parameter adjustment of the BIM model, the visual
parameter adjustment can be realized without destroying the boundary conditions, load conditions, and meshing. Taking a rigid
frame bridge as an example, the most disadvantage position of the bridge pier under ship collision is determined by the pa-
rameterization method. At the same time, multi-condition analysis was carried out on the ship impacting the pier anti-collision
floating box at different angles, different tonnages, and different speeds. Finally, the analysis results are traced back to the BIM
model, achieving the unified integration of BIM model information and finite element analysis results and the purpose of visual
analysis of any working conditions. The results show that the use of BIM parameterization technology to achieve linkage with the
finite element preprocessing model can improve the efficiency of multi-condition sensitivity analysis and achieve the purpose of
visual dynamic adjustment. The safety assessment analysis of the pier under the protection of the anti-collision pontoon on the
pier under various working conditions shows that the anti-collision pontoon effectively reduces the hazard of the ship colliding
with the pier, and the impact force gradually increases with the change from the oblique collision to the frontal collision. The peak
impact force increases with the weight of the ship and shows a nonlinear relationship, such that the peak value of impact force
increases with the speed increase, and the speed and the peak values of impact force show basically a linear relationship.

1. Introduction

In recent years, the transportation industry in China has
developed rapidly. According to the “Thirteenth Five-Year”
transportation plan, the railway mileage in China can be
150,000 kilometers and highways mileage can be 5 million
kilometers by 2020. For areas where rivers, lakes, and seas
are widely distributed, bridges could be the main transport
mode to cross the sea. In China, many large-span bridges
have been built in the Yangtze River, the Yellow River, the
Pearl River, and the sea. The design consideration of the
navigation holes is in accordance with navigation

requirements. However, the conflicts between navigable
ships and bridges are still inevitable, the ship collision with
bridge posed a serious threat to the crossing channel bridges.
In recent decades, there have been more than 1000 bridge
damage accidents in the world [1-5], and ship collision
accidents also occur frequently in China. For example, more
than 70 ship collision accidents have occurred in the Wuhan
Yangtze River Bridge since the bridge completion, and the
direct economic loss has exceeded 10 million. The ship
collision accident in Guangdong Jiujiang Bridge caused
200m collapse and 8 people died. In the Ningbo Jintang
Bridge, both bridge and ship were severely damaged by ship
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collision and 4 people were lost in this accident [6]. Most of
the above situations were caused by ships hitting bridge
piers. It is important to set up reasonable anti-collision
facilities for bridge substructures in navigation areas where
accidents have occurred.

Some scholars did relevant research on the anti-ship
collision device itself and its protective effect on bridge piers.
Ehler [7] studied the performance of the X-core anti-col-
lision belt structure under ship collision by means of nu-
merical simulation and experimental verification. Wang [8]
and Hai-qing [9], among others, have conducted a large
number of simulations on the dynamic response process of
the collision between a ship and a pier with anti-collision
facilities, using penalty functions as contact conditions and
focusing on detailed research on the performance of the anti-
collision facilities. Yu et al. [10], among others, developed the
arched self-floating water-lifting anti-collision device and
analyzed its structural force characteristics and the anti-
collision effect of the ship after a collision. It satisfies the
performance requirements while reducing the difficulty of
replacement and maintenance. Geng et al. [11] simplified the
ship, anti-collision facility, and bridge pier into a double
freedom quality-spring system ship, and the equivalent
model was used for numerical simulation to analyze the
relative stiffness of the anti-collision facility. The effects of
the relative stiffness of the anti-collision facilities and the
bow on the reduction rate of impact force and the overall
compression rate of the anti-collision facilities are also
analyzed. For the arc anti-collision device, Xi-qin et al. [12]
conducted a safety assessment of the arc-shaped water-
lifting anti-collision device by means of numerical simula-
tion and experimental comparison verification. Hai-zheng
et al. [13] and Jiang and Wei [14], among others, conducted
research on the anti-collision performance of bridge piers
with outsourcing anti-collision materials and proved the
feasibility of the outsourcing material anti-collision scheme.

The traditional finite element analysis method is used in
the existing researches, most researchers use the penalty
function method of point-to-surface contact and use point-
to-surface contact as the contact condition to do research.
The shortcoming of this analysis method is that the impact
force, impact acceleration, and velocity are oscillated
[15-17]. Besides, the content focuses on the anti-collision
structure mostly, the research on force state of the pier under
the protection of the floating anti-collision facility is limited.
In respect of the issues above, this study takes a rigid frame
bridge pier and pontoon anti-collision structure as the re-
search object, and uses BIM technology to establish a
parametric preprocessing model and then to achieve visual
sensitivity analysis. This study simulates the situation of
ships contact protective facilities by the six springs in the
middle. The spring deformation force in each direction
represents the force generated by the collision in the cor-
responding direction. In this way, the resulting oscillation
problem can be avoided. Finally, the safety assessment of the
ship collision with piers could be achieved, and the safety
assessment result could back to the BIM model and realize
the combined application for the BIM model and the finite
element analysis.
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2. Definition of Collision Contact Conditions

The slice theory is commonly used in analyzing ship hy-
drodynamics, which is a numerical simulation method. This
study employs the direct calculation method based on slice
theory from the literature [18, 19]. By calculating ship hy-
drodynamic force, the calculation results are directly at-
tached to the BIM model and then transferred to the
corresponding finite element pre-treatment model. The
location of the collision contact point between the ship and
the collision avoidance facility is called the collision point,
supposing that deformations occur around the collision
points. This study adds intermediate nodes between the ship
and the collision avoidance facility model, using nonlinear
spring connecting the intermediate nodes, and then simu-
lated the ship’s damping and effect of incidental water
quality in the collision area.

The characteristic of nonlinear damping is that damping
is related to contact deformation. When the contact de-
formation is zero, the contact force should also be zero.
Based on the continuous contact force model proposed in
literature [20], a damping model is built on nonlinear
springs. This method fully considers that the deformation
and contact force change with time in contact. The time
history variation in contact collision can be simulated
accurately.

In the model, both stiffness coeflicient and damping
coefficient are related to deformation, as shown in the
following equation:

K&" +ud"s, >0,
0, =0,

f(5,5)={ (1)

where f (8, §) is the contact force; § is the contact defor-
mation; § is the contact speed; K is the stiffness coeflicient; y
is the damping coeflicient; and # is the stiffness index, which
is related to the structure itself, measured by static tests on
the contacting objects. The simpler structure shape can be
obtained through theoretical derivation [21].

The restitution coefficient is defined as the ratio of the
relative speeds of the normal phase before and after the
collision, and the coefficient of restitution e is defined as
shown in the following equation:

_hn
sy (2)
where v, is the relative speed after the collision and v, is the
relative speed before the collision.

The restitution coefficient characterizes the energy loss
during the collision. When the restitution coeflicient is 1, it
means a completely elastic collision without energy loss;
when the restitution coefficient is 0, it means that the kinetic
energy of the colliding object is completely lost in the form of
heat energy. The relationship between the energy loss AE and
the restitution coefficient in the collision process is shown in
the following equation:

AE:%m(vﬁ—VT) =%W§(1—ez)- (3)
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According to the nonlinear damping model and the area
of the “hysteresis loop,” the damping work is shown in the
following equation:

; 2
W=2 <J§ 16548 = 2 v, (4)
3k
According to the conservation of energy, the relationship
between energy loss and damping work in the collision
process is shown in the following equation:

W = AE. (5)

The relationship between the stiffness coefficient of the
nonlinear spring and the damping coefficient and the res-
titution coefficient is as follows:

4uv,

AT () ®)

3. Ship Collision Analysis Based on BIM

3.1. Establishment of Parameterized Pretreatment Model
Based on BIM. A rigid frame bridge is in navigable waters,
and its piers are double-column thin-walled piers. The
overall layout is shown in Figure 1. Considering the navi-
gation requirements and the river’s water level change, the
floating box structure anti-collision facilities are used to
protect the piers.

The highest navigable water level of the river area is
15.76 m, the lowest navigable water level is 7.43 m, and the
highest design navigable water level is 18.06 m. Under dif-
ferent water level conditions, the position of anti-collision
facilities of buoyancy tanks is different. In consideration of
the response of the pier under different ship collision angles,
it is necessary to establish a corresponding operating con-
dition model. In this study, BIM software is used as a
preprocessing tool to establish a parametric model of ships
and collision avoidance facilities as shown in Figure 2, and to
open up the interface with ABAQUS vertically. BIM tech-
nology is used to achieve two-way communication between
BIM model and finite element model. The technical route is
shown in Figure 3.

