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Abstract

This chapter presents recent advances in the field of structural robustness and progres-
sive collapse of deteriorating structural systems, with emphasis on the relationships
among structural robustness, static indeterminacy, structural redundancy, and failure
times. Damage is viewed as a progressive deterioration of the material properties and
its amount is evaluated at the member level by means of a damage index associated
with prescribed patterns of cross-sectional deterioration. The variation of suitable
performance indicators compared with the amount of damage is used to formulate
dimensionless measures of structural robustness. An index of structural integrity is
defined to quantify the severity of the structural failure with respect to its consequences.
The role of damage propagation on structural robustness is investigated by considering
different propagation mechanisms and by using a damage-sensitive fault-tree analysis.
The role of structural robustness on progressive collapse, as well as the relationship
between structural robustness and static indeterminacy, are also investigated by con-
sidering parallel and mixed series-parallel truss deteriorating systems with various
degrees of static indeterminacy. Time-variant measures of structural robustness and
redundancy are developed with respect to the loads associated to the first local failure
and to the structural collapse. The elapsed time between these two types of failures is
investigated as a measure of the ability of the system to be repaired after local failure.
This approach is illustrated through the application to a reinforced concrete frame
under different corrosion damage scenarios.
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6.1 Introduction

During the last few decades, progressively increasing attention has been focused on
the concept of structural robustness, disproportionate failure and progressive collapse.
The first developments in this field followed the partial collapse in 1968 of the Ronan
Point high rise building in London after a relatively small and localized gas explosion
(Griffiths et al. 1968). More recently, other building collapse events — including the
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terrorist attacks to the Alfred P. Murrah Federal Building in Oklahoma City in 1995
and the Twin Towers at the World Trade Center in New York in 2001 —emphasized the
need for additional research towards the development of new concepts and methods
in this field (Carper & Smilowitz 2006).

As a consequence of these and other dramatic structural failures, the importance of
reliable design procedures leading to conceive robust structures has been emphasized
over the years and it is widely recognized (Taylor 1975, Ellingwood & Leyendecker
1978, Ellingwood & Dusenberry 2005, Starossek 2009). This is not limited to build-
ings, but it is also recognized as a major concern for progressive collapse of bridges
(Starossek 2008). However, in structural design the concept of robust structures, or
damage-tolerant structures, is still an issue of controversy. Actually, despite the fact
that procedures aimed to identify weak links within structures have been reported in
literature (see for example Lu et al. 1999, Agarwal et al. 2003) and efforts have been
made to quantify robustness based on risks due to failure consequences (Baker et al.
2008), there are no well established or generally accepted criteria for a consistent def-
inition and a quantitative measure of structural robustness (Starossek & Haberland
2011).

Another crucial aspect not clarified yet is the relationship amongst structural robust-
ness and structural redundancy. In fact, the terms robustness and redundancy are often
used as synonymous. However, they denote different properties of the structural sys-
tem. Structural robustness can be viewed as the ability of the system to suffer an amount
of damage not disproportionate with respect to the causes of the damage itself. Struc-
tural redundancy can instead be defined as the ability of the system to redistribute
among its members the load which can no longer be sustained by some other damaged
members. Redundancy is usually associated with the degree of static indeterminacy.
However, it has been demonstrated that the degree of static indeterminacy is not a con-
sistent measure for structural redundancy. In fact, structural redundancy depends on
many factors, such as structural topology, member sizes, material properties, applied
loads and load sequence, among others (Frangopol & Curley 1987, Frangopol &
Klisinski 1989, Frangopol & Nakib 1991).

In addition, robustness and redundancy evaluations are usually related to damage
suddenly provoked by accidental actions, such as explosions or impacts (Ellingwood
2006, Ghosn et al. 2010, Saydam & Frangopol 2011, 2013). However, damage could
also arise gradually in time from aging of structures (Biondini et al. 2004, 2006,
Ellingwood 2005). Damage propagation mechanisms may also involve disproportion-
ate effects and alternate load redistribution paths (Biondini & Restelli 2008, Biondini
2009, Okasha & Frangopol 2010a, Deco et al. 2011). These effects are particularly
relevant for concrete buildings and bridges exposed to corrosion and other kinds of
environmental damage. Notable events of bridge collapses due to the environmen-
tal aggressiveness and related phenomena, such as corrosion and fatigue, include for
example the Silver Bridge in 1967 (ASCE 1968), and the Mianus River Bridge in 1983
(NTSB 1983). Therefore, it is of great interest to develop suitable life-cycle measures
of structural robustness with respect to a progressive deterioration of the structural
performance.

Structural systems under progressive damage have been investigated to identify suit-
able measures for structural redundancy (Frangopol & Curley 1987, Frangopol et al.
1992) and structural robustness (Biondini & Restelli 2008). More recently, the time
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factor has been explicitly included in a lifetime scale for a time-variant measure of
structural robustness (Biondini 2009, Biondini & Frangopol 2010a) and structural
redundancy (Okasha & Frangopol 2010a, Deco et al. 2011). Advances have also been
accomplished to identify the local failure modes and to evaluate their occurrence in
time to maintain a suitable level of performance of deteriorating systems and to avoid
the structural collapse over the lifetime (Biondini & Frangopol 2010b, Biondini 2012).
In fact, repairable local failures can be considered as a warning of possible occurrence
of more severe and not repairable failures.

The aim of this chapter is to present the latest research findings in the field of
structural robustness and progressive collapse of deteriorating structural systems, with
emphasis on the relationship among structural robustness, static indeterminacy, struc-
tural redundancy, and failure times. In the presented approaches, damage is viewed
as a progressive deterioration of the material properties and its amount is evaluated
at the member level by means of a damage index associated with prescribed patterns
of cross-sectional deterioration. The deterioration effects on the system performance
are evaluated with reference to suitable performance indicators identified with param-
eters of the structural response. The variation of these indicators with respect to the
values associated with the performance of the undamaged system is compared with
the amount of damage to formulate dimensionless measures of structural robustness.
Moreover, an index of structural integrity is defined to quantify the severity of the
structural failure with respect to its consequences.

The role of damage propagation on structural robustness is then investigated by con-
sidering different propagation mechanisms and by using a damage-sensitive fault-tree
analysis. In such a way, all the feasible damage paths associated with the propagation
mechanism and the actual topology of the system are described by branched networks
where the level of activation of each nodal connection is properly tuned to account for
the prescribed amount of local structural damage. The role of structural robustness
on progressive collapse as well as the relationship between structural robustness and
static indeterminacy are also investigated by considering parallel and series-parallel
truss deteriorating systems with various degrees of static indeterminacy.

