CHAPTER II
PERFORMANCE-BASED DESIGN AND RELIABILITY OF
STRUCTURES

2.1  Performance-based Design Concept

Performance-based design means the methodology which is based on
sufficiently realistic environmental and material models so it is possible to make
satisfactory prediction of the future behavior of a concrete structure. The predictions are
preferably made with a probabilistic approach, for the included parameters are
considered. The parameters are described with statistical distribution functions and

quantifies from measurement or expert opinions [5].

Performance-based engineering concepts address site selection; conceptual,
preliminary and final design; construction; and building maintenance —all of which can
have significant impact on achieving owner and developer expectations of how a
building may perform over its life. In performance-based design, the owner or developer
and design team address the owner’s needs and expectations at the initiation of a project.

Risks also are taken into account,

Performance-based engineering works best for an owner or designer who
recognizes a natural or manmade hazard or risk to overall operations and is willing to
invest, upfront, to minimize that risk. Most large corporations and institutions have an
in-house risk management group responsible for minimizing the risk of catastrophic
losses. Many of those risk managers are recognizing the value of performance-based

engineering for several reasons [35].

An investment in performance-based design will pay for itself in case of a
catastrophic event, given the potential cost of repair due to structural damage, disruption
of operations, value of contents, and perhaps, loss of market share. As risk managers
become comfortable with the long-term value of performance-based engineering, it will
become a mainstream hazards-risk management tool. Future codes and standards will

provide increasingly useful and definitive provisions for performance-based design.
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Like any design tool, performance-based design has its limitations. But by tapping the
skill of the structural engineering community, owners now can minimize risks from

high winds, explosions, earthquakes, fire and. etc.

To describe the distinction between “prescriptive versus performance based
engineering” the following examples were offered by Harris (2002): “Performance
based: An acceptable level of protection against structural failure under extreme load
will be provided” and Prescriptive: 0.5 in. diameter bolts spaced no more than six feet
on center shall anchor the wood sill of an exterior wall to the foundation.” Hamburger
(2002) described performance-based design as: “Design specifically intended to limit

the consequences of one or more perils to defined acceptable levels” [11].

The rationale and the heuristic knowledge base that has shaped the
“specification-based” prescriptive approach to civil engineering design and evaluation
practice has served well during the last Century. A prescriptive approach is easier to
implement than a performance-based approach from a design standpoint. Prescriptive
design also includes many factors of safety to account for unknowns in both the loading

and resistance and to account for simplifications in the analytical techniques. Since their

original formulations during the first three decades of the 20th Century, design
recommendations, guidelines and model codes covering common structural materials
and systems have offered a qualitative promise for performance in their commentaries
or related committee reports. For example, the ACI code provisions seek to provide
crack-width and deflection control at the serviceability limit states and a ductile failure
mode at ultimate limit states. On the other hand, some long-standing prescriptive
procedures may be unnecessarily conservative while others may not recognize the
“blind-spots” that are created when empirical knowledge is stretched to cover newer and

yet unproven materials, systems and processes [11].

The performance based design will incorporate the aspect of strength with safety
index, serviceability with serviceability index and durability with durability index.
Recently, on the discussion of performance-based design around the world, the safety
and serviceability indexes already suggested by standard organizations for that related
to probability of failure and probability of risk for each performances. The discussion on

determining performance index for durability still not come to an agreement. The
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distinction of those three performance index will be explained through several steps on

next parts of sub-chapters.

2.1.1 Limit-states Design versus Performance-based Design Approaches

Since a quantitative approach to performance-based design is a relatively
new concept for most civil engineers, comprehensive basic research in this area is in its
infancy. Performance-based design concept depends on many inter-connected issues
including classification of constructed systems, definition of performance, tools for
measuring performance, quantitative indices that may serve as assurance of
performance, and especially, how to describe and measure performance especially under
various levels of uncertainty. It is important to note that since all modern building and
bridge design codes are now based on the Limit States, or, the Load and Resistance
Factor Design (LRFD) concept; the future performance-based design guidelines should
reflect the thinking behind this same concept.

The basic of LRFD concept is based on satisfying various limit state
functions with predetermined reliability levels. The limit state functions are expected to
be different for different types of construction (buildings, bridges, tunnels, dams,
nuclear facilities, etc.). They are also expected to be different for different types of
loading or displacement actions. If seismic loading needs to be considered, it may have
to involve different types of limit states depending on the expected return periods of

minor, moderate and major earthquakes.

The probabilistic basis for LRFD has been described (Ravindra and
Galambos, 1978, Ellingwood, MacGregor, Galambos and Cornell, 1982) based on
assuming load effects and resistance factors to be statistically independent random
variables. A reliability index P is defined in terms of the means and the coefficients of
variations for the frequency distributions of the resistance and load effects. This index
provides a comparative value of the measure of reliability of a structure or component.

More recently, Ang (2004) described the distinctions between aleatory and epistemic
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uncertainties, and this implies a need for rethinking the reliability index by recognizing

and incorporating the impacts of epistemic uncertainty [11].