3.2. Parameter Determination. For the steel shell of the
protective pontoon, assume that the material is ideally
plastic, the material does not harden, and the bilinear
constitutive model can be used to simulate the nonlinearity
of the steel, as shown in Figure 4. For pier C30 concrete,
considering that the actual use process does not allow plastic
deformation of the pier, only the elastic stage of the concrete
can be considered. The material parameters of the anti-
collision pontoon steel shell Q345 steel and the bridge pier
C30 concrete are shown in Table 1.

A hyperelastic material model is used to simulate the
rubber chord material around the protective pontoon. This
study uses an improved Mooney-Rivlin model, which uses
the first-order polynomial strain-potential energy function
to simulate the model. The corresponding parameters of the

rubber material in ABAQUS are C;,=3.2MPa,
Co1 =0.8 MPa, and D1=0 (indicating that the material is
incompressible). The density of rubber is 1500 kg/m®.

3.3. Determine the Most Disadvantageous Position of the Pier.
Under different water level conditions, the position of anti-
collision facilities of buoyancy tanks is different. When a ship
collision occurs, the point of action on the pier is also
different. To verify the most unfavorable position of the
bridge pier under the impact of the ship collision, a ship of
1500t is hit head-on the pier in the navigation direction at a
speed of 3 m/s. The water level checking ranges are from the
lowest navigable water level of 7.43 m to the highest designed
navigable water level of 18.06 m. In consideration of the
integer water level between 8 and 18 m, according to the
above BIM parameterization method, the different water
level height parameters are quickly adjusted and calculation
for 13 working conditions is conducted.

The stress curve of the most unfavorable position for
bridge pier under ship collision fitted under each working
condition is shown in Figure 5. The most adverse stress
position occurs at the junction of the cushion cap and the
pile foundation and there is no large tensile stress at the
junction of the pier top and the main beam. Among them,
the maximum tensile stress under the working condition of
the lowest navigable water level of 7.43 m is 1.63 MPa. As the
water level increases, the maximum tensile stress shows a
decreasing trend, and the decreasing trend rate increases
with the increase of the water level. The reason is that as the
water level rises far away from the junction of the pier and
abutment, the flexibility of the pier at the impact position
increases. For the ship collision effect, more energy could be
absorbed by the ship and the anti-collision device.

The maximum deformation curve of the bridge pier
under ship collision fitted under each working condition is
shown in Figure 6. The maximum deformation of the pier
under each working condition has occurred at the impact
point, and as the water level increased, the maximum de-
formation of the pier is increased from 1.625 mm at 7.43 m
(the lowest navigable water level) to 1.765mm at 18.06 m
(the highest design navigable water level). Other than that,
the deformation trend is not significant with the low water
level, since the greater rigidity is near the pier and abutment
joint. The deformation shows a linear growth trend with the
water level increase.

3.4. Different Angle. In actual ship collision accidents,
sailing ships may have multiple possibilities such as
frontal collision and oblique collision. To verify the im-
pact on bridge piers with different impact angles of ship
collision, a 1500t ship is used to collide with the bridge
pier and protective devices at a speed of 3 m/s. The sce-
narios are shown in Table 2.

For the ship hitting the bridge pier and protective devices
at different angles, the impact velocity varying with time is
shown in Figure 7. The ship impact velocity is not obvious at
the timing of contact between the ship and the protective
devices. As the impact depth increases, the velocity decays
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FIGURE 1: Three-dimensional layout of a rigid frame bridge.
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TAaBLE 1: Material parameters of steel shell and pier.

Unit weight (kN/m?) Poisson’s ratio

76.98 0.3
25 0.2

Material Elasticity modulus (MPa)
Q345 steel 2.06E+05
C30 concrete 3.00E+04
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FIGURE 5: Stress curve of pier at the most disadvantage position
under ship collision.
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FIGURE 6: Maximum deformation curve of bridge pier under ship
collision.

rapidly, and the trend slows down when the velocity ap-
proaches zero. During a frontal impact, the velocity re-
duction response is faster than that of an oblique impact, and
as the oblique collision angle increases, the velocity re-
duction response tends to be delayed.

Figure 8 shows the comparison of the impact force of the
bridge piers with/without protective devices and ship col-
lisions at different angles. Under the head-on collision
condition 1 with protective devices, the impact force be-
tween the pier and the anti-collision device reached the
maximum value of 9.78 MN at around 1.5s. As a com-
parison, under the head-on collision condition 4 without
protective devices, the impact force between the pier and the
ship reached the maximum value of 34.24 MN at around
0.05 s. The maximum impact force in a frontal collision with
protective devices was only 0.29 times the maximum impact
force under the same conditions without anti-collision
devices. For the same reason, Figure 7 shows that the
maximum impact force of 6.4 MN under the working
condition 2 with a protective device with 60° ship collision,
which is 0.3 times the maximum impact force under working
condition 5 without an anti-collision device under the same
conditions. For 30° ship collision effect, the maximum
impact force under working condition 3 with a protective
device is 4.3 MN, which is 0.37 times the maximum impact
force under working condition 6 without an anti-collision
device under the same situation. It could be seen that the
anti-collision devices effectively reduce the hazard of the
ship collision to the pier, and the impact force gradually
increases with the oblique collision to the frontal collision.
Besides that, the reduction effect of the protection devices on
the collision force also increases gradually. This is mainly
because under angular impact conditions, the role of drum
dampers arranged in the orthogonal direction is weakened.
Regarding the collision duration issue, the shorter duration
of a non-protective device than a protective device is due to
the rigid collision between the ship and the pier.
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TaBLE 2: Impact scenarios at different angles.

Tonnage of ship (t) With anti-collision device or not

1500 Yes
1500 Yes
1500 Yes
1500 No
1500 No
1500 No

Conditions Impact angle (°) Impact velocity (m/s)
1 90 3
2 60 3
3 30 3
4 920 3
5 60 3
6 30 3
3.0
2.5
£ 20-
jony
3 15
g
g
g 1.0 -
g
0.5
0.0
0.0 0.5 1.0 1.5 2.0
time (s)

—=— Condition 1 —— Condition 3

—e— Condition 2

FIGURE 7: Velocity of impact varies with time at different angles.

3.5. Different Ship Tonnage. One of the main factors affecting
the impact force of a ship is the tonnage. The mass of the ship
can be changed by changing the material density of the rear
end of the ship, which has little influence on the ship impact.
For the purpose of verification of the different tonnage ships
impact on the piers, assume the ship was kept heading
towards the pier and the protective devices at 3 m/s speed.
The scenarios are shown in Table 3.

For ships of different tonnages colliding with piers with
protective devices, the impact force changes over time are
shown in Figure 9. Through comparison, for a 1000t ship,
the impact force reaches a maximum of 9.18 MN at around
1.51 s; for a 1500 t ship, the impact force reaches a maximum
of 9.78 MN at around 1.5 s; and for a 2000 t ship, the impact
force is at 1.4s reaches a maximum of 11.02MN. The
maximum impact force increases with the ship weight in-
crease. However, it is not a linear relationship. The collision
time increases with the increase of the ship’s tonnage.

3.6. Different Impact Velocities. Another major factor af-
fecting the impact force is the ship’s speed. With respect to
verifying the ship impact effects at different speeds on the
bridge piers, a 1500 t ship was used to impact the pier and the
protective devices frontally at speeds of 3m/s, 4m/s, and
5m/s. The scenarios are shown in Table 4.

For ships of different speeds hitting the piers with
protective devices, the impact force changing over time is

shown in Figure 10. Through comparison, the peak impact
force increases with the increase of speed. When the ship
speed is 3m/s, 4m/s, and 5m/s, the corresponding peak
impact force is 9.78 MN, 12.75MN, and 16.12 MN, re-
spectively. The ratio of the corresponding peak impact force
is 1:1.3:1.65, and the ratio of speed is 1:1.33:1.67. As
shown in Figure 11, the relationship between speed and peak
impact force is basically linear. At the same time, it can be
seen from Figure 10 that as the ship’s speed increases, the
time of the peak of the impact force moves forward, and
when the ship’s speed increases, especially for the 5m/s
ship’s speed, the time-history curve of the impact force curve
fluctuates greatly. The reason is that as the speed of the ship
increases, the collision force also increases, which resulting
in an increase in the failure area of the bow and anti-collision
devices, an increase in failure components, and thus the
force situation was complicated.