Finally, these general criteria are applied to concrete structures exposed to corro-
sion. The effects of the damage process on the structural performance are evaluated by
using a proper methodology for life-cycle assessment of concrete structures exposed
to diffusive attacks from environmental aggressive agents. Time-variant measures of
structural robustness and redundancy are developed with respect to the loads associ-
ated to the first local failure and to the structural collapse. The elapsed time between
these two types of failures is investigated as a measure of the ability of the system to
be repaired after local failure. This approach is illustrated using a reinforced concrete
(RC) frame under different corrosion damage scenarios.

6.2 Damage Modeling

Deterioration processes are generally complex and their effects and evolution over
time depend on both the damage mechanism and type of materials and structures. For
steel structures the main causes of lifetime deterioration are corrosion and fatigue. For
concrete structures there is a wider spectrum of aging and damage mechanisms that
may seriously affect the life-cycle performance. These mechanisms include chemical
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processes associated to sulfate and chloride attacks and alkali-silica reactions, physical
processes due to freeze/thaw cycles and thermal cycles, and mechanical processes such
as cracking, abrasion, erosion, and fatigue (Ellingwood 2005). Deterioration models
could be developed on empirical bases, as it is generally necessary for rate-controlled
damage processes, or founded on mathematical descriptions of the underlying physical
mechanisms, as it is often feasible for diffusion-controlled damage processes.

6.2.1 Deterioration Patterns

A mathematical description of deterioration processes may be complex and not
always feasible due to lack of information and incomplete knowledge of the dam-
age mechanisms. However, effective models can often be established for practical
applications by assuming the structural damage as a progressive deterioration of
the material properties. According to this approach, the amount of deteriora-
tion is specified at the member level by means of time-variant damage indices
8=25(¢) €[0; 1] associated with prescribed patterns of deterioration, with §=0 and
8=1 for the undamaged and fully damaged states, respectively (Frangopol &
Curley 1987, Biondini & Restelli 2008).

Several damage mechanisms, including uniform corrosion in steel structures, as well
as crushing, cracking, abrasion and erosion in concrete structures, can be effectively
represented at the member level by a progressive reduction of the effective resistant
area of the member cross-section. As an example, for hollowed circular cross-sections
having internal and external radius 7; and 7,, respectively, and damaged along an
external layer of uniform thickness Ar, the amount of damage can be specified by
means of the following damage index:

Ar

Ye — 7

§= (6.1)

In this way, proper correlation laws may be introduced to define the variation of the
geometrical properties of the cross-section, such as area A and moment of inertia I,
as a function of the damage index §. Figure 6.1 shows the variation of the area ratio
a=a(8)=A/Ay for two circular cross-sections, @ solid and @ hollowed, undergoing
uniform damage along the external boundary (Biondini & Restelli 2008).

Different patterns of deterioration are needed when localized damage occurs. This
is the case of corrosion in concrete structures where damage starts to develop locally
in the reinforcing steel bars and propagates affecting both the corroded steel bars and
the surrounding volume of concrete. By denoting p the corrosion penetration depth,
the damage index § for reinforcing steel bars could be defined as follows:

p

b= —
Dy

(6.2)

where Dy is the diameter of the undamaged steel bar. The corresponding percentage
loss 8; =85(8) =1 — As/Aso of steel resistant area A, for a corroded reinforcement bar
depends on the corrosion mechanism. In carbonated concrete without relevant chloride
content, corrosion tends to develop uniformly on the steel bars along an external layer
of thickness Ar, with p =2Ar and §; =§(2 — §). In the presence of chlorides, corrosion
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Figure 6.1 Area ratio o =A/A, versus damage index § for circular cross-sections, @ solid and
@ hollowed, undergoing uniform damage along the external boundary (adapted from
Biondini & Restelli 2008).

tends instead to localize (pitting corrosion), and the relationship §; = §,(8) depends on
the shape of the pit (Stewart 2009).

This study will focus on the effects of corrosion in terms of mass loss of the rein-
forcing steel bars. A general formulation of damage modeling for uniform and pitting
corrosion involving reduction of cross-sectional area of corroded bars, reduction of
steel ductility, deterioration of concrete strength, and spalling of concrete cover, can
be found elsewhere (Biondini 2011).

6.2.2 Deterioration Rate

The evolution over time of the deterioration process needs to be described by suitable
models of time-variant deterioration rate. Simple empirical models are often adopted,
for example (Ellingwood 2005):

8(t) =ut — ;)" (6.3)

where ¢; is the initiation time and « and 5 are parameters determined from regres-
sion of available data. Empirical models are amenable to an efficient implementation
in life-cycle prediction frameworks. Moreover, they often represent the only feasible
approach to model rate-controlled damage processes. On the other hand, it is worth
noting that the parameters of these empirical models are sensitive to several factors
that characterize the problem and, in most cases, such sensitivity does not allow for
a generalization to situations that are not covered by the available database. For this
reason, when possible, more complex and comprehensive mathematical models are
developed to represent the actual deterioration mechanisms and their effects on the
life-cycle structural performance.
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A mathematical description of time-variant deterioration may be feasible for
diffusion-controlled damage processes, where the deterioration rate generally depends
on the concentration of the diffusive agents. This is the typical case of concrete struc-
tures, where damage induced by the diffusive attack of aggressive agents, such as
sulfates and chlorides, may involve deterioration of concrete and corrosion of rein-
forcement (CEB 1992, Bertolini et al. 2004). The diffusion process can be effectively
described by using the Fick’s laws which, in the case of a single component diffusion
in isotropic, homogeneous and time-invariant media, can be reduced to the following
second order partial differential linear equation (Glicksman 2000):

DV*C= c (6.4)
ot

where D is the diffusivity coefficient of the medium, C = C(x, t) is the concentration
of the chemical component at point x =x(x,y,z) and time #, VC =grad C(x,¢) and
Vi=V.V.

In such processes, damage induced by mechanical loading interacts with the envi-
ronmental factors and accelerates both diffusion and deterioration. Therefore, the
dependence of the deterioration rate on the concentration of the diffusive agent is
generally very complex, and the available information about environmental factors
and material characteristics is usually not sufficient for a detailed modeling. However,
despite such complexities and drawbacks, simple degradation models may be often
successfully adopted for an overall evaluation of the life-cycle structural performance
(Biondini et al. 2004, 2006, Biondini & Frangopol 2008, 2009). In particular, a lin-
ear dependency can be approximately assumed between the rate of damage and the
concentration of the aggressive agent (Biondini et al. 2004):

08s(Xmy ) C(Xp,2)
= t >t 6.5
ot CAt, >~ (6.5)

where 8, = 8;(X,, ) is the damage index of the mth reinforcement bar located at
point X,,, = (V,, Zm) Over a concrete cross-section, C; is the value of constant concen-
tration C(X,,, ) which would lead to a complete damage of the steel bar over the time
interval Atg, t;,, = max{t|C(x,,,t) < C,} is the corrosion initiation time, and C,, is
a critical threshold of concentration. On the basis of available data for sulfate and
chloride attacks (Pastore & Pedeferri 1994) and correlations between chloride content
and corrosion current density in concrete (Bertolini et al. 2004, Liu & Weyers 1998,
Thoft-Christensen 1998) a linear relationship between rate of corrosion in the range
0-200 mm/year and chloride content in the range 0-3% could be reasonable for RC
structures exposed to severe environmental conditions.