2.1.2 Limit States and Limit Events for Performance-based Design

The “limit-states design” or “load-and- resistance factor design” aims to
assure that the designed constructed system will have sufficient capacity to satisfy the
demands associated with each limit-event with an acceptable probability of failure or
with a desired level of structural reliability. In a performance based design, it should not
to limit the consideration to only the “probability of failure” but consider the “risk of
failure,” that would explicitly incorporate the return period of the loading or hazards
that prevail at a site and the consequences of failure in addition to the probability of
failure. In this context, failure refers to a failure to meet the intended performance

objective and not strictly the loss of structural strength or stability leading to a life-
safety peril [11].

Table 2.1 lists the limit-states, limit-events, and expected performance
goals that are being recommended by the ASCE Committee on Performance Based
Design and Evaluation of Constructed Facilities. It is noted that a consensus in the
description of limit-states, the corresponding limit events and the corresponding
performance goals is a most important step before start standardizing performance-
based civil engineering. An issue is whether the same set of limit states and events may
govern all types of constructed systems. However, the broader fundamentals of
performance-based engineering for either type of construction should not be different

[11].
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Table 2.1 Limit states, limit events and performance goals [11]
Utility and functionality Serviceability and Life safety and Stability Substantial safety at
<} . : durability of failure conditional limit state
E . Em:Lro_nmmml impacts | * Excessive: » Excessive movements, | * Lack of: multiple escape
e |- soclall impacts displacements, seftlements, geometry routes in building
= . Susmgmb:_lny of Deformations, drifts changes = Lack of: post-failure
E f!.mctmnainy throughout | = Deterioration = Material failure resiliency leading to
o lifecycle * Local damage * Fatigue Progressive collapse of
i = Financing; initial cost | * Vibrations = Local, Member buildings
and lifecycle cost Stability failure
Lack of Durability: Stability of Failure: Cascading  failures  of
Special limit-state that | = Incomplete  premature| interconnected
& | » Operational: Capacity, | should govern aspect of collapse mechanism(s)| infrastructure systems
E Safety, efficiency, | global design, without adequate
> flexibility, security detailing, material and deformability and| Failure of infrastructure
3 * Feasibility of: | construction hardening elements critical for
E construction, protection, * Undesirable sudden-| emergency response:
= preservation brittle failure mode(s) Medical, communication,
wd | *® Aesthetics water, energy,
transportation, logistics,
command and control
= Multi-objective * Multi-objective * Multi-hazard risk = Disaster response
performance function performance management: planning: Emergency
for integrated asset- function for Assurance of life safety management, protection of
% management: Function integrated asset- and quick recovery escape routes, evacuation,
relating to Operations management: operations following an search and rescue needs,
ts and Security Function Relating to event (Days-months) minimize casualties
Inspection, = Economic Recovery
maintenance and (within years)
Lifecycle

An important characteristic of each limit-event is therefore the return
period of the associated demands or loading events within each limit-state. The risk due
to failure of a constructed system to perform is defined as the product of three factors:
(a) The probability of a demand exceeding an expected value, (b) the probability of the
system not performing as desired, and, (c) the consequences of this failure to perform. It
follows that the return period (which in turn defines the expected probability of
occurrence of a limit-event during the lifecycle of a facility), is a critical factor in
defining the risk that should be controlled during design or evaluation. Further, the
envelope of actions and resistances to be considered in design or evaluation should be
based on an acceptable risk associated with each of the limit-events. For example, the
acceptable risk associated with the “incomplete and premature collapse mechanism(s)
without adequate deformability and hardening” limit-event within the “safety and
stability of failure” for a building system may be as high as 0.0001 and as low as
0.0000001 given the importance and functions, the infrastructure system that is served
by the building, location, occupancy, architecture, site and structural attributes of the
building. The risk and reliability basis of performance-based design is illustrated in
Figure 2.1.
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A design approach that incorporates the risk of a constructed structure
not achieving its expected performance at each limit-state and limit-event would offer a
far greater flexibility for optimizing how the financial resources available for any given
project are allocated to various features of the system. This is illustrated in Figure 2.1
which presents an overview of the performance based design and evaluation approach

that incorporates risk as envisioned by the Committee [11].

Performance-Based Design Based on
Uncertainty/Risk:

Establish the resistance envelope to meat
the demands af each limif-event based on
an acceptable risk of failure to perform at
that event i.e.:

Probability of
demands

Exposure

exceeding the (consequences of
expected (for mr::“m P (© Capacity <=y Demand)
each limit-event, that Hmit event)

Establish P for eacit limit-event apd
select Demand, actions, @ and y based
onan acceptable risk of failure to
perform at that limit-event. Define and
glarantee performance by process quality
coatrol and management of the integrated
system of design, construction. operation
aud maintenance. The performance of the
constructed system should be based on a
set of objective and measurable indices.

and entire lifecycle)

Probability of
Fallure to
Perform at a
limit-event

Figure 2.1 Performance-based design and evaluation [11]

Two limit-states justify further discussion. The “durability” limit-state
that is included within “serviceability” is only now widely recognized as concern
justifying its distinct limit-state that deserves special attention in design and in
evaluation. Durability brings a different dimension and may justify a different approach
to the selection of materials, proportioning, detailing, construction, maintenance, etc.
than a design based only on serviceability and safety. For example, it have to be
recognized that special cover and detailing of reinforcement for crack control in a
reinforced concrete element may justify more attention to it than the attention spending
in detailing for capacity. In many cases durability may be assured only if a designer is in
full command of all the mechanisms that influence deterioration. To assure the
durability of a design may require extensive “scientific” research in the field on real
constructed facilities, integrated with laboratory and analytical studies in order to reveal
the actual mechanisms that cause deterioration and how they may be effectively
mitigated. This would have to be coupled with an in-depth knowledge of material

behavior at the microscopic level [12].
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2.1.3 Strength Performance of Concrete Structures