3.7. Results Traceback BIM Model. According to the most
adverse stress obtained from the calculation results, its
parameters can be associated with the BIM model by means
of table mapping, and the most unfavorable position under
different working conditions can be viewed in the BIM
model. As shown in Figure 12, for the time history calcu-
lation table under various working conditions, the time
history can be redrawn and updated in the BIM software
through the EKL language, and the time curve can be
updated by adjusting the data sheet. Other calculation
contents such as stress Cloud images are displayed in the
hyperlinks form.

Through the above work, the purpose of BIM and
finite element model parameterization preprocessing,
model attribute information, and calculation result charts
are linked to the unified model, to achieve the unified
integration of multi-source BIM data and finite element
analysis, visual analysis, and inspection under any
working conditions.

3.8. Results and Discussion. Based on the above verification
and discussion, the below items can be achieved by breaking
through the interface between BIM modeling software and
finite element analysis software:

(1) For the complex protection device constructed in
this study, BIM software modeling can improve the
efficiency.
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TaBLE 3: Working scenarios of collision of ships of different tonnage.

Conditions Impact angle (°) Impact velocity (m/s) Tonnage of ship (t) With anti-collision devices or not
1 90 3 1000 Yes
2 90 3 1500 Yes
3 90 3 2000 Yes
12 4
10 4
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£
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FIGURe 9: Time of impact force of different ship weights on bridge piers with protective devices.
TaBLE 4: Working conditions of ship impact at different speeds.
Conditions Impact angle (°) Impact velocity (m/s) Tonnage of ship (t) With anti-collision devices or not
1 90 3 1500 Yes
2 90 4 1500 Yes
3 90 5 1500 Yes
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— Conditon 2 FiGure 11: Relationship between peak impact force and ship speed

Ficure 10: Time of collision force when ships at different speeds
collide with piers with protective devices.

(2) Using BIM technology, key model control elements
can be associated with parameters that can be dy-
namically adjusted, so as to achieve the goal of visual

at different impact velocities.

parameter adjustment, that is, to complete the au-
tomatic update of the adjustment parameter model.

(3) Adjusting the position and angle of the model under
different working conditions will not affect the al-
ready divided grid. For example, the height of the
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FIGURE 12: Visualization diagram of calculation data based on BIM model.

TaBLE 5: Working conditions of calculating for wind tower.

Conditions Impact angle Impact velocity (m/s) Tonnage of ship (t) With anti-collision devices or not
1 90° 1 2000 Yes
2 90° 2 2000 Yes
3 90° 3 2000 Yes
4 90° 1 2000 No
5 90° 2 2000 No
6 90° 3 2000 No
TaBLE 6: Comparison table for calculating example.

Literature [22] This study Deviation between tthg literature and this

Conditions . . , . . , . - .
Maximum impact Time of Maximum impact Time of Deviation of maximum  Deviation of
force (MN) occurrence (s) force (MN) occurrence (s) impact force (%) time (%)

1 4.072 0.901 4.252 0.931 4.42 3.33
2 7.234 0.899 7.462 0.909 3.15 1.11
3 9.888 0.868 10.289 0.866 4.06 -0.23
4 7.453 0.875 7.667 0.899 2.87 2.74
5 13.112 0.648 13.667 0.652 4.23 0.62
6 15.813 0.589 16.559 0.561 4.72 -4.75

pontoon relative to the top of the pier and the angle
of the ship are just changing the position of the
corresponding model. After adjusting the parame-
ters of the BIM model, the position of the model in
the ABAQUS will be updated accordingly, which will
not affect the divided grid, boundary, and load
condition.

4. Verification by Calculating Example

In order to prove the reliability of the safety evaluation
results for the pier under the anticollision pontoon pro-
tection, the protection structure of rubber-steel plate
combination was adopted in literature [22] by calculating
example. This study with reference to the constitutive model
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of steel and rubber provided in literature [22] established the
BIM model of wind turbine tower and protection device. The
key parameters such as ship weight and ship speed are
parameterized to realize the transfer of material attributes
and key parameters to the finite element model.

A 2000t ship was simulated to directly impact the wind
turbine tower at the speed of 1m/s, 2m/s, and 3 m/s re-
spectively, and the response of the wind turbine tower with
or without protective devices was calculated. The calculation
conditions were shown in Table 5.

The comparison of the calculation examples is shown in
Table 6. The time-history curve is basically consistent with
the calculation examples under the calculation conditions, in
which the maximum deviation of the impact force and the
maximum deviation of the occurrence time are 4.72% and
—4.75% respectively. Considering the calculation deviation
of different finite element software and the influence of
model mesh division on the calculation results, the deviation
of the calculated results is within a reasonable range. In
conclusion, the results of the calculation method and sim-
ulation method in this study are reliable.

5. Conclusion

(1) Through the interface between BIM modeling soft-
ware and finite element analysis software, the one-
way linkage between BIM model and finite element
model is realized. For the finite element calculation
results, the BIM model is associated with parame-
terized table, time-history curve reconstruction, vi-
sual annotation, hyperlink, and other forms through
EKL language, so as to realize that the linkage be-
tween the BIM model and the calculation results is
under different working conditions.

(2) The nonlinear spring simulates the impact of ship
damping and incidental water quality in the collision
area and determines the most unfavorable response
position and change trend of the pier under the
protection of the anti-collision pontoon under dif-
ferent water levels. It can be used as a reference when
checking the most unfavorable position of similar
protective piers.

(3) By considering various working conditions of dif-
ferent angles, different tonnages, and different im-
pact speeds, the safety assessment and analysis of the
ship collision pier under the protection of the anti-
collision pontoon are carried out. The results show
that the anti-collision pontoon effectively reduces the
hazard of ship collision to the bridge piers, and the
impact force gradually increases with the change
from oblique collision to forward collision. The
maximum impact force increases with the weight of
the ship, but it is not linear. The peak value of the
impact force increases with the increase of the speed,
and the relationship between the speed and the peak
value of the impact force is basically linear.

(4) In this study, BIM parameterization technology and
object-oriented EKL high-level language method are
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used to realize the function of visual dynamic ad-
justment of finite element analysis and improve the
efficiency of multi-condition sensitivity analysis. The
shortcoming is that the real-time feedback of dy-
namic calculation results cannot be realized at
present. The linkage method of dynamic response
process and multi-condition coupling with BIM
model is the focus of the next stage of research.
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Appropriate indicators are required to measure the resilience of water supply systems (WSSs). However, it is challenging to
identify appropriate indicators since there is no comprehensive database of indicators to measure its resiliency. This study will
establish a comprehensive bank of indicators to assist water corporations and decision-makers in selecting appropriate indicators
for their particular system. The suggested indicator bank is comprised of three layers such as dimension, attributes, and the
number of indicators resulting from 12 different indicator codes that the study has analysed. In addition, this paper presents
instructions on how the indicator bank can be used and integrated with water enterprises, enabling decision-makers to pick the
relevant indicators. The proposed indicator bank is an exploratory approach that should be validated in a real work setting since
resilience is a challenging concept, and WSSs are complex due to their dependencies to other lifelines such as power networks with
too many variables that may affect the actual outcomes.

1. Introduction

The most recent “Sendai Framework for Disaster Risk Re-
duction (SFDRR)” agreement was developed to minimise
disaster mortality, the number of people affected, and
economic losses throughout the world. SFDRR regulates the
risk to critical infrastructures (such as WSSs) and the dis-
ruption of essential services caused by natural disasters [1].

Lifelines such as water supply systems (WSSs) are po-
tentially vulnerable to natural disasters due to the wide-
spread use of their components. The total performance of a
water system is determined by the performance of each
element including supply, storage, transmission, distribu-
tion, and the system as a whole. Previous earthquakes such as
Northridge in California (1994), Kobe in Japan (1995), Bam
in Iran (2003), L’Aquila earthquake (2009) in Italy, Haiti
(2010), Tohoku in Japan (2011), Christchurch in New
Zealand (2011), and Gorkha in Nepal (2015) showed how
communities could be affected by water system disruption
due to an external shock. For example, about 80% of resi-
dents lost their water supplies in New Zealand after the

earthquake in Christchurch in February 2011 [2, 3].
Meanwhile, the Haiti earthquake in 2010 demonstrated how
difficult it was to provide sufficient water, both in terms of
quality and quantity, in the aftermath of the tragedy. The
Haiti earthquake triggered a series of breaks in the main
water supply, closing off its sources to the people for two
weeks [4, 5]. According to Ballantyne and Crouse [6], the
Northridge earthquake affected 1,500 pipeline networks in
Los Angeles, while the Kobe earthquake caused 1,600
breakdowns in the city’s water distribution system.