6.2.3 Local and Global Measures of Damage

A damage index § = 8(x, t) provides a comprehensive description of the spatial distri-
bution of damage over the structure. However, due to its local nature, it is not useful
for global evaluations of system robustness. A synthetic global measure of damage
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A = A(t) can be derived by a weighted average over the structural volume V as follows
(Biondini 2004):

Jy w(x, 1)8(x,1)dV

A= v

(6.6)

where w=w(x,t) is a suitable weight function. This formulation can be applied to
corrosion of reinforcing steel bars of concrete members as follows (Biondini 2009):

Zm wm(t)asm (t>AsOm
Zm Wi () Asom

At)= (6.7)

and extended at the structural level by a weighted integration over all members of the
system. Arithmetic average with constant weights functions w(x, #) = w,,(t) =w can
be adopted if there are no portions of material volume or reinforcing steel bars playing
a specific role in the damage process.

6.3 Structural Performance Indicators

Strength and ductility, as well as other performance indicators of the ultimate con-
ditions under nonlinear behavior, may be used in robustness evaluations associated
with damage induced by severe loadings, such as explosions or impacts (Frangopol &
Curley 1987, Biondini et al. 2008, Biondini & Frangopol 2010a, 2013). However,
performance indicators of the serviceability conditions under linear behavior, such as
elastic stiffness and first yielding strength, may become of major importance in life-
cycle robustness evaluations associated with aging of structures (Biondini & Restelli
2008). In addition, it has been noted that the assumption of linear behavior can be suc-
cessfully used in design of robust structures (Powell 2009). Therefore, in the following
several performance indicators under both linear elastic and nonlinear behavior are
investigated.

6.3.1 Parameters of Structural Behavior

The following parameters related to the structural behavior of linear systems are
considered:

d =det(K) (6.8)
z:Zi 9;(K) (6.9)
mlax %4(K)

T, =2 |max9;(K M) (6.11)
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where d, 7, and c are, respectively, the determinant, the trace, and the condition
number of the stiffness matrix K, T, is the first natural vibration period associated
with the mass matrix M, and #;(A) denotes the ith eigenvalue of a square matrix A.

These performance indicators are of wide generality, since they are related to the
properties of the structural system only. However, a structural system may have dif-
ferent performance under different loads. For this reason, the following indicators
associated with a prescribed loading condition are also considered:

s=|sll = K] (6.12)
1 1
@:stKs=stf (6.13)

where s is the displacement vector, f is the applied load vector, ® is the stored energy,
and ||-|| denotes the Euclidean scalar norm. These indicators depend on both the system
properties and the loading condition.

The performance indicators defined in Equations (6.8) to (6.13) may refer either to
the system in the original state, in which the structure is fully intact, or to the system
in a perturbed state, in which a prescribed damage scenario is applied. However, for
robustness evaluations it is also of interest to define indicators able to simultaneously
account for the structural performance of the intact system and of the damaged system.

6.3.2 Pseudo-Loads

To define indicators able to simultaneously account for the structural performance
of both the intact and damaged systems, it is useful to consider the following linear
equilibrium equations:

K()S()Ifo (614)
K1$1=f1 (615)

where the subscripts “0” and “1” refer to the intact state and the damaged state of
the structure, respectively (Figure 6.2a). Based on these equations, the displacement
vector of the intact system sy can be related to the displacement vector of the damaged
system s as follows:

So =81 —i—Kl_]%] =K1_1(f1 ~|—%1) (6.16)
1= (K; — Ko)so — (Ff — fo) = AKsg — Af (6.17)

where f; is a vector of nodal forces equivalent to the effects of repair (Figure 6.2b).
This vector represents the additional nodal forces that must be applied to the damaged
system to achieve the nodal displacements of the intact system, and it is called backward
pseudo-load vector (Biondini & Restelli 2008). As an example, Figure 6.3 shows the
backward pseudo-loads for a frame system undergoing deterioration of one column
according to the damage model shown in Figure 6.1 for cross-section @.
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Figure 6.2 Force f=f,=f, versus displacement s of a truss system in the intact state and
after elimination of one member (adapted from Biondini & Restelli 2008). (a) Force-
displacement diagrams. (b) Backward pseudo-loads (effects of repair). (c) Forward

pseudo-loads (effects of damage).

Damage
Pseudo Loads P/F

0.00 0.20 0.40
Damage ¢

0.60 0.80 1.00

Figure 6.3 Backward pseudo-loads for a frame system undergoing damage of one column (adapted

from Biondini & Restelli 2008).

In a dual way, the displacement vector of the damaged system s; can be related to

the displacement vector of the intact system sg as follows:

$1=50 +K51%0=K51(f0 +fo)

A

fo=—(Ki —Ko)s1 + (f; — fo) = —AKs; + Af

(6.18)

(6.19)

where f, is a vector of nodal forces equivalent to the effects of damage (Figure 6.2¢).
This vector represents the additional nodal forces that must be applied to the intact sys-
tem to achieve the nodal displacements of the damaged system, and it is called forward
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pseudo-load vector (Biondini & Restelli 2008). Backward and forward pseudo-loads
can be related as follows:

K;'fo+K; 't =0 (6.20)

The concept of pseudo-loads can be usefully exploited to define two energy-based
indicators related to the structural performance of both the intact system and the
damaged system (Biondini & Restelli 2008). The first one of these indicators is the
difference of stored energy ® between the intact system (®¢) and the damaged system
after the application of the backward pseudo-loads (®1):

A 1 1 A 1 o~
ADPy=Py) — b1 = zsgfo — zsg(ﬁ +f)= _zsg(ﬁ + Af) (6.21)

The area OPyP; in Figure 6.2a represents the energy Ad for the case Af = 0. The sec-
ond indicator is the difference of stored energy @ between the intact system after the
application of the forward pseudo-loads (®¢) and the damaged system (®y):

- 1 ~ 1 1 - n
AD =Dy — Dy = ZslT(fo +fy) — Es?f1 = Es]T(f0 — Af) (6.22)
The area OPyP; in Figure 6.2a represents the energy A®; for the case Af=0.