Strength or safety performance of concrete structures in term of the
performance-based design is intended to avoid the occurrence of limit states of life
safety and stability failure include excessive movements, settlements, geometry changes,
material failure, fatigue, local and member stability failure. The limit events to have to
be prohibited are incomplete premature collapse mechanism(s) without adequate

deformability and hardening, and also undesirable sudden-brittle failure mode(s).

Structural engineers have traditionally used various indices for defining
the health of a structure depending on purpose, such as safety factor, condition rating,
load-capacity rating, sufficiency index, capacity-demand ratio, redundancy, etc.
Although it is pragmatic to continue using such deterministic indices that are mainly
related to “structural safety” most engineers now recognize the need for a broader
definition that relates to performance and health in relation to the entirety of Table 2.1.

Such a definition, in fact can be made by generalizing the structural reliability concept

[11]:

“We define the health of a constructed system as the probability that it

possesses adequate capacity against all probable demands that may be imposed on it in
conjunction with the limit-states and limit-events listed in Table 2.1. Here we emphasize
that system reliability should cover the entire spectrum of limit states and limit-events in
Table 2.1 and not just “structural safety”. Further, according to Ellingwood (2004), the
distinction between health and reliability is that health is a desirable state and reliability

is a measurement of it.”

In the performance-based design, each performances of structural
members need to be verified. JSCE Guidelines No.3 which is the first performance-
based design code stated that for purposes of safety verification, it is simply required to
verify that non of the members reaches the ultimate limit state. For design of members,
generally, the ultimate limit state for failure of member cross-section is examined for
safety verification and other ultimate limit state are not taken into consideration so

frequently. For members subjected to one of the member forces among flexural moment,
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axial load, shear force and torsional moment, verification of safety against failure of

member cross section shall be carried out as shown in Figure 2.2 [15].

[ Member force ]

[ Characteristic value for ] [ Characteristic value J

material strength £ (=pu/3) forload F, (=p/F,)

Vim 7
Design value for E g
material strength f; = /i//m } [ Design load Fy= yFi }
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Y
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where; 3, = material factor
% = member factor
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% = structural analysis factor

Figure 2.2 Checking for ultimate limit state for failure of cross-section [15]

When a member is subjected to a combination of loads such as flexural
moments and axial load, verification of safety against failure of member cross section
shall be carried out by comparing the appropriate design member forces with design
capacity of the member cross section, taking into account of the action of combined
load [15].

As discussed earlier, incorporating the probability of failure and
probability of risk, performance-based design may take advantage of the “Reliability
Index: B” as a measure of health or reliability as this relates in concept to the
deterministic “Safety Factor” or “Load Rating” most engineers use in practice

(Ellingwood, et al, 1982). For example if Capacity and Demand are independent and
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normal random variables, p = 0 corresponds to a reliability or (1-Pg) of 0.5, B = 3
corresponds to a reliability of 0.999, and B = 4.75 corresponds to a reliability of 0.99999.
The latter corresponds to one in a million chance of inadequate capacity to perform [14].

The first step in reliability analysis is the formulation of the limit state
function for safety is to prohibit incomplete premature collapse mechanism(s) without
adequate deformability and hardening, and also undesirable sudden-brittle failure
mode(s) during design service life. For a structural member having capacity, R, and
subjected to dead load, D, live load, L, and wind effect, W, a failure function that
represents the safety margin, g(R, D, L, W), can be formulated as

g(R, D, L, W) = R-D-L-W @2.1)

The limit state function is obtained by equating g(R, D, L, W) to zero.
The reliability index, B, is usually used to measure structural safety. It is defined as the

ratio of the mean, i, to the standard deviation, og, of g

P=pg/cg 2.2)

For the simple case of all variables in the limit state function being normally distributed,
B can be computed from

B_ Hr -“D_pé_pw (2 3)

Joi +03 +a? +o¥

where pr, ip, M1, pw = mean values of R, D, L, and W, respectively, and or, op, oL,

and ow = standard deviations of R, D, L, and W, respectively.

The relationship between the reliability index and probability of failure,

Py, for the case of a normally distributed safety margin is defined as

pi(t) = ©(-B) (2. 4)

where @ = cumulative standard normal distribution function.
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A structure may be considered to be safe, i.e., its safety is maintained, as
long as it or its members do not fail. In the case of a statically highly indeterminate
structure, its safety may not be immediately lost even when some of the members reach
the ultimate limit state and become incapable of carrying load. In cases where partial
failure of members is permitted but the overall safety of the structure still needs to be
maintained even after partial failure of some members, the nonlinear and the past-failure
behavior of members should be appropriately taken into consideration at the time of

safety verification as in seismic performance verification [15].