Risk analysis has historically been used as an ideal
method to understand the water system’s performance in a
particular situation [4]. However, there are several limita-
tions to using this method. This method is only appropriate
to estimate the component level of the system, and it is
beneficial for situations where the system’s overall perfor-
mance estimation is minimal [7]. Another limitation is that
the risk analysis method frequently neglects to consider the
system’s performance over time [4]. Critical infrastructure
networks such as WSSs are instances of complications
characterised by data excess in large-scale risk assessments.
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Recent advances in information technology such as SCADA
(Supervisory Control and Data Acquisition) for water sys-
tems, along with increased concern in estimating and
controlling large-scale functionality, need the explorations
of alternative approaches [8].

Meanwhile, the resilience concept is developed to
measure the whole system’s performance by considering the
element of time. Consequently, the idea of disaster resilience
has acquired wide attention. It has become more common,
particularly following the adaptation of the “Hyogo
Framework for Action 2005-2015: Building the resilience of
nations and communities to disasters” [9, 10]. However,
resilience is a comparatively new concept in the disaster
management field that acknowledges the need to minimise
disaster disruption to help emergency management pro-
grammes [11].

Holling [12] first applied the concept of resilience to the
field of ecology, conceptualising the term as “the measure of
the persistence of systems and their ability to absorb change
and disturbance and adapting their internal dynamics if
needed.” Scholars later enriched its concept in a wide variety
of fields such as socio-ecological [13, 14], geography [15, 16],
psychological [17], urban planning [18, 19], supply-chain
management [20], and engineering [21, 22]. Each of these
fields has a distinct perspective on resilience. In ecology,
resilience is a strategy for learning more about the com-
plexity of an ecological system’s reaction to internal and
external stimuli that threaten its functionality. However,
resilience is more treated as beneficial goal status in an-
thropogenic environments (like infrastructure systems or
communities) [23]. While community disaster resilience is a
significant study subject in disaster resilience [24, 25], it
defines resilience as a concept that “enhances the ability of a
community to prepare, absorb, recover, and more suc-
cessfully adapt to actual or potential adverse events in a
timely and efficient manner” [11].

Measuring community resilience to disasters across time
and specific cases remains a challenge for scholars and
practitioners [26]. The most widely used metrics for de-
scribing systems resilience is performance or functionality.
In general, these terms are used interchangeably to represent
how a system losses its ability to function after a disaster and
how it is restored over time [27].

A rising number of academics from several areas are
focusing on developing indicators to assess the resilience of
their systems. An indicator-based approach to mitigate and
manage the risk of disasters within communities was in-
troduced by Hahn [28]. It focuses on the creation of a set of
indicators to select suitable disaster resilience indicators. The
“Baseline Resilience Indicators for Communities (BRIC)”
suggested by Cutter et al. [29] is widely used and includes a
range of secondary indicators to measure community
resilience [30]. The study of Martins et al. [31] on assessing
the resilience of the urban mobility system, the study of
DasGupta and Shaw [32] on assessing the resilience of
coastal community against climate change, and work of
Jovanovi¢ et al. [33] on the resilience of smart critical in-
frastructures are some examples of an indicator-based ap-
proach for measuring the performance of resilience.

Advances in Civil Engineering

A study of the literature on WSSs’ resilience reveals con-
siderable attempts to build an indicator system to measure its
performance. Morley [34] employed an indicator-based model
in water utilities and identified two operational and financial
indicators. It utilised the “Utility Resiliency Index” to assess the
resilience of WSSs. Baki et al. [35] proposed a modelling ap-
proach that assesses alternative interventions to urban water
systems (UWSs) under a set of performance and resilience
indicators. Nikolopoulos et al. [36] proposed a novel technique
for assessing resilience in real-world WSSs.

A framework was developed by Balaei et al. [37] to measure
water supply resilience, with an emphasis on the significance of
community features to resilience. It based its indicators on four
dimensions proposed by Bruneau et al. [22], namely, organ-
isational, social, economic, and technical [4, 38-40]. However,
the environmental dimension is considered less significant
despite being an essential feature of resilience, and the proposed
framework only is applicable to earthquake-prone areas and
developed countries. More recently, Sweya et al. [41] added an
environmental dimension to their tool to measure the resilience
of WSSs [42] to the four dimensions mentioned above [43-45].
This tool was developed in case of floods in Tanzania.

Throughout the previous few decades, several indicator lists
have been produced by organisations and scholars in favour of
decision-makers for the resilience of WSSs. The choice of the
most suitable collection of indicators has long been an inter-
esting topic but one that has also caused misunderstanding and
impeded the efforts of the decision-makers for monitoring the
resiliency projects since the selected indicators are varied.
Moreover, the selected indicators are usually developed in their
specific system and circumstance and, therefore, purposefully
chosen to follow its predetermined policy goals. By considering
the recent city developments and interaction of WSSs with
other lifelines such as power systems, resilience assessment
tasks have become more complicated. Therefore, the water
companies have to create their own indicator set from scratch
by means of several workshops. The question is whether the
current collection of indicators is adequate for assessing the
resilience of WSSs. Is there a comprehensive indicator bank
that companies can use to choose appropriate indications and
easily modify them to their systems?

This paper aims to propose a comprehensive indicator
bank emphasising the resilience of WSSs. To achieve the re-
search goal, a set of indicator codes is collected to explore and
identify the design approach of each indicator code. A pool of
indicators was utilised to extract the suitable indicators. The
obtained indicators are analysed and categorised based on a
structured indicators system proposed by reviewing the indi-
cator codes. Moreover, a framework is presented as a way of
using the proposed indicator bank in order to select appro-
priate indicators. The results of this study may help scholars or
water companies access a comprehensive indicator bank to
fulfil their system’s resilience objective and strategy.

2. Methods

The research uses a qualitative approach to data gathering,
analysis of the data, and interpretation because of the ob-
jective of the research and combination of technical,
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economic, ecological, and social nature of WSSs. A quali-
tative approach, including systematic analysis of publica-
tions, standards, reports, and documents henceforth referred
to as “codes,” was utilised to understand the concept of
resilience and its dimensions in the context of WSSs. To
establish the crucial attributes that help grasp and charac-
terise the notion of resilience and its relationship to WSSs,
the concept analysis approach [46] was utilised. This entailed
looking for the cluster of attributes that were most frequently
linked to the recognised dimensions. This review was
continued by looking at indicators (measures) that influence
system resilience and have the potential to inform the
systems’ ability to withstand the effects of natural disasters.

The method is applied through five-step processes in
attaining the study aim. Steps of the method used to propose
a comprehensive indicator bank for the resilience of WSSs
are presented in Figure 1, with more information in the
subsequent sections. The method applied in this research
was adapted from the study by Von Thenen et al. [47], which
created an indicator pool in marine spatial planning and
from the study by Khatibi et al. [48, 49] and Stratigea et al.
[50], which proposed an indicator bank for smart, resilience,
and sustainable cities.

The selection of various codes and sets of indicators is the
first step in achieving the research’s aim. The most detailed
analysis of indicators for WSS that has been carried out to
date is the “City Water Resilience Approach (CWRA),”
provided by Arup and Siwi [51]. The CWRA provides a set of
indicators classified into four dimensions, including lead-
ership and strategy, planning and finance, infrastructure and
ecosystems, and health and wellbeing, which provides good
starting points for collecting the indicators for technical,
organisational, social, and economic dimensions recognised
by Bruneau et al. [22] and environmental dimension pro-
posed by Sweya and Wilkinson [42]. After a literature re-
view, 12 different indicator codes have been selected in this
step based on the high citation, diversity in the codes’
geographical scale, and considering the whole system instead
of one component.