6.3.3 Failure Loads and Failure Times

A failure of a system is generally associated to the violation of one or several limit
states. Limit states of interest at ultimate conditions are the occurrence of the first
local failure of a critical cross-section, that represents a warning for initiation of dam-
age propagation, and the global collapse of the structural system. Denoting A >0 a
scalar multiplier of the live loads, these limit states can be identified by the limit load
multipliers A1 and A, associated to the reaching of first local failure and the struc-
tural collapse, respectively. Since the structural performance deteriorates over time,
the functions A1 =A1(¢) and A, =A.(#) need to be evaluated by means of time-variant
structural analyses taking into account the effects of the damage process. In particular,
the limit multipliers A1 and A, can effectively be computed at each time instant under
the hypotheses of linear elastic behavior up to first local failure, and perfect plasticity at
structural collapse, respectively (Biondini & Frangopol 2008, 2010a, Biondini 2009).

For structural systems the identification of the local failure modes and of their
occurrence in time can represent crucial information to maintain a suitable level of
performance and to avoid collapse over the structural lifetime (Biondini & Frangopol
2010b, Biondini 2012). In fact, repairable local failures can be considered as a warn-
ing of possible occurrence of more severe and/or not repairable failures. Failure times
should be computed to this purpose and the time interval between the first local failure
and structural collapse, or the elapsed time between these two types of failures, could
represent an effective indicator of the damage tolerance of the system and its ability to
be repaired after local failures.
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The structural lifetimes T; and T, associated to the occurrence of the first local
failure and the structural collapse, respectively, can be evaluated as follows:

T1 =minf{¢|rq(2) < 1} (6.23)
T, =min{t|A.(¢) <1} (6.24)

The elapsed time between failures AT is the time interval between the first local
failure and structural collapse, or:

AT=T.-T, (6.25)

This concept can be extended to investigate all sequential local failure modes up to
collapse and their activation in time (Biondini 2012).

6.4 Measure of Structural Robustness

Structural robustness can be viewed as the ability of a system to suffer an amount
of damage not disproportionate with respect to the causes of the damage itself
(Ellingwood & Dusenberry 2005). According to this general definition, a measure
of structural robustness should arise by comparing the structural performance of the
system in the original state, in which the structure is fully intact, and in a perturbed
state, in which a prescribed damage scenario is applied (Frangopol & Curley 1987,
Biondini & Restelli 2008, Biondini et al. 2008). To this aim, the variation of structural
performance has to be compared with the corresponding amount of damage to provide
meaningful information for robustness evaluations.

Based on this approach, the performance indicators are used as state variables,
and a direct measure of structural robustness can be obtained through time-variant
robustness indices p = p(t) that are dimensionless functions of these variables varying
in the range [0, 1], with p=1 for the undamaged system at the initial time #=0. It
is worth noting that the quantification of these indices is in general not sufficient
to quantify structural robustness. The index p has to be related with the amount of
damage to provide a measure of robustness in terms of a functional p = p(8) or p = p(A).

The following time-variant measure has been proposed in Biondini (2009) to
quantify structural robustness:

R(p, A)=p(t)* + A(2)* (6.26)

where R = R(p, A) is a robustness factor, and « is a shape parameter of the boundary
R=R(p, A)=1. The structural system is robust when the criterion is satisfied (R > 1),
and not robust otherwise (R < 1). This concept is illustrated in Figure 6.4a.

As shown in Figure 6.4b, the value of the parameter « can be selected according to
the acceptable level of damage susceptibility. A value « =1, which indicates a propor-
tionality between acceptable loss of performance and damage, should be appropriate
in most cases. Values a > 1 could be required for structures of strategic importance,
and values o <1 should be avoided, since they allow for disproportionate damage
effects, or used for temporary structures.
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Figure 6.4 Performance index p versus damage index A (adapted from Biondini & Frangopol
2012). (a) Robustness factor R=R(p, A). (b) Role of the parameter « on the
robustness threshold R= 1.

The relationship R =R(p, A) is time-variant and nonlinear. For this reason, it is
recommended that the robustness criterion R(#) > 1 is verified at discrete points in
time over the whole structural lifetime. In particular, integral measures of robustness
based on the following formulation:

1
R = d 6.27
/0 p(A)dA (6.27)

should be avoided since they can provide only average indications over the lifetime
and are not able to describe the actual level of structural robustness (Starossek &
Haberland 2011).

6.5 Role of Performance Indicators and Structural Integrity
6.5.1 A Comparative Study

To discuss the effectiveness of the proposed performance indicators, the structural
robustness of the truss system shown in Figure 6.5 is investigated under the progressive
damage of each one of its members (m =Ilumped nodal mass). The cross-section of
all members is circular, and for the damaged member an external layer of uniform
thickness is removed, as shown in Figure 6.1 for cross-section @.

The following robustness indices under linear elastic behavior are considered:

di
pa= g (6.28)
o= (6.29)

70
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Figure 6.5 Truss system undergoing damage of one member (adapted from Biondini & Restelli

2008).
pczi—f (6.30)
pr= ;3 (6.31)
pszz—(l) (6.32)
po= %f (6.33)
po=1— %’)O (6.34)
pr=1-— A&zl (6.35)

In general, structural performance should decrease due to damage, leading to
p(8') < p(8") V& > §". However, it should be noted that performance indicators could
also increase with damage. This may happen for example when damage involves
material hardening.

The results are presented in Figure 6.6 where it can be noted that, globally, the
robustness indices p = p(3) allow the evaluation of the role played by each member
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Figure 6.7 Types of structural failure. (a) Local failure. (b) Global failure.

on the overall performance of the damaged system. However, the following critical
aspects are outlined:

— The index p, may increase under damage evolution, with values p, > 1. This is not
consistent with the trend observed for the other indices.

— The index p, is not able to catch the different role played by each member, since
it has the same value regardless of the member that is undergoing damage.

— The indices p, and pg show a very little sensitivity to damage and are not able to
identify the failure condition p = 0 associated with § =1.

Therefore, the indices p., p4, pr, and pg, are not suitable to effectively describe the
effects of damage on the structural performance. In contrast, the indices pr, s, o,
and p1, can effectively be used to measure the structural robustness.

6.5.2 Structural Integrity Index

A robustness index should be able to identify the structural collapse by assuming at
failure the value p=0. However, in robustness evaluations it may also be crucial
to quantify the severity of a structural failure with regards to its consequences. For
example, the global collapse of a whole structural system should be considered much
more important than the local collapse of a single member or a portion of the structure
(Figure 6.7). An importance measure of structural failure could be provided by the
following structural integrity index (Biondini & Restelli 2008):

Vi

- (6.36)

pv
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Figure 6.8 Mechanisms of damage propagation (adapted from Biondini & Restelli 2008).
(a) Directionality-based mechanism. (b) Adjacency-based mechanism.

where V; is the portion of structural volume Vi, which remains intact after dam-
age. Failed members involved in a collapse mechanism can be identified based on the
eigenvectors s; of the stiffness matrix K associated with the eigenvalues #;(K) =0.