2.1.4 Serviceability Performance of Concrete Structures

The performance-based design take into consideration the aspect of
serviceability of structure as the key performance aspect. Serviceability performance
itself include some other aspect which related to the comfortable use and convenience.
CEB-FIP Model Code 1990 [12] includes four aspects in serviceability limit state i.e.
stress of material, crack widths, deformations and vibrations. Exceeding the limit state
of stress or limit state of cracking may lead to limited local structural damage mainly
affecting the durability of the structure. Excessive deformations may produce damage in
non-structural elements or load bearing walls and affect the efficient use or appearance
of structural or non-structural elements. Vibration may cause discomfort, alarm or loss

of ability to use.

For stress level, under service load conditions, CEB-FIP Model Code
1990 stated the limitation of stresses for tensile stresses in concrete, compressive
stresses in concrete and tensile stresses in steel. The limitation of tensile stresses is an
adequate measure to reduce the probability of cracking. The limitation of compressive
stresses in concrete should avoid excessive compression, producing irreversible strain
and longitudinal cracks. Tensile stresses in reinforcement should be limited with an

appropriate safety margin below the yielding strength, preventing uncontrolled cracking.

It should be ensured that, with an adequate probability, cracks will not

impair serviceability and durability of the structure. Cracks do not, per se, indicate a
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lack of serviceability or durability; in reinforced concrete structures, cracking might
inevitable due to tension, bending, and shear, torsion, without necessarily impairing

serviceability or durability [12].

Deformations -include deflections and rotations- during service period
may be harmful to the appearance of the structure, the integrity or non-structural parts,
and the proper function of the structure or its equipment. On the practical verification of
deflection, for simple building elements under specified circumstances, it may not be
necessary to calculate deflections explicitly if certain limitations of the span-depth ratio
are respected [12].

Vibrations of structures may affect the serviceability of a structure as
functional effects (discomfort to occupants, affecting operation of machines, etc.) and
structural effects (mostly on non-structural elements. as cracks in partition, loss of

cladding, etc.). Vibrations can be caused by several variable actions, e.g.

» rhythmic movements made by people such as walking, running, jumping and
dancing

* machines

* waves due to wind and water

» rail and road traffic

= construction work such as driving or placing by vibration of sheet piles,

compressing soil by means of vibrations as well as blasting work.

To secure satisfactory behavior of a structure subject to vibrations, the
natural frequency of vibration of the relevant structure should be kept sufficiently apart
from critical values which depend on the function of the corresponding building.

Asian Concrete Model Code 2006 [13] stated that performance indices
for serviceability should include performance of user comfort and performance of
functionability. It also provide example of performance indices for comfortable use and
performance indices for functionability related to serviceability of concrete structures

shown in Table 2.2 and 2.3.



Table 2.2 Examples of performance indices for comfortable use [13]

Performance items | Performance Indices
Comfortable Acceleration, natural period of structure/component, gap/step,
ride/walk or type of pavement
Comfortable stay Deformation (slope angle, etc)
s Vibration level around structure, on natural iod of
Vibrioo structure/component P
Noi Noise level around structure, or type/shape/height of
oise
soundproof wall
Odor Density of substance with odor around structure, or amount of
substance with odor in/inside structure.
e Humidity around structure, or water contents in/inside
Humidity SiRcibare
Aesthetics Crack density, crack widths, or amount of dirt on surface of
structure
Visual safety Deformation, crack density or crack width.

Table 2.3 Examples of performance indices for functionability [13]

Performance items | Performance Indices

Shielding Amount of substance/energy to penetrate structureicomponent,
penetration rate, or crack width/density

Permenbility Amount of substance/energy to penetrate structure/component,
penetration rate, or porosity of structure/component

Serviceability limit state are required to be determined to suite the
purpose of use of structures and shall be checked or verified by appropriate methods of
which accuracy and applicable range are clarified. As far as the serviceability limit
states are concerned, various limit state may be considered. In general, however, only
the serviceability limit states for cracking, displacement, deformation, and vibration,

may be examined [15]. The verification for each aspects are presented as follows.

Limiting Value of Stresses

Compressive stress in concrete and tensile stress in reinforcement due to
flexural moment(s) and axial force(s) shall not exceeding the limiting value. Maximum
limit on the compressive stress of concrete is introduced in order to avoid excessive
creep strain and cracks in the longitudinal direction due to compressive forces. These
limiting values have been determined considering the modulus of elasticity of concrete

and the conditions for the creep coefficient of concrete [15].
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Cracking

Cracks occurring in the concrete structures become a cause for reduction
in durability due to reinforcement corrosion, deterioration in functions such as water
tightness and air tightness, large deformations, impairment of appearance, etc. Therefore,
it shall be examined by an appropriate method that such functions, durability and
appearances of structures are not impaired due to cracking in concrete. Performance of
concrete in the concrete cover to protect reinforcement from corrosion due to chloride
ingress is achieved by not only controlling crack width but also providing good quality
of concrete. Based in this fact, examinations of serviceability limit cracks for durability
should be made, in principle, by conforming both crack width is less than the
permissible width and that chloride concentration at reinforcement in concrete predicted
by the transport analysis considering the effect of crack, does not exceed the threshold

value for initiating corrosion during the design life [15].