The selected indicator codes are reviewed in the second
step, and each individual indicator is identified and analysed.
Reviewing the indicator codes revealed that the indicators
are grouped differently. For example, the City Water
Resilience Approach (CWRA) is made up of three rings that
provide a holistic model for city water resilience: dimen-
sions, goals, and subgoals. The proposed system includes 53
subgoals grouped into 12 primary goals, while these topics
are further aggregated into four dimensions. These rings are
referred to as layers in this study. For example, dimensions
are the first layer, goals are the second layer, and subgoals are
the third layer. Such a framework describes a holistic city
water resilience model, which refers to this study as a
conceptual design. The conceptual design of the indicator
codes varies. Some codes, for example, utilised two layers,
whereas others used three or four layers. Furthermore, the
terminology used to describe the layers differs in the selected
indicator codes. For example, the first layer is referred to as
dimensions and domains, while the second layer is referred
to as goals, attributes, principles, and measures. As a result,

all indicators were gathered in a spreadsheet and reviewed
based on their conceptual design.

The third step is creating a pool of indicators, in which all
indicators are drawn to the pool. Some types of adjustments
are made in this step. Removal of indicators occurs when the
indicators are duplicated or the indicators are not specific to
WSSs. Some indicators are split when the indicators include
several indices from various dimensions. Some indicators
are merged when indicators can be categorised as an
indicator.

The next move is to establish and structure an indicator
framework based on current global performance indicators
that would be more broadly applicable for assessing the
WSSs’ resiliency in a more structured and coherent manner.
The outcome of step 2 has been used to form the proposed
structure.

The final step is proposing the comprehensive indicator
bank based on the structured system developed in the
previous step. All indicators extracted from the pool are
analysed and categorised according to the structured system
in this step.

3. Selection of Water Resilience Indicator Codes

Throughout the years, several organisations, consisting of
international, national, and nongovernmental organisations
(NGOs), and independent scholars, have proposed resilience
indicators for water systems through tools and frameworks
to measure the performance of water systems, as discussed
below.

For example, in the Netherlands, the Delft Hydraulics
Laboratory suggested a procedure to assess the water supply
initiative’s contribution to sustainability [52]. It resulted in a
mixture of indexes, each subdivided into subcriteria, cov-
ering five criteria. Five years after that research, Loucks [53]
emphasised calculating the relative sustainability of re-
newable WSSs. A weighted combination of three measures,
including reliability, resilience, and vulnerability, is used to
provide an index for measuring different environmental,
social, economic, and ecological dimensions.

Meanwhile, Sullivan [54] suggested a “Water Poverty
Index (WPI)” that assesses the connection between poverty
and WSSs. This research concluded that it would be possible
to pursue a rational approach to water allocation by con-
necting physical and social science to resolve the problem.

De Carvalho et al. [55] introduced a systematic approach
to establishing a “Sustainability Index for Integrated Urban
Water Management (SIUWM)” that could be used to assess
the sustainability capacity of a city. This index consists of five
items that are split into 20 measures and finally into 64
variables. Results from STUWM applications show that the
index will emphasise enhancing and ultimately guide ef-
fective action and policymaking to better delivery of services
and better management of resources.

Gonzales and Ajami [56] developed a regional inte-
grative framework for evaluating the sustainability of water
resources and identifying sustainability opportunities. In
this research, a numerical index composed of supply, de-
mand, and adaptive capability metrics was developed to
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FIGURE 1: Proposed steps to create the comprehensive indicator bank of WSSs.

quantify sustainability. According to the research findings,
water authorities are in an excellent position to establish
integrative regional management cooperation in order to
realise individual and mutual short-term and long-term
advantages.

The “Environmental Protection Agency” (EPA) of the
United States concentrated on the resilience of the water
distribution system to natural and man-made disasters. In
this research, potential resilience indicators such as topo-
logical reliability, hydraulic reliability, and entropy reliability
were used to quantify the performance of the water distri-
bution system. However, none of the indicators provided in
this report has been validated against disasters. More re-
search is suggested to develop realistic system measurements
to assess the system’s resilience and incorporate water
distribution system technologies [57].

Alegre and Parena [58] proposed performance indi-
cators for water supply services. The primary goal of this
manual is to give guidance for developing a management
tool for water supply enterprises based on performance
indicators. Performance indicators are used to evaluate the
efficiency and effectiveness of a WSS [59, 60]. This manual
was used in various water supply projects across the world,
mainly in Europe, including Austria and Germany, for
benchmarking [60, 61]. The overall concept of this manual
was built on a layered pyramid structure, beginning with
raw data at the bottom and feeding the performance in-
dicators on the higher layers. This framework is made up of
a theme of indicators, subindicators, and variables. The
performance indicators are classified into six categories:
water resources, human, physical, operational, quality of
service, and economic and financial [58, 60]. However, as
indicated in the manual, the system offers performance
indicators that may be relevant at the top management level
of a water supply project, and it seeks to include necessary
factors required to explain management objectives and
outcomes in terms of an organization’s performance.
Complementary indicators will be required at the de-
partmental level although they are considerably more or-
ganisation dependent [58].

The “Swedish Water and Wastewater Association
(SWWA)” recently developed the “Swedish Sustainability
Index for Municipal Water and Wastewater Services” to
give a complete picture of water and wastewater sustain-
ability as a technique for study on short-term and long-
term decision-making. This tool prioritises activities and
resources, tracks improvement, and proposes a framework
for strategic planning and analysis of the city’s require-
ments. Unlike many other indices, this tool is not aimed at
contrasting municipalities but presents municipalities with
their outcomes to create a robust and context solution for

water and wastewater management [62]. However, the
publication is available to the region only, and the indi-
cators cannot be replicated.

The “SDEWES City Index” was created as a bench-
marking tool for cities by the “International Centre for
Sustainable Development of Energy, Water, and Environ-
ment Systems (SDEWES Centre).” It assesses the long-term
production of energy, water, and environmental processes
using an integrated methodology to promote policy learn-
ing, action, and collaboration in cities worldwide for long-
term growth. The tool is developed based on seven di-
mensions, 35 indicators, and around 25 subindicators. This
index is currently implemented in 120 cities worldwide
based on various parameters for increasing spatial diversity.
Apart from focusing on many aspects of sustainable growth,
the index also provides water quality indices, emphasising
drinking water quality. These metrics are provided within
the “Water Usage and Environmental Quality” dimension
[63, 64].

In light of the foregoing, this research study focuses on
worldwide views in order to assess applicable codes and
frameworks linked to the water supply system’s resilience to
natural disasters. The following reasons contributed to the
selection of codes and the filtering process. First is the
number of citations; high citation codes are considered to
have a higher impact and, therefore, are more reliable.
Second is diversity in selected codes; this study proposes a
comprehensive indicator bank to apply worldwide. It con-
sidered the diversity in the geographical selection of codes
and the scale of the proposed codes (international, national,
and so forth). Finally, instead of focusing on one single
component such as reservoirs, the chosen indicators codes
considered WSSs as a whole system. The filter process
resulted in 12 codes applicable to measure the WSSs’
resilience, shown in Table 1.

4. Analysing of Each Indicator Code

The analysis of indicator codes follows a detailed exploration
of 12 selected standards, publications, and documents in the
previous step. A similar process is replicated for each code to
understand its conceptual design, as discussed in the fol-
lowing subsections.

4.1. Canadian Water Sustainability Index (CWSI). The
“Canadian Water Sustainability Index (CWSI)” was estab-
lished by Canada’s “Policy Research Initiative (PRI)” in
reference to the “Water Poverty Index (WPI). ” It aims to
incorporate the environmental, physical, and socio-eco-
nomic dimensions of water essential to Canadians and the
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TaBLE 1: List of selected codes.

Code Author/institution Name Scale Reference
1 Policy Resea}r ch Initiative (PRI) project Canadian Water Sustainability Index (CWSI) National [65]
sustainable development

2 Hatem M. M. Ali Arab Water Sustainability Index (AWSI) National [66]
“KWR Watercycle Research Institute” . . International (mostly

3 and NetwercH,O City Blueprint in Europe) [67]
NZ Transport Agency (research report Measuring the resilience of transport infrastructure .

4 546)/AECOM New Zealand Ltd (NZTA) International [68]

The Future of Urban Water: Scenarios for Urban .

5 ARUP and Sydney Water Water Utilities in 2040 (FUW) National (Sydney) [69]
The Cooperative Research Centre for . -, .

6 Water-Sensitive Cities (CRCWSC) Water-Sensitive Cities Index (WSC Index) International [70]

7 ARUP and Welsh Water Welsh Water Resilience National UK [71]

8 ARCADIS Sustainable Cities Water Index (SCWTI) International [72]

. Sustainable Water Management Index .