The values of the structural integrity index py, associated to the failure of
each member k of the truss structure shown in Figure 6.5 are py=py3;=0.75,
pva=pvs=0.50, pv,1 = py,7=0.25, and py 5= pv,e=0. It is worth noting that also
members not directly exposed to damage may fail. For example, a complete damage
of member 8 causes also the failure of members 2, 3, and 4.

6.6 Damage Propagation

6.6.1 Propagation Mechanisms

For redundant structures, local damage or failure of a member usually does not involve
the collapse of the whole system. As a consequence, after failure of one member other
members may fail, and the sequence of local failures propagates throughout the overall
system until its collapse is reached. The mechanism of damage propagation is usually
related to the causes of the damage itself. Two alternative propagation mechanisms,
defined as directionality-based and adjacency-based, are investigated (Biondini &
Restelli 2008).

In the directionality-based mechanism, damage propagates along the direction nor-
mal to the axis of the first failed member. For example, with reference to the frame
system shown in Figure 6.8a, the damage of member 1 is followed in sequence by
the damage of members 2, 3, and 4. The directionality-based mechanism is typical of
damage induced by severe loadings, such as explosions or impacts, which generally
tends to propagate along the direction of loading.

In the adjacency-based mechanism, damage propagates towards the members
directly connected with other members already damaged. For example, with refer-
ence to the frame system shown in Figure 6.8b, the damage of member 1 can be
followed by the damage of the members 5 and 13. The adjacency-based mechanism is
typical of damage induced by aggressive agents, like chlorides, which generally tends
to propagate through the structure based on diffusion processes.
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Figure 6.9 Frame system under damage (adapted from Biondini & Restelli 2008). (a) Geometry
(L/H =2), structural scheme, and loading. Cross-sections of (b) beams (h/s = 15) and
(c) columns (h/b=1.5).

6.6.2 Fault-Tree Analysis

Starting from the local definition of damage, and based on a prescribed propagation
mechanism, a damage scenario at the system level can be developed by using a damage-
sensitive fault-tree analysis (Biondini & Restelli 2008). In such a way, all the feasible
damage paths associated with the propagation mechanism and the actual topology of
the system can be described by branched networks where the level of activation of
each nodal connection is properly tuned to account for the prescribed amount of local
structural damage.

To describe the main features of this approach, the structural robustness of the frame
system shown in Figure 6.9a is evaluated under a distribution of lateral loads. The
cross-sections of beams and columns, as well as the assumed cross-sectional damage
patterns, are shown in Figures 6.9b and 6.9c. Elastic behavior is assumed. A three-
level fault-tree analysis is carried out by assuming an adjacency-based propagation
mechanism and a total damage (§=1) for each member. The results are represented
in Figure 6.10 in terms of contoured branched network for the displacement-based
robustness index p; defined in Equation (6.32). This mapping provides a comprehen-
sive description and a quantitative measure of the structural resources of the system
with respect to all the considered damage propagation paths.

6.7 Structural Robustness and Progressive Collapse

Local damage or failure of a member usually involves a redistribution of internal forces
among the other members of the structural system. As a consequence, if the amount
of redistributed forces is large enough, other members may fail and the sequence of
local failures may propagate throughout the overall system until its collapse is reached.
A possible way to avoid this type of progressive collapse is to design robust structures
for which alternate load paths are possible and the most critical members are properly
protected from accidental- or environmental-induced damage.
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Figure 6.10 Three-level fault-tree robustness analysis of a frame system undergoing total damage
(6 = 1) of each member with adjacency-based propagation mechanism (adapted from
Biondini & Restelli 2008): contoured branched network of structural robustness
(displacement-based robustness index p).

To highlight the role of robustness on progressive collapse, a preliminary investiga-
tion is developed with reference to the simple parallel systems composed of # =6 truss
members shown in Figure 6.11 (Biondini et al. 2008). The force Fj carried by each

member k=1,2,...,6, is a portion v, of the total applied load F in such a way that
the equilibrium is satisfied:

F n
Ve = Fk > =1 (6.37)
1
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(c)

Figure 6.1 Parallel systems undergoing damage of all members (adapted from Biondini et al.
2008). (a) All bars k= 1,...,6 have the same initial area A, =A. (b) The k-th bar has
initial area Ay = (n —k + I)A (damage proceeds from the strongest member to the
weakest one). (c) The k-th bar has initial area A, =kA (damage proceeds from the
weakest member to the strongest one).

Due to the static indeterminacy of the problem, the coefficients v, depend on the
geometrical and mechanical properties of the members, as well as on the damage state
of the system.

All members are assumed to have circular cross-section with uniform damage along
the external boundary, as shown in Figure 6.1 for cross-section 1. For each member k&
the deterioration of the cross-sectional area is described by the corresponding damage
index §;, € [0; 1]. Damage is assumed to develop in each member and proceed from a
member k to the adjacent one (k+ 1) in a progressive and continuous way. Based on
this assumption, the damaged state of the system can be described by a total cumulative
damage function Ay € [0; 7] defined as follows:

k
Ak=ZSi=(k—1)+8k (6.38)
i=1

Three cases are studied: (a) all bars k have the same initial area A, = A (Figure 6.11a);
(b) each bar k has initial area A, = (n — k + 1)A, in such a way that damage proceeds
from the strongest member to the weakest one (Figure 6.11b); (c) each bar k has initial
area A, = kA, in such a way that damage proceeds from the weakest member to the
strongest one (Figure 6.11c). For all cases the material behavior is described by a
bilinear constitutive law with hardening. By denoting f, and ¢, the stress and strain
values at yielding, and f,, and ¢, the stress and strain values at ultimate, an overstrength
ratio f,/f, = 1.5 and a ductility ratio &,/e, =10 are assumed.

The displacement-based index p; defined in Equation (6.32) is considered. As dam-
age increases, the robustness p of the system changes and a redistribution of the internal
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forces v, occurs. The evolution of this process depends on the ratio n between the
applied load F and the load F, = f, £, A, associated with the first yielding of the system:

n= F_y (6.39)

Structural collapse is reached when the propagation of damage leads to failure of
all members. In this limit condition the robustness index vanishes and total damage is
identified by the following threshold:

Ap,c=min{Ag|p(A) =0} (6.40)

Therefore, the functions p=p(Ar) and v=v(Ay) with A, <A . define the paths fol-
lowed by the system towards its progressive collapse. Figure 6.12 shows the robustness
index p and the internal forces v, as a function of the cumulative damage A, for dif-
ferent levels of the load ratio n and for each one of the three cases studied. These
results can be used to check if a progressive collapse occurs under prescribed loading
and damaging scenarios or, conversely, to evaluate the limit load and/or the damage
threshold associated with the occurrence of progressive collapse.