When water tightness is important, examination of cracking shall, in
principle, be carried out, by confirming that either the crack does not occur or the width
of the crack is not greater than the permissible value. When appearance of structure is
particularly important, examination for crack width may be carried out by a method
similar to that for durability, and appropriately setting a permissible crack width. On the
basis of past test data, it is reasonable to consider that crack width at the surface of
members, which has a great influence on corrosion of reinforcement, depends on
concrete cover. Thus, assuming that the permissible crack width may be increased with
increasing concrete cover, the permissible crack width have been determined depending
on the environmental conditions and the type of reinforcement [15]. On the same way of
thinking, the examination of crack width due to the structural action should be carried

out using the most accurate and appropriate method.

Displacements and Deformations

Displacements and deformations, in general, are related to maintaining
functions and serviceability for safety and comfort with moving traffic, preventing
damages due to excessive displacements and deformations, and maintaining esthetics of
structures. Considering the purpose of use of a structure, enough stiffness and
appropriate camber should be provided, and support need to be selected adequately. It is
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advisable to examine the influences of gasp kinks between members and

expansion/shortening of member if necessary [15].

Examinations verifications for displacement and deformation of
structures or member shall be carried out using appropriate methods to ensure that the
functions, serviceability, durability and appearance of the structure or member are not
impaired. Short-term displacement and deformation, and long-term displacement and
deformation shall be considered separately. Short-term displacement and deformation
refer to instantaneous displacement and deformation of the structure or member upon
application of load(s). Long-term displacement and deformation include short-term
displacement and deformation and additional displacement and deformation under
sustaining loads. Short-term displacement and deformation, and long-term displacement
and deformation of the structure or member shall be smaller than the permissible

displacement and deformation [15].

Vibration

Vibration are rarely cause of problems in concrete structures. However,,
in case when the time period of variable loading is close to the natural period of
members, resonance may result. This may bring lead to an uncomfortable environment
during use and cause cracks in the structure. In this case, it is advisable to take some
countermeasure, such as altering the natural period of the member by changing the
dimension of members, etc. Examinations for vibration caused by variable loads shall
be carried out using appropriate methods to ensure that functions and serviceability of

the structures are not impaired [15].

Verification on performance of serviceability incorporating probability
of failure and probability of risk carried out using reliability analysis for certain aspects;
deflection of beam for example. During service life, from the statistical data it known
that certain level of deflection caused crack or damage on the nonstructural member
attached on it. On the other hand, the certain level of deflection also reduces the

conformity and makes distortion of appearance. Based on that, codes specify the
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limitation on maximum deflection. Reliability analysis performed to obtain the
probability of failure — the deflection exceeds the limit — during service life. The

procedures of structural reliability serviceability explained as follow.

The probability of serviceability failure is then the probability of

exceeding the allowable deflection limit &,

pe(t) = Pr{G[5L, A(t)] < 0} (2.5)

where the serviceability limit state is given by

G[8., A(t)] = 8. - A(t) (2.6)

The probability of serviceability failure during service live may be calculated as
PA(t) = (-Pserv) 2.7)

where ® = standard normal distribution function; B = serviceability reliability index;

and t = service live period which may separated into several tenancy period.

Similar method can be applied to the other aspect of serviceability such

as the crack width. The serviceability limit state for maximum crack width with the

resistance R and load effect Q is written as

GI[R, Q] = Wiim — Wm = Wiim = €Wmax (2.8)

where wiin is the allowable crack width specified in the design codes, wp the observed
maximum crack width, e, the factor representing model uncertainty of evaluated

maximum crack width and Wy the evaluated maximum crack width given by code.

2.1.5 Durability Reliability of Concrete Structures

The broad concept of design for durability is described in a flow chart in
Figure 2.3. Concrete structures are designed for structural integrity and good



26

serviceability. Crack size and distribution are limited by good design and steel
distribution. Once this is achieved, the durability performance of the crack-freed
(limited crack) concrete would depend on the type environment in service. In all
environments, the durability performance of concrete structure is dependent on the
Quality of the concrete. Where deterioration is resulted from steel corrosion, the
Quantity or thickness of the concrete cover (sometimes referred to as Covercrete) is also
of extreme important. Greater concrete cover usually means longer time it takes for
aggressive agent to reach the steel causing corrosion. Too much a cover, on the other
hand, could result in larger and more cracks allowing direct access of aggressive agent

to the steel reinforcement [14].

Structural Design
1o limit cracks
Degradation of
Crack-freed
Concrete
Deterioration of
Concrete Matrix
| [ |
] e mmj "wl

Figure 2.3 Design for durability concept [14].

The main criteria used in specifying concrete for durability remain to be
both the quality and quantity of concrete cover. The quality is specified by a maximum
limit on the water-to-cement (w/c) ratio or characteristic compressive strength (") and
the type of cement (in the case of concrete in sulphate environment). A corresponding

minimum quantity of concrete cover is also given.