9 Maiolo & Pantusa (SWaM_ Index) National [73]

10 ARUP & SIWI The City Water Resilience Approach (CWRA) International [51]

11 Balaei Multidimensional factgljs affecting water supply International 3]

resilience
12 Sweya Development of a tool to measure resilience against National Tanzania [74]

floods for water supply systems in Tanzania

region’s natural circumstances. The PRI has built and val-
idated a composite water index to assess Canadian com-
munities’ wellbeing concerning freshwater. This index
incorporates various water-related data and knowledge in
different indicators. Together, the measures provide an in-
tegrative profile of critical water problems in the region and
enable intracommunity and intercommunity comparison
and analysis. The fifteen indicators are equally divided into
five policy-based components: resource, ecosystem health,
infrastructure, human health and wellbeing, and capacity.
The higher the CWSI score for the environment, the better
equipped it is to enjoy and preserve freshwater’s ecological,
socio-economic, and health benefits. The CWSI was field-
tested in six group case studies (PRI, 2007).

4.2. Arab Water Sustainability Index (AWSI). The “Arab
Water Sustainability Index” (AWSI) is a conceptual
framework that integrates several water status elements in
the Arab countries; physical, social-economic, and envi-
ronmental. Meanwhile, four theme-based components have
been suggested for the AWSI to represent a valuable and
practical breakdown: dependency, shortage of water, the
sustainability of the environment, and water volume. This
index is a sustainability tool that evaluates the baseline
condition or duration, allowing regions to be compared with
one another or over time. The AWSI is based on eight in-
dicators and 22 variables. A mathematical aggregation is
applied to condense variables into a manageable data set,
further simplified into an index [66].

4.3. City Blueprint. The City Blueprint project is headed by
the “KWR Watercycle Research Institute” and “Netwer-
cH20” and includes a wide variety of information providers,
institutional bodies, networks, and regional authorities to
establish it. The City Blueprint approach is a tool that

comprises three frameworks: the “Irends and Pressures
Framework (TPF)” is used to analyse the major urban issues;
the “City Blueprint Framework (CBF)” governs how cities
manage their water cycles; and the “Governance Capacity
Framework (GCF)” is used to identify areas where cities may
enhance their water governance [75].

The CBF is a tool that is used in municipalities to de-
termine the total sustainability of “Integrated Water Re-
sources Management (IWRM).” It offers a quick scan and
baseline review of urban water systems and is developed to
compare the IWRM of cities and promote the sharing of
success stories between cities to overcome the urban water
problems [67]. The assessments have been conducted and
are available for more than 70 municipalities and regions
around 40 countries. However, it is established mainly in
Europe, focusing on the water framework, wastewater, and
climate adaptation in the cities [75]. The metrics were
subdivided into eight broad groups: water security, water
surface quality, and groundwater, sanitation, drinking water,
infrastructure, environmental stability, biodiversity, attrac-
tiveness, and governance. It runs through a questionnaire
that records the radar diagram’s responses, including the
Blue City Index. The Blue City Index is a mean value of 24
measures ranging from zero (concern) to ten (no concern).
The City Blueprint outlines the cities’ strengths and weak-
nesses and takes the first step in the long-term plan for
communities [67].

4.4. NZ Transport Agency. The “New Zealand Transport
Agency” hired AECOM to create a methodology for
assessing the resilience of New Zealand’s transportation
infrastructure. Its design is relevant to the whole land
transport system (road and rail) and considers multiple sizes
(asset/network/region). The partnerships developed an as-
sessment tool that encompasses resilience’s technical and
organisational dimensions into specific concepts and metrics



to assess resilience qualitatively. They developed three
concepts of technical dimensions hinging on robustness,
redundancy, and safe-to-fail, while organisational aspects
addressed preparation for the transition, networks, leader-
ship, and culture (Hughes and Healy, 2014).

Although the transportation system’s functionality is dif-
ferent from water supply systems, both are critical lifeline
networks, and the proposed indicators can be adapted to WSSs.
As a result, this code was reviewed with other water-related
codes to create the suggested indicator bank for this study.

4.5. The Future of Urban Water (FUW). The “Future of
Urban Water” is a publication that resulted from a cofunded
partnership between the international engineering group
Arup and Sydney Water experts. The project discussed the
development and potential scenarios for the future of the
urban water system in 2040. The scenarios were based on
theoretical assumptions, which made it easier to recognise
and evaluate different futures under precisely specified
conditions. The premises include developing the economy,
increasing the population of cities, climate change, in-
creasing water resources volatility, utility management ef-
ficiency, and utilising smart services. The research assessed
over 100 social, environmental, political, and technical in-
dicators based on four main scenarios that will direct Sydney
Water’s long-term planning [69].

4.6. The Water-Sensitive Cities Index (WSC Index). The WSC
provides an index using a tool to benchmark cities’ current
performance according to the water-sensitive objectives. The
WSC goals are developed to improve effective water policy,
population involvement, equity of essential services, pro-
duction and resources efficiency, urban space quality, eco-
logical health, and sustainable infrastructure. The goals are
divided into 34 indicators. In a collective workshop phase,
each of the 34 metrics is rated on a scale of 1 to 5 [76]. The
information is then entered into a web-based application
that will sort the outcomes based on the most beneficial user.
The index was developed in the preliminary phase by two
local governments in Melbourne and a Perth pilot test. The
tool is now being used by various water companies and local
governments and launched through a partnership with
Asian Development Bank in five Asia-Pacific cities [70, 77].

4.7. Welsh Water Resilience Framework and Strategy.
Welsh Water was one of the first companies in the UK to
conduct a comprehensive review of its system’s resilience.
The company built its resilience wheel early in 2017, which
underpin its long-term plan in 2050. This wheel is used as a
resilience framework to define their strong points and areas
of development. A long list of shocks and stresses and the
possible impact on organisations was created by the Uni-
versity of Cardiff’s collaboration. Therefore, Welsh Water
has explicit knowledge of the risks imposed by many short-
term disasters with working in conjunction with Arup and
Cardiff University. The company also undertook the hori-
zon-scanning study to learn how short-term disasters will
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change and affect the company in the long term [78]. Later,
the Water Services Regulation Authority of England and
Wales (Ofwat) released “Resilience in the Round” [79],
which emphasised guidance for businesses dealing with
resilience issues. Following this publication, Arup created a
framework for assessing the corporate, operational, and
financial aspects of a company’s resiliency. It also prompted
Welsh Water to update its Resilience Wheel, which is
comparable to the “Round in Resilience.” To conform with
current regulatory standards, the appraisal created a mod-
ification to the Welsh Water Resilience Wheels. Finally, the
wheel is created using a system-level approach, which is
divided into three key components: finance and governance,
technology and environment, and people [71].

4.8. Sustainable Cities Water Index (SCWI). In conjunction
with the “Center for Economics and Business Research
(CEBR),” the ACRADIS “Sustainable Cities Water Index”
analyses three aspects of robustness (resilience), productivity
(efficiency), and safety (quality) waterscapes to produce an
indicative ranking of 50 leading cities. The index inspected
the water sustainability of 50 urban communities from 31
nations. According to the survey, the 31 communities ex-
amined require more investment to endure natural ca-
lamities and water shortages. Meanwhile, climate change
adaptation and resilience are becoming the most pressing
problem for aspiring city leaders in the future. The index
reveals which city is better at managing and controlling
water-related issues in the long term. The findings call for
more significant expenditure to boost the city’s response to
adverse weather conditions and unexpected water scarcity.
The city authorities need to pay careful attention to each area
of water sustainability to ensure long-term stability [72].

4.9. Sustainable Water Management Index (SWaM_Index).
The SWaM_Index bases its measurements on economic,
environmental, social, and institutional indicators and is
ideal for different administrations in the field. The indicators
are aggregated into subthemes, topics, and pillars organised
through hierarchical relationships, while the synthetic index
is calculated using proper clustering techniques. The man-
agement of water resources is viewed in terms of natural
(different types of natural), artificial structures (set up for the
management of natural resources), and environmental and
socio-economic aspects. The SWaM_Index arranges Arti-
ficial Systems (AS), Natural Systems (NS), and Socio-Eco-
nomic-Institutional ~Systems (SEI) as three pillars
representing its sustainable components. It is then sub-
divided into themes, which further divides into subthemes,
and finally into elementary indicators for each subtheme.
The water supply system is identified as a theme in the
artificial system pillar with two subthemes such as service
availability and service management and 29 indicators [73].