It should be noted that the values associated with case (a) are in between the results
associated with cases (b) and (¢). For case (b) damage starts in the strongest members,
which progressively exchange their leading role with the weakest members. Conse-
quently, this case is characterized by the lower robustness and it is more prone to
reach a progressive collapse. On the contrary, for case (c) damage starts in the weakest
members and the leading role of the strongest members can be fully exploited until
collapse.

However, the two structures associated with cases (b) and (c) will have the same
expected performance if the direction of damage propagation is not defined. For this
reason, the configuration in case (a) should be considered as the best one for a robust
design, unless there are reasons for considering one direction of damage propaga-
tion more probable than others. More generally, it can be concluded that very strong
members playing a disproportionate role in the structural system should be avoided in
design of robust structures. Nevertheless, when this is not possible adequate remedy
should be adopted to properly protect the most important members against occurrence
of damage.

6.8 Structural Robustness and Static Indeterminacy

The role of static indeterminacy in the design of robust structures is investigated.
To this aim, the #=6 parallel systems shown in Figure 6.13 are firstly considered
(Biondini et al. 2008). For each k-bar system, with k=1,2,...,6, the degree of static
indeterminacy is I = (k — 1). All members are identical and their cross-sectional shape
and material behavior are the same as in the previous example. Damage is assumed to
develop in one member only and it is quantified by the corresponding damage index
5e[0;1].

Figure 6.14 presents the evolution of the displacement-based robustness index p;
defined in Equation (6.32) as a function of the damage index § (Figure 6.14a) and
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Figure 6.12 Parallel systems undergoing damage of their members: displacement-based robust-

ness index p; and internal forces v, versus the cumulative damage A, for dif-
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(b) Ac=(n—k+ I)A (damage proceeds from the strongest member to the weak-
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Figure 6.13 Parallel systems undergoing damage of one member (adapted from Biondini et al.
2008).
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of the degree of static indeterminacy I (Figure 6.14b), for different values of the load
ratio 1. These results show that robustness increases as static indeterminacy increases.
However, it is worth noting that only a certain degree of static indeterminacy (i.e.,
I <2) provides a significant contribution to structural robustness for all load ratios,
and the importance of this contribution increases with the amount of damage.

For higher levels of static indeterminacy (i.e. I > 3), the beneficial effects are in gen-
eral less important, and the contribution to structural robustness tends to be significant
only for severe damage and very high values of the load ratio 5. Clearly, higher levels
of static indeterminacy would be required when more than one member is affected by
damage. In general, it can be concluded that in design of robust structures the degree
of static indeterminacy should be adequately allocated as a function of the expected
amount of damage.

In the previous example, robustness increases as static indeterminacy increases.
However, this result cannot be generalized, since an increase in the degree of static
indeterminacy does not necessarily lead to an increase of robustness. Consider for
example the 7 =4 mixed series-parallel truss systems shown in Figure 6.15 (Biondini
et al. 2008). The degree of static indeterminacy of each system k=1,2,...,4, is
I=2x (k—1). All members are identical with hollowed circular cross-section and
uniform damage along the external boundary, as shown in Figure 6.1 for cross-section
2. The material behavior is the same as in the previous examples. Damage is assumed
to simultaneously develop in the two adjacent members located at the bottom of the
truss beam at the middle span, and its evolution is described by the corresponding
damage index 0 <§ < 1.

Figure 6.16 depicts the evolution of the robustness index p as a function of the dam-
age index § (Figure 6.16a) and of the degree of static indeterminacy I (Figure 6.16b),
for different values of the load ratio . These results confirm that only a certain degree
of static indeterminacy (i.e. I <2) provides a significant contribution to structural
robustness for all load ratios, particularly when severe damage tends to develop.

For higher levels of static indeterminacy (i.e. I > 4), the beneficial effects are reduced
and structural robustness tends to decrease as the degree of static indeterminacy
increases. Clearly, different trends may arise when different damage scenarios are
considered. However, this statement can be generalized by concluding that in design
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Figure 6.14 Parallel systems undergoing damage of one member: displacement-based robustness
index p; versus (a) damage § and (b) degree of static indeterminacy |, for different

values of load ratio 7 (adapted from Biondini et al. 2008).
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Figure 6.15 Truss systems undergoing damage of two members (adapted from Biondini et al.
2008).

of robust structures an adequate degree of static indeterminacy should be provided
according not only with the amount, but also with the expected location of structural
damage.

6.9 Structural Robustness, Structural Redundancy
and Failure Times

The terms robustness and redundancy, even though they are often used as synonymous,
denote different properties of the structural system (Biondini et al. 2010a, 2013).
Structural redundancy is the ability of the system to redistribute among its members
the load which can no longer be sustained by some other damaged members after
the occurrence of a local failure (Frangopol & Curley 1987, Frangopol & Klisinski
1989, Frangopol et al. 1992, Biondini et al. 2008, Biondini & Frangopol 2010a).
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Figure 6.16 Truss systems undergoing damage of two members: displacement-based robustness

index p; versus (a) damage § and (b) degree of static indeterminacy |, for different
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Redundancy is usually associated with the degree of static indeterminacy. However,
it has been demonstrated that the degree of static indeterminacy is not a consistent
measure for structural redundancy. In fact, structures with lower degrees of static
indeterminacy can have a greater redundancy than structures with higher degrees of
static indeterminacy (Frangopol & Curley 1987). Moreover, structural redundancy
refers to a prescribed point in time and does not provide a measure of the failure rate,
which depends on the damage scenario and damage propagation mechanism. Failure
times and the elapsed time between local failures and structural collapse should be
computed to this purpose (Biondini & Frangopol 2010b, 2013).

6.9.1 Case Study

The lifetime structural performance of the RC frame shown in Figure 6.17 is inves-
tigated in terms of robustness, redundancy, and failure times (Biondini & Frangopol
2013). The frame is subjected to a dead load g =32 kN/m applied on the beam and a
live load AF acting at top of the columns, with F=100kN.

The nonlinear constitutive laws of the materials are described in terms of stress-strain
diagrams. For concrete, a Saenz’s law in compression and an elastic-plastic model in
tension are assumed, with the following nominal parameters: compression strength
f. = —40 MPa; tension strength f; = 0.25|f.|*/3; initial modulus E .o = 9500|f,|'/3; peak
strain in compression &, = —0.20%; strain limit in compression &, = —0.35%; strain
limit in tension &4, =2f,/Ec. For steel, an elastic perfectly plastic model in both
tension and compression is assumed, with yielding strength f,, = 500 MPa and elastic
modulus E; =210 GPa.