The exposure classifications are also defined slightly differently but there
is a basic distinction between problems associated with corrosion of steel reinforcement
and deterioration due to sulphate attack. In normal or industrial environment where the

most common cause of steel corrosion is due to carbonation from the atmosphere, both
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BS 8110 and AS 3600 recommend specific strength grade and minimum concrete cover
for each specific situation. The approaches used by the two standards could be a very
good guide to specifying concrete in the Asia/Pacific region. ACI 357 and BS 8110
adopted a pragmatic approach in specifying the maximum w/c ratio together with the
more measurable criteria of both the strength grade and minimum cement content. Both
codes recognize the practical value of identifying a strength grade consistent with the
w/c ratio required for durability. On the other hand, AS 3600 used compressive strength
as the sole criterion. The Commentary to AS 3600 provides recommendations on the
minimum cement content. All codes specify a maximum limit for the chloride ion
content in the ‘as placed’ concrete. AS 3600, for example, limits the maximum acid-

soluble chloride-ion content to be 0.8 kg/m’ for reinforced and post-tensioned concrete
[14].

The theory of durability design is in principle based on the theory of
safety (or structural reliability) traditionally used in structural design. In this context
safety denotes the capacity of a structure to resist, with a sufficient degree of certainty,
the occurrence of failure in consequences of several of potential hazards to which the
structure is exposed. Now the use of this technique is increasingly advocated for dealing
also with durability and service life problem. Although traditionally the methodology of
safety has been almost exclusively applied to studies of structural mechanics, the
method is by no means restricted to such design problem [31].

A new feature in the theory of safety is the incorporation of time into
design problem. It allows the possibility of treating degradation of materials as an
essential part of the problem. Safety against failure (falling below the performance
requirements) is a function of time. Designing a structure with the required safety now
includes a requirement of time during which the safety requirement must be fulfilled. In

other words a requirement for the service life must be imposed.

The simplest mathematical model for describing the event ‘failure’
comprises a load variable Q and a resistance variable R. In principle the variable Q and
R can be any quantities and expressed in any units. The only requirement is that they are
commensurable. If R and Q are independent of time, the event of ‘failure’ can be

expressed as follow:
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{failure} = {R<Q} (2.9)

In other words, the failure occurs if the resistance is smaller than the load.

In term of service live, or durability, the main concern is to ensure that
the failure on durability aspects not occurs during service live. Thoft-Christensen (200 )
[32] proposed the new definitions of service life for reinforced concrete structures. The

definitions is

Tservice = Terack + ATer = Teor + Ateraex + AT, (2.10)

where Tservice = service life; Teor = initiation time for corrosion; Atcmcx is time from
corrosion initiation to corrosion crack initiation; and AT, is the time from initial
cracking to a critical crack is developed. Thofi-Christensen (200_) [32] also proposed
the example on determining the service live related to corrosion of the reinforcement
due to chloride penetration of the concrete and cracking of the concrete due to corrosion

of the reinforcement. The deterioration steps can be seén on Figure 2.4 below.

Chloride penetration of the concrete
Inutiation of the corrosion of the reinforcement
Evolution of corrosion of the reinforcement
Initial cracking of the concrete

Evolution of cracks in the concrete.

Spalling

S B WK -

1 2. 5 6
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Figure 2.4 Deterioration steps [32].

On verifications of service live, the limit state could be formulated as

G Taesigns Tserv] = Tesign — Tserv > 0 (2.11)

G[Taesigns Tserv] = Taesign — (Terack + ATer = Teorr + Atgrack + ATer) > 0 (2.12)



29

The probability of failure on service life can be calculated as

PHT) = Pr{G[Tesign, Tserv] > 0} (2.13)

There are some methods on predicting deterioration stepping time as shown in Figure
2.3 can be seen on paper by Thoft-Christensen (200 ) [32].

Some other aspects of durability should get the proper attention on
designing structural concrete durability as mention on ACI 201.2R Guide to Durable
Concrete. These each aspects could be the critical aspect on determining the service life,
i.e. freezing and thawing, chemical attack, abrasion resistance, corrosion of embedded

metal, and alkali-aggregate reaction.

2.2  Concept of Structural Reliability

Reliability methods first received significant academic attention in the period
from 1967 to 1974. During this period researchers developed many of the theoretical
tools necessary for handling the uncertainty present in design. Since the deévelopment
and acceptance of these methods, there has been a gradual shift away from design
approaches based on deterministic values toward new codes that are able to rationally
take into consideration issues of reliability and uncertainty in structural design. Most
traditional construction materials such as steel, concrete, and timber now use

probabilistic based design codes [6].

Reliability can be defined as probabilistic measure of assurance of performance
with respect to some prescribed condition(s). The condition can be referred to as an
ultimate limit state (such as collapse) or serviceability limit state (such as excessive

deflection and/or vibration) or durability limit state [7].

The need for probabilistic approach to assess service lives resulted from the
often uncertain nature of loadings and the performance aspects of reinforced structural
concrete. Since it cannot take the natural variation of the physical parameters into
account, a deterministic approach, using fixed or arbitrary values for pertinent variables,

should not be used to assess performance. These uncertainties can be dealt with
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effectively by using probabilistic methods in which the safety and service/performance

requirements are measured by their reliabilities (defined as the probability of survival).

In the past, reliability theory has most often been identified with the military,
aerospace and electronics fields. The importance of reliability theory in the area of civil
engineering has been increasingly realized over the past number of years. Only over the
past decade has the area of reliability in civil engineering applications received the

attention necessary to ensure the optimal performance and safety of structures [8].