4.10. The City Water Resilience Approach (CWRA). The “City
Water Resilience Approach (CWRA)” responds to the need
for creative approaches and tools to help cities develop urban
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water resilience. The CWRA invention focuses on cities’
ability to ensure high-quality water supplies for their citi-
zens, avoid water-related risks, and connect them through
water-based networks. The approach benefits from field
research and desk analysis, collaborations with authorities
on the subject, and direct interaction with stakeholders in
the community. The CWRA defines a framework for im-
proving urban water resilience and offers resources to help
communities improve their resiliency in the face of shocks
and stresses related to water. The strategy includes five
processes to guide cities including initial stakeholder par-
ticipation, baseline evaluation, action planning, imple-
mentation, and monitoring of new measures that enhance
water resilience. The framework is finalised to four di-
mensions, 12 targets, and subgoals to achieve these directives
[51].

4.11. Balaei’s Research on Multidimensional Factors. This
research proposed a framework for assessing the WSSs’
multifaceted resiliency based on the relevance of various
communities” characteristics [8]. The suggested framework
(CARE) comprises eight core phases: developing conceptual
framework, choosing suitable indicators, optimising indi-
cators based on data availability, correlation analysis, es-
calating indicators, the weighting of variables, measuring,
and aggregating the indicators. This framework highlighted
the essential technological, social, institutional, and eco-
nomic variables and metrics to assess these dimensions.
Factors and metrics have been collected, and it is validated
and ranked via a series of interviews with the water supply
and resilience experts, social scientists, and economists.
Technical factors were evaluated in selected earthquake
scenarios in Pukerua Bay in New Zealand, while the social
factors were also tested across New Zealand and Chili. The
organisational and economic variables were measured after
the Christchurch earthquake in New Zealand in 2011 [3].
Although the framework is tested in different cases in a real
or hypothetical case, the indicators are developed only for
earthquakes.

4.12. Sweya’s Study to Develop a Measurement Tool for
Tanzania. A multidimensional tool was developed for
Tanzania’s water supply system by Sweya [74] to measure
their systems’ resilience. The research employed expert’s
judgment across five phases, including preassessment of
variables, pretesting of variables, creating the tool via the
Delphi study, the final assessment, and validation of the tool.
The tool has five dimensions, discussing the water supply
systems’ numerous resilience problems: technological, in-
stitutional, social, economic, and environmental. Overall, 47
indicators have been proposed in different dimensions to
show the system’s existing resiliency level when tested in
selected Tanzanian water supply systems and indicate the
aspect that needs improvement. The instrument contributes
to a reliable water supply during flooding and minimises
global temperatures to meet the Paris Agreement [41, 74].
The instrument was, however, designed for developing
countries and only in the event of flood events.

4.13. Conceptual Design of Selected Codes. The selected codes
were reviewed in detail, and the conceptual design of each
indicator code is analysed and summarised in Figure 2. The
analysis of these conceptual designs has been used to feed step
four (refer to Figure 1) to build the structure of the indicators.

5. Creation and Outcome of the
Pool of Indicators

A bank of indicators is proposed from a pool of indicators
provided by the 12 frameworks discussed previously. All
indicators are obtained from the different layers, following
the detection of overlapping or replication attributes. All
indicators that are not related to water supply systems, such
as stormwater or wastewater, are eliminated. The final
output will determine the foundation for developing a ro-
bust resilience indicator bank for WSSs. Figure 3 shows the
selected global performance indicator systems systematically
reviewed and then funnelled into the indicator bank. The
total number of 534 indicators pooled is filtered by removing
similar and duplicated indicators, leaving 216 indicators
available in the new bank. The study then identifies the
structure of the proposed indicator systems. The indicators
will be categorised based on the proposed system.

6. Proposed Structure of Indicators

After understanding and analysing each indicator derived
from the pool of indicators and before structuring the pro-
posed indicator bank, a typical framework must be described.
Each code utilised a different classification system and specific
categorisation (refer to Figure 2). A framework of indicators
for the WSSs’ resilience must represent the policy, processes,
and strength to measure its performance. The foundation of
those indicators should ideally be based on a series of primary
criteria. These indicators should be specific [37, 45], consider
simplicity [34, 37, 45, 80-82], transparency [34, 45, 80-82],
objectivity [28, 37], sensitivity [28, 37, 81], and be distinctive.
A Dbrief description of these criteria is presented as follows:

(i) Specific: the indicator should be appropriate and
relevant

(ii) Simplicity: the indicator should be understandable
for decision-makers and experts

(iii) Transparency: it should be possible for other people
to recreate and check indicators

(iv) Objectivity: whether the indicator can be used over
time based on updated and reproduced data

(v) Sensitivity: whether the indicator reflects changes in
the situation

(vi) Distinctive: the indicator lacks redundancy and
does not measure something already captured un-
der other indicators

Other researchers define other criteria that are a proxy of
provided criteria or inappropriate in this study. Affordability,
for example, refers to the fact that data can be collected at a
reasonable cost, resources, and time [34, 45, 82] or availability
which refers that easy access to the data is eliminated since the
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FiGure 2: Conceptual design of selected codes.

purpose of this study is to take into account the most valuable
indicators irrespective of data concerns.

The indicator sets are gathered from the twelve codes
previously created. The structure of the proposed indicator
bank is classified into three layers here. The first layer is
named dimension which maintains a sector-based approach
in line with characteristics developed by [3, 51, 68, 73, 74].
Next, WSSs’ performance is measured at the attributes level,
reflecting a problem-based approach in which the main
issues of WSSs’ resilience that belongs to the sector, as
mentioned earlier, are addressed. Indicators are the third
and final level measurement to determine the essential
characteristics of water supply system resilience. Figure 4
shows the overall view of the proposed system.

The multidimensional idea of calculating resilience was
first identified by [22]. The four dimensions of Bruneau et al.
[22] include technical, organisational, social, and economic
(TOSE) to measure the resilience of communities. Many
other researchers modified or expanded this work to create a
framework to measure the system’s performance based on
their requirements. For example, the ecological dimension is
added by Vugrin et al. [83] to measure the resilience of eight
separate systems. Hughes and Healy used organisational and
technical dimensions to measure the transportation system’s
resilience. The environmental dimension is described and
added by Balaei [3] and Vugrin et al. [83], and later on, the

indicators of this dimension are proposed and applied by
Sweya and Wilkinson [42] to measure the resilience of the
water supply system in Tanzania. However, the authors
added smartness and advanced technology dimension to
present indicators relevant to this dimension.

The same approach is used to create attributes for each
dimension. In the technical dimension, for example, the ro-
bustness and redundancy attributes come from [4, 44, 68], safe-
to-fail attribute is extracted from [44, 68], and flexibility at-
tribute is extracted from [44]. After detecting overlapped or
replicated indicators, all the indicators are analysed and cat-
egorised for the last layer in the related attribute and dimen-
sions. The study’s scope is the collection of indicator bank of
WSSs, so the indicators that did not belong to this have been
removed. All dimensions, attributes, and indicators are analysed
and categorised independently. This approach can help to
measure the resilience of the system by each dimension or
attributes independently. The overall performance of the system
as a whole also can be measured by integrating each dimension.

7. Comprehensive Indicator Bank for the
Resilience of Water Supply Systems

The proposed indicator bank comprises six dimensions, 27
attributes, and 216 indicators. The water supply systems’
resilience indicator bank is presented in Table 2.
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FiGure 3: Indicator pool of selected codes to build a new robust
indicator bank.

Technical dimension refers to the ability of a system’s
physical elements to operate at an acceptable level after a
catastrophe [4, 22, 84]. The technical dimension comprises four
attributes: robustness, redundancy, flexibility, and safe-to-fail.
The technical dimension totally has 49 indicators. For example,
interdependency belongs to the robustness attributes and refers
to the degree of water supply system dependency to other
lifeline systems such as power systems in pump stations.

The organisational dimension refers to the capacity of
organisations to help communities in disaster

preparedness, response, and recovery [45]. The organ-
isational dimension has four attributes and 61 indicators.
Change readiness, network and relationship, functioning
as a unified team, effective leadership, and governance and
strategy are the attributes of the organisational dimension.
For instance, the mutual aid and assistance indicator
belongs to change readiness attributes. The application of
this indicator is when a water company does not have the
capacity to provide all equipment/spare parts or facilities
in a disaster. Therefore, a mutual aid agreement can be
signed between the companies to support water companies
in emergencies, for example, an agreement between the
water company and power company to provide electricity
in pump stations.