The frame system is designed to have cross-sectional stiffness and bending strength
capacities much larger in the beam than in the columns. Moreover, shear failures are
avoided by a proper capacity design. In this way, a shear-type behavior can be assumed
for the frame system, with the critical regions where plastic hinges are expected to occur
located at the ends of the columns.

The structure is subjected to a diffusive attack from an aggressive agent located on the
external surfaces of the columns with prescribed concentration Cy. The two exposure
scenarios shown in Figure 6.17 are considered: (I) columns exposed on the outermost
side only, and (IT) columns exposed on the four sides. A nominal diffusivity coefficient
D =10""" m?/sec is assumed. The Fick’s equations which describe the diffusion process
are solved numerically by means of cellular automata taking the stochastic effects in
the mass transfer into account (Biondini et al. 2004). It is worth noting that for the case
studied both deterministic and stochastic mass diffusion lead to comparable amount
of damage over a lifetime T =50 years (Biondini & Frangopol 2009). Figure 6.18
shows the deterministic maps of concentration C(x, t)/Cy for the two investigated
exposure scenarios after 10, 20, 30, 40, and 50 years from the initial time of diffusion
penetration.

6.9.2 Corrosion Damage and Failure Loads

The corrosion damage induced by diffusion is evaluated by assuming C; = Cy, At; = 50
years and C., = 0. This damage model reproduces a deterioration process with severe
corrosion of steel, as may occur for carbonated or heavily chloride-contaminated con-
crete and high relative humidity, conditions under which the corrosion rate can reach
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Figure 6.17 RC frame exposed to corrosion. Geometry, structural scheme, cross-section of
the columns, loading condition and exposure scenarios (adapted from Biondini &
Frangopol 2013). (I) Columns exposed on one side. (Il) Columns exposed on four
sides.

values above 100 wm/year (Bertolini et al. 2004). Figure 6.19 illustrates the evolution
over a lifetime T =50 years of the global damage index A = A(¢) representing the
amount of corrosion steel damage over the structure for the two investigated exposure
scenarios. The comparison of the results shows that, as expected, case (II) is the worst
scenario in terms of global damage.

Figure 6.20 shows the corresponding evolution over time of the limit load multipli-
ers A1 =A1(t) and A, = A.(¢) associated to the reaching of first local yielding of steel
reinforcement and structural collapse of the frame system, respectively. The compari-
son of the results shown in Figures 6.20a and 6.20b confirms that case (II) is the worst
damage scenario also in terms of loss of load carrying capacities.

6.9.3 Robustness and Redundancy

Structural robustness is investigated under corrosion damage with respect to collapse.
The ratio of the limit load multiplier A, = A.(¢) to its initial value Ao = A.(0) is assumed
as robustness index:

plt)= (6.41)
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Figure 6.18 Maps of the concentration C(x, t)/Cy of the aggressive agent after 10, 20, 30, 40,
and 50 years from the initial time of diffusion penetration (adapted from Biondini &
Frangopol 2013). (a) Scenario (I) with exposure on one side. (b) Scenario (Il) with
exposure on four sides.
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Figure 6.20 Time evolution of the limit load multipliers at first failure, A|, and structural collapse,
Ac (adapted from Biondini and Frangopol 2013). (a) Scenario (I) with exposure on
one side. (b) Scenario (Il) with exposure on four sides.

The robustness index p = p(¢) is compared with the global damage index A = A(z)
according to the robustness criterion R(p, A)=R(t) = 1. Figure 6.21 shows the time
evolution of the robustness factor R = R(t) of the frame system computed with « =1
for the two investigated scenarios. These results highlight that the frame is robust over
the lifetime, and that case (I) with localized corrosion is the worst damage scenario for
structural robustness.

The ability of the system to redistribute the load after the first local failure up to col-
lapse depends on the difference between the limit multipliers A, = A.(¢) and A1 = A1 (¢).
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Figure 6.21 Time evolution of the robustness factor R with « = | for scenario (I) with exposure
on one side, and scenario (ll) with exposure on four sides (adapted from Biondini &
Frangopol 2013).
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Figure 6.22 Time evolution of the redundancy factor A for scenario (I) with exposure on one side,

and scenario (Il) with exposure on four sides (adapted from Biondini & Frangopol
2013).

Therefore, the following quantity is assumed as time-variant measure of redundancy
(Biondini & Frangopol 2010a):

Ac(t) — A(2)

A()"la)\'6>: 3 (t)

(6.42)
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Figure 6.23 Structural robustness R vs structural redundancy A for scenario (I) with exposure
on one side, and scenario (Il) with exposure on four sides (adapted from Biondini &
Frangopol 201 3).

The redundancy factor A = A(#) can assume values in the range [0; 1]. It is zero when
there is no reserve of load carrying capacity after the first failure (A1 = A.), and tends to
unity when the first failure load capacity is negligible with respect to the collapse load
capacity (A1 << A.). Figure 6.22 presents the time evolution of the redundancy factor
A = A(t) of the frame system for the two investigated scenarios. It is noted that for
cases (I) redundancy increases over time, even if the structural performance in terms
of load carrying capacities decreases. This is because A has a higher deterioration rate
than A.. On the contrary, redundancy decreases over time for case (II). Therefore, case
(IT) is the worst damage scenario for structural redundancy.

The results of the time-variant analyses of the frame demonstrate that robustness
and redundancy are different performance indicators. In fact, as shown in Figure 6.23,
opposite trends may be obtained depending on the damage scenario. For case (I), both
redundancy and robustness tend to increase over time, even though the increase of
robustness is small. For case (II) an opposite trend is observed, with a remarkable
increase of robustness and a decrease of redundancy over time.

6.9.4 Failure Times

The time evolution of the limit load multipliers (Figure 6.20) indicates that the exposure
scenario (II) may be critical with respect to structural collapse. For this scenario it is
therefore of interest to assess the lifetimes T and T, associated to the occurrence of
the first failure and collapse, respectively, as well as the elapsed time between failures
AT =T, —T. The values T; =25.1 years, T, =33.2 years, and AT =8.1 years are
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obtained for the nominal scenario. These values indicate that after local failures a
remarkable rapidity of repair may be required under severe exposures.

6.10 Role of Uncertainty and Probabilistic Analysis

Due to the uncertainties in the material and geometrical properties, in the physical
models of the deterioration process, and in the mechanical and environmental stres-
sors, a measure of time-variant structural performance of aging systems is realistically
possible only in probabilistic terms (Ang & Tang 2007). This is particularly impor-
tant for concrete structures exposed to corrosion since several key parameters that
determine the diffusion process and corrosion initiation, such us diffusivity D and
the chloride content Cy, may depend on several uncertain factors, including concrete
mix, concrete cure, temperature and humidity, that are generally characterized by high
coefficients of variation (Ellingwood 2005).