The importance of civil engineering reliability theory stems from the very nature
of the various approaches to structural design. Most often in the past, a deterministic
approach has been taken in civil engineering design where the design parameters
usually consisted of selected factors of safety multiplied by expected service loads.
However, these service loads are rarely known with certainty. As a result these loads
should actually be treated as random variables. This different approach calls for the
implementation of probabilistic and statistical techniques. These analytical tools have
traditionally formed the basis of reliability theory and more recently provide the basic
framework for the study of civil engineering related reliability problems.

In the structural reliability analysis, it is the maximum load (or load effect) to
which the structure may be subjected over its useful life that is concern. Normally, the
determination of the lifetime maximum load is done separately from that of the
structural resistance. Presumably, therefore, the resistance R and the lifetime load Q are,

respectively, function of basic resistance variables and load variables. That is,

R = gr(Ry,Ry,...., Rp) (2.14)
and similarly
Q = go(Q1,Q2,..--,/Qn) (2.15)

This situation is represented by two density functions such that the overlapping region
between the density functions constitutes the probability of the failure as shown in

Figure 2.5.
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From Figure 2.5, it is clear that the structural reliability analysis requires a
determination of the safety factor and the underlying uncertainties of R and Q. In
evaluating the safety of a particular structure, or the design of a proposed structure, the
determination of the central safety factor clearly involves the calculation of the available
mean strength and the mean lifetime load to which the structure may be subjected.
However, in evaluating the level of safety implicit in the design code, the determination
of the central safety factor would require information on the actual resistance relative to
the design resistance, as well as the actual load versus the design load; in other words,
the biases in the design resistance and the design load. This information is a function of
the specified allowable resistance and load factors (load and resistance factor design,
LRFD). Further explanation on this factor can be found in Sub-chapter 2.3 Limit State
Design and Partial Safety Factors.

Resistance “R” J:k
1 —
~~ 1 R
< :
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£ | Load effect “Q” !
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R-Q :

Figure 2.5 Density functions of resistance R and load Q, and the probability of
failure [36].

The reliability of a structure or component is defined as its probability of

survival, ps, which are related to the probability of failure, pr by:

ps=1-ps (2.16)

Considering the uncertainties associated with load effects on structural
resistance, the probability of failure (or reliability) provides a meaningful measure of

the adequacy of a structure or member. Failure is defined in relation to different
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possible failure modes, commonly referred to as limit states. For example, ultimate limit
states represent the inability of the structure to resist the imposed load effects and can be
associated with large inelastic displacements and, for bridge decks, large cracks or
punching shear failure. On the other hand serviceability limit states are defined as the
inability of the structure to meet its normal use or durability requirements. Examples are

excessive delaminations or deformations.

The concept of a “limit state” is used to help define failure in the context of
structural reliability analyses. A limit state is a boundary between desired and undesired
performance of a structure. This boundary is often represented mathematically by a
limit state function of performance function. For example in, in a structure, failure could
be defined as the inability to carry loads. This undesired performance can occur by
many modes of failure: cracking, corrosion, excessive deformations, exceeding load-

carrying capacity for shear or bending moment, or local or overall buckling.

The performance of a structure in relation to a certain limit state can be
described as a function of a set of basic parameters (X;, i = 1, 2, ..., n). For example, the
deformation of a structural component, d, can be expressed as a function of the load

effects, material properties and geometric parameters:

4= d(Xl, xz, seney Xl'l) (2-17)

Assuming that the maximum allowable deformation for a certain serviceability

condition is do the boundary between failure and survival can, in this case, be described

by d =d, or:

d-do=0 (2.18)

Failure occurs if (d- dp) > O while the structure is safe for (d — do) < 0.
Substituting Equation (2.17) into Equation (2.18) one can write:

%5, X0 oo ) =0 (2.19)
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in which dy was incorporated in the function f, such that failure occurs if f > 0 and no
failure occurs if f < 0. The function f is called the limit state function, and it separates
the failure region (f> 0) and the safe region (f < 0). This concept is illustrated in Figure
2.6, where the problem is simplified by assuming that the limit state function depends
only on two basic parameters, f(X;, X;). This simplification is convenient because it
allows the visual representation in Figure 2.6, but the concept is equally applicable to an
n-dimensional space. The limit state function can then be plotted in the (X;, Xz) plane,
and the failure and safe regions are as depicted in Figure 2.6. If one envisages a
perpendicular axis to the (X;, X,) plane on which a joint probability density function is
defined, the probability of failure is represented by the volume under the density
function and over the failure region. The calculation of the failure probability in the
general n-dimensional case is a complex task. Much research has been devoted to this

problem, and solutions with different levels of detail and accuracy are available.

Failure
o (X, %,)>0

Figure 2.6 IMlustration of reliability in two-dimensional space [8].

Since load and resistance parameters are random variables; therefore, it is
convenient to measure the structural performance in term of reliability index, B. Various

procedures for calculation of B are presented by Nowak and Collins [4].

The general format of the limit state function g is

g=R-Q<0 (2.20)

where g = safety margin; R = resistance; and Q = load effect. In this study, Q is a

combination of load components.
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The reliability index B can be considered as a function of the probability of

failure Pr

B=-0"(Pp) @21)

where @' = inverse standard normal distribution function.