The resources rooted in ones’ social network that can be
accessed or developed by bonds and interaction within these
networks are referred to as social capital [85, 86]. The social
dimension comprises nine attributes and 42 indicators. The
attributes of social dimensions include education, pre-
paredness, social structure, human health and wellbeing,
public participation, togetherness, equity of essential ser-
vices, violence rate, and trust. For example, community
capacity belongs to the preparedness attribute and refers to
communities’ capacity to prepare for and respond to ex-
treme disasters.

Economic resilience is categorised into static and dy-
namic resilience, according to Rose [87]. The static term
refers to the effective utilisation of resources at a given time,
while the dynamic term refers to economic repair and
restoration that influences the economy’s time path [43]. The
economic dimension has one attribute and 18 indicators. For
example, quick access to finance is recognised as an indicator
that can be applied in the restoration and recovery phase
when the damage occurs to water supply systems’ assets.

Environmental resilience aligns with ecological resil-
ience, which refers to the adaptation and adjustment of a
system in response to changing environment [42]. Envi-
ronmental resilience is classified into five attributes and 30
indicators. Ecosystem health, ecosystem health, climate
change policy, debris management, and delivering sus-
tainable energy and resources are the attributes of envi-
ronmental resilience. Protection of groundwater and surface
water resources is an indicator of improving ecosystem
health attributes.

Smart water systems are part of the larger group of
cyber-physical systems which combine physical and
software elements to perform data processing, system
control, and automated decision-making autonomously or
simultaneously [88]. Smartness and advanced technologies
dimension is categorised into four attributes and 17 in-
dicators. Information technologies, communication sys-
tems, advanced tools, and smart materials are the
attributes of this dimension. The application of early
warning systems is an example of utilising smart infra-
structure as an indicator.

The proposed comprehensive indicator bank is
extracted from twelve codes. The water companies can
utilise all indicators as a whole package to measure the
resilience of their system in all six proposed dimensions, or
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FIGURE 4: Structure of proposed indicator bank for the resilience of water supply systems.

it can be used to measure only one dimension or only one
attribute. However, the proposed indicators bank is
comprehensive; it needs to be finalised with experts within
water companies to select their suitable indicators. For

example, some companies may be interested in measuring
only one dimension rather than in all dimensions.
Moreover, the indicators set may vary in different locations
and for various disasters.
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FIGURE 5: Application of the proposed indicator bank.

8. Discussion

This section describes how the proposed indicators bank can
be applied in a case. The appropriate indicators need to be
selected before measuring the resilience of a water supply
system. More details are provided in the following
subsections.

8.1. Selecting Appropriate Indicators for a Specific Water
Supply System. A combination of top-down and bottom-up
approaches [50] is needed to finalise the indicators. The
proposed indicator bank is developed for global usage and is
applicable to different disasters. However, it is essential to
pick the appropriate indicators from the comprehensive
indicator banks as the indicators differ by scale (local, re-
gional, and others), location, and company vision and policy.
A water corporation, for instance, may not be interested in
improving the smartness of its system according to the size
and budget, which will influence the final collection of in-
dicators that they may need to work on to improve its water
resiliency standards. Similarly, a company may be only
interested in improving its system’s resilience according to a
specific disaster. In this case, some indicators may need to be
added or removed from the indicators bank to develop
relevant indicators for a particular disaster that the company
is addressing. For example, buried assets may affect dif-
terently in the face of flooding compared with earthquakes.

Therefore, a company needs to review its specific vision
and policies, look at the existing resilience situation, identify

the gaps, and set the company goals. The set of indicators
needed for a particular resiliency target should be refined
through a series of workshops with relevant experts and then
finalised. Figure 5 shows the top-down and bottom-up
approaches to finalise the suitable indicators for a specific
company.

8.2. Measuring the Resilience of a System. The proposed
indicator banks intend to measure the resilience of a system.
Therefore, a series of measurement scales are required for
each indicator to measure resilience. Each indicator includes
some criteria which can represent its performance level.
There are various types of variables with distinct scales to
measure resilience. To illustrate, some indicators are Boolean
data types that only have two possible values (true or false),
while some indicators can be measured by percentage, and
others can be measured by per capita. For the combination
of these values, a scaling process is necessary. Otherwise, the
Likert scale can be developed for each indicator where the
higher rank shows a higher level of resilience.

However, the result of the ranking does not show the
absolute value for each indicator since each dimension/at-
tribute/indictor’s weight needs to be considered alongside
these ranks. It is critical to assign weights to variables, so it
helps the user to decide which variables are more significant
than others. Various methods are available for extracting the
weights of attributes/indicators [89]. Mayunga [10] for
assigning weight to variables; identified five different ap-
proaches for the analysis, measurement, and mapping of
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community disaster resilience. One or a combination of the
above approaches can be applied to generate the weight of
each dimension/attribute/indictor.

The overall resilience of a water supply system will be an
index driven by aggregating the weighted values of each
dimension/attribute/indicator across the ranking of each
indicator.

The resilience measuring can be designed based on
benchmarking or baseline assessment. Benchmarking as-
sessment approach is being used to compare a system’s
resilience with its peers, for example, the resilience of a city’s
water supply system to be compared with that of another
city. The baseline or longitudinal assessment approach is
being used to compare the performance of a system over
time. The baseline provides a point of reference for mea-
suring the improvement of a system over time [29] by way of
illustration, tracking, and comparing changes in the resil-
ience of a water supply system over time.

The water supply systems are critical infrastructures that
are dependent on other lifelines like power systems. For
example, pump stations are highly dependent on electricity.
Therefore, the performance of water supply systems is not
only dependent on its own system but also on other systems.
The paper is recommended that these indicators should be
tested in a water company to measure the level of its de-
pendency. However, in the result section, these indicators
have been proposed, such as “interdependencies” and
“Mutual aid and assistance.” Interdependencies refer to the
dependency of WSSs to other lifelines such as power,
transportation, and communication systems, and mutual aid
and assistance refer to the agreement between the different
companies to support water companies in emergencies. For
example, an agreement should be signed between the water
and power companies to provide electricity in pump stations
after disasters.

9. Conclusion

The WSSs are consistently at risk from natural disasters.
Compared with conventional methods such as risk analysis,
the range of disasters and their adverse effects on WSSs has
prompted water companies and decision-makers worldwide
to look for alternatives to assess WSSs’ performance against
disasters. The WSSs’ performance against disasters can be
improved through the resilience concept. The indicator-
based approach is developed to measure the performance of
the WSSs for future disasters. Nonetheless, finding suitable
indicators to measure system performance remains a
challenge for water companies and decision-makers.
Therefore, this paper targets a more comprehensive indi-
cator bank to envision a groundwork solution towards the
WSSs’ resilience. The proposed indicator bank provides a
foundation for water companies and decision-makers to
improve their resiliency.

Due to WSSs’ complexity, many indicators exist
worldwide to measure the system’s resilience. With the
complexity of the WSSs” dependencies with other networks
such as transport, examining the entire array of available
resources to resolve resiliency may overwhelm this paper’s
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necessary theoretical exploration. Addressing this com-
plexity naturally constricted the research to contextualise a
smaller pool of references. Therefore, twelve indicator codes
are then referenced, chosen from international, national, and
individual bodies. To achieve its initial aim, it interprets the
chosen indicators into a more comprehensive framework by
filtering all the frameworks’ data, as detailed in Table 2.

The proposed comprehensive indicators bank comprises
three layers: dimensions, attributes, and indicators. Totally,
216 indicators are proposed within 27 attributes and six
dimensions. The water companies may use all or a part of the
proposed indicators to select suitable indicators based on
their needs. Therefore, the indicators need to be finalised
according to the requirements of a specific company. A
framework is presented to navigate this process with top-
down and bottom-up approaches. After finalising the in-
dicators, the resilience of a system can be measured by
ranking the measurement scales, weighing the dimension/
attributes/indicators based on their importance, and ag-
gregating the data. Benchmarking or baseline assessment
approaches can be developed when measuring the resilience
of a system.

Finally, the proposed indicator system needs to be
measured in an existing WSS. Further research may be
conducted in a practical case study. A revision may occur
mainly since the WSSs exist within the urban systems’
complexity and challenge the desired outcomes from its
theoretical approach. Despite this apparent limitation, it
offers more research possibilities as each case study must
address various issues, which adds value to the indicator
bank database towards refinement.
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All data, models, and codes generated or used during the
study are included in the published article.
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