As an example, for the case study of the RC frame shown in Figure 6.17, the time-
variant damage index A = A(¢) and the corresponding time evolution of the limit load
multipliers A; =A1(¢) and A, = A.(¢), have to be considered as random variables or
processes. Therefore, a lifetime probabilistic analysis is necessary to investigate the
time-variant effects of uncertainty on robustness factor R, redundancy factor A, and
elapsed time between failures AT. A lifetime probabilistic analysis is then carried out
by Monte Carlo simulation based on a probabilistic modeling of the diffusion process
and damage propagation of concrete members exposed to corrosion.

At cross-sectional level the probabilistic model assumes as random variables the
strength of both concrete £, and steel f;,, the coordinates (y, z,) of each nodal point
p of the member cross-section, the coordinates (y,,, z,») and diameter @,, of each steel
bar m, the diffusivity coefficient D, and the steel damage rate g; = (C;At;)~'. For these
variables the nominal values are assumed as mean values. The random variables are
assumed uncorrelated with the probabilistic distribution and standard deviation values
listed in Table 6.1.

Two limit cases are investigated by assuming the two sets of random variables
associated to each column as uncorrelated or fully correlated. Figure 6.24 shows the
time evolution of the probabilistic parameters of the robustness factor R = R(¢) and
redundancy factor A = A(t) based on a sample of 2000 Monte Carlo realizations of

Table 6.1 Probability distributions and standard deviation values (nom = nominal value).

Random Variable (t =0) Distribution Type Standard Deviation o
Concrete strength, f. Lognormal 5MPa

Steel strength, f,, Lognormal 30MPa

Coordinates of the nodal points, (y;, zp) Normal 5mm

Coordinates of the steel bars, (Y, Zm) Normal 5mm

Diameter of the steel bars, @, Normal®* 0.100 1, nom

Diffusivity, D Normal® 0.10D,om

Steel damage rate, g, = (C,At,) ™! Normal®* 0.30; nom

*Truncated distributions with non-negative outcomes.
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damage scenarios (I) and (I) for the limit case of uncorrelated random variables. These
results show that the effects of uncertainty increase over time with the damage. The
results also confirm that robustness and redundancy have to be regarded as different
performance indicators, since different trends are obtained also in terms of uncertainty
effects. In fact, the probability density functions (PDFs) of the robustness factor remain
centered over the lifetime around mean values that are close to the nominal determin-
istic values. Conversely, the PDFs of the redundancy factor are characterized over the
lifetime by mean values sensibly higher than the nominal deterministic values. This is
due to the effects of randomness that, for the examined cases, emphasize the reserve
of load carrying capacity AX = A, — Aq after the first local failure and lead, in this way,
to a noteworthy increase on average of the lifetime structural redundancy.

Finally, Figure 6.25 shows the probability mass functions (PMFs) of the lifetimes
T; and T, associated to the occurrence of the first failure and collapse, respectively,
as well as the elapsed time between failures AT =T, — T4, for the exposure scenario
(II) with uncorrelated random variables. It is noted that the effects of randomness on
the reserve of load carrying capacity AX lead to a mean value of the elapsed time AT
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Figure 6.24 Time evolution of the probabilistic parameters of robustness factor R and redundancy
factor A for (a) scenario (I) with exposure on one side, and (b) scenario (Il) with
exposure on four sides (adapted from Biondini & Frangopol 2013). The shaded region
is bounded by the mean plus one standard deviation (upper bound) and the mean
minus one standard deviation (lower bound).
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Biondini & Frangopol 2013). (a) Structural lifetimes T, and T.. (b) Elapsed time
between failures AT (PMF compared with a lognormal distribution).

higher than the nominal deterministic value. Moreover, the strong correlation between
the failure loads A1 and A, is beneficial to achieve a lower variance of the elapsed time
AT than the variance of the lifetimes T; or T..

Similar conclusions can be drawn for the limit case of fully correlated random vari-
ables. In fact, for the cases studied, correlation leads only to small changes in the
variance of the investigated performance indicators and does not affect significantly
the mean values. As an example, the mean and standard deviation obtained with fully
correlated variables for the elapsed time AT are u=11.1 years and o =4.2 years.

6.11 Conclusions

Redundancy of structural systems in a probabilistic context and reliability-based
optimization using redundancy as a performance measure have been discussed in
Frangopol & Moses (1994), Frangopol (1995), Fu & Frangopol (1990a, 1990b),
Hendawi & Frangopol (1994), Okasha & Frangopol (2009, 2010a, 2010b), and
Zhu & Frangopol (2013b). Recent advances in the field of structural robustness and
progressive collapse of deteriorating structural systems have been presented in this
chapter, with emphasis on the relationships among structural robustness, static inde-
terminacy, structural redundancy and failure times (Biondini & Restelli 2008, Biondini
et al. 2008, Biondini 2009, Biondini & Frangopol 2010a, 2010b, 2012, 2013).

The applications demonstrated the effectiveness of the proposed measure of time-
variant robustness, as well as of the damage propagation criteria, and highlighted the
advantages of the presented approaches in the context of a robust structural design.
In fact, the results of the applications indicated that in design of robust structures
very strong members playing a disproportionate role in the structural system should
be avoided, and when this is not possible, adequate solutions should be adopted to
properly protect the most important members against occurrence of damage. More-
over, the degree of static indeterminacy should be adequately selected in relation to the



Time-Variant Robustness of Aging Structures 197

expected amount of damage, since an increase in the degree of static indeterminacy
does not necessarily lead to an increase of structural robustness.

Measures of lifetime robustness and redundancy have been also discussed and
applied to the assessment of concrete structures exposed to corrosion. The results
demonstrated that robustness and redundancy are different performance indicators,
which may exhibit opposite trends over time, both in deterministic and probabilis-
tic terms, depending on the damage scenario. Moreover, the results highlighted
the effectiveness of the proposed measures in comparing the robustness and redun-
dancy associated to different systems and damage scenarios. These measures may
also be used to plan eventual repair interventions and maintenance actions to protect,
improve and/or restore the lifetime system performance in terms of both robustness
and redundancy.

The time interval between the first local failure and structural collapse, or the elapsed
time between failures, has been also investigated as an indicator of the required rapid-
ity of the system to be repaired right after the first local failure. It has been found
that after local failures a remarkable rapidity of repair may be required under severe
exposure scenarios to prevent structural collapse over the lifetime. Future research
should emphasize the importance of sequential failure times (Biondini 2012) and risk
(Frangopol 2011, Zhu & Frangopol 2012, 2013a) in a life-cycle oriented design of
robust structures under uncertainty.
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