A version of the reliability index was defined as the inverse of the coefficient of
variation. In other context of discussion, it can be defined as the shortest distance from
the origin of reduced variables to the line g(Zr, Zg) = 0. This definition, which was
introduced by Hasofer and Lind (1974), is illustrated in Figure 2.7.

. o1
o

Limit state function g(Zs. Zo) = 0
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Figure 2.7 Reliability index defined as the shortest distance in the space of reduced

variables [4].

Using geometry, the reliability index (shortest distance) can be calculated from

the following formula:

_ Hr —Hq

p= 2 2
¥v9+% 2.22)

where B is the inverse of the coefficient of variation of the function g(R,Q) = R-Q
where R and Q uncorrelated. For normally distributed random variables R and Q it can

be shown that the reliability index is related to the probability of failure by

B=—-@7'(P;) , P =D(-B) (2.23)
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This is the general definitions of the reliability index. The definition for a two-
variable case can be generalized for n variables as follows. Consider a limit state

function g(X;,X2,...... ,Xn) where the X; variables are uncorrelated.

For examples, the Hasofer-Lind reliability index is defined as follows:
1. Define the set of reduced variables (Z,,Z,....... ,Zp) using

(2.24)

2. Redefine the limit state function by expressing it in terms of the reduced
variables (Z,,Za,...... sZm).

3. The reliability index is the shortest distance from the origin in the n-dimensional
space of reduced variables to the curve described by g(Z;,Z,,...... +Zn) = 0.

In structural reliability, the greatest concern regarding the variations in
construction is the safety (reliability) of the structure, or inversely the probability that
the structure will fail. Thus structural reliability methods are becoming prominent as a
means to quantify uncertainty. Typically these methods are used to compute a reliability
index, B, that is based on the materials and configuration of the structure, and the

variability inherent therein.

Many different approximate techniques can be used to calculate B which is
conventionally related to the probability of failure through the standard normal
distribution. This approximate relationship in Equation (2.22) is exact if all the
concerned variables are normal and the failure function is linear. While B can be related
to the probability of failure, it is more often used as a basis of comparison between
structures (or states of a single structure) with a higher value of B indicating a higher
degree of structural reliability. In probabilistic based design procedures, a predefined
value of B is often used as a target level for design [6]. There are several methods to
determining reliability index, but the most advance is known as Rackwitz-Fiessler

procedures, will be explained as follows and taken from Nowak and Collins 2002 [4].



36

2.2.1 Rackwitz-Fiessler Procedure; Modified Matrix Procedure

The Rackwitz-Fiessler procedure requires the knowledge of the
probability distributions for all the variables involved. The basic idea behind the
procedure begins with the calculation of equivalent normal values of the mean and
standard deviation for each non-normal random variable. Suppose that a particular
random variable X with mean p, and standard deviation oy is described by a CDF
(cumulative distribution function Fx(x)) and a PDF (probability density function £;(x)).
To obtain the equivalent normal mean p¢ and standard deviationo®, the CDF and PDF

at the value of the variable x' on the failure boundary by g = 0. Mathematically, these

requirements are expressed as

F(x')= cz{l‘—}'ﬁJ (2.25)
£ x')= Glecp[xc;”) (2.26)

where @ sis the CDF for standard normal distribution and ¢ is the PDF for the standard
normal distribution. Equation 2.25 simply requires the cumulative probabilities to be
equal at x". Equation 2.26 is obtained by differentiating both sides of Equation 2.25 with

respect to X . By manipulating these equations, pu; and o} can be expressed as follows:

w =x" ot (5. (x")) (2.27)

e

e B

The basic steps in the iteration procedure are applies to both linear and non-linear limit
state functions. These steps in the matrix procedure implementing the Rackwitz-Fiessler

modification are as follows;
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1. Formulate the limit state function. Determine the probability distributions and

appropriate parameters for all random variables X; (i=1, 2, . . ., n) involved.
2. Obtain an initial design point {x;} by assuming values for n-1 of the random

variables X;. (Mean values are often a reasonable choice.) Solve the limit state
equation g = 0 for remaining random variable. This ensures that the design point

is on the failure boundary.

3. For each of the design point values x; corresponding to a non-normal distribution,

determine the equivalent normal mean p; and standard deviation o] using

Equations 2.27 and 2.28. If one or more X; values correspond to a normal

distribution, then the equivalent normal parameters are simply the actual
parameters.

4. Determine the reduced variates {z } corresponding to the design point {x; }
using

P o L (2.29)

5. Determine the partial derivatives of the limit state function with respect to the
reduced variates. For convenience, define a column vector {G} as the vector

whose elements are these partial derivatives multiplied by -1:

G,)
G,
{G}= 1"} where G, =—2&] (2.30)
1 52[ evaluated at design point
..Gna

6. Calculate an estimate of B using the following formula:

g6} '} where {'}={ * | (231a)
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The superscript T denotes transpose. For linear performance function, Equation

2.31a simplifies to

a, "'iaii-‘-:i
S (2.31b)

i(aio,“i)2

i=l
Calculate a column vector containing the sensitivity factors using

T (2.32)

Determine a new design point in reduced variates for n-1 of the variables using

zZ =a,B (2.33)

Determine the corresponding design point values in original coordinates for the n-

1 values in Step 7 using

X; = pX; +Zi.axi (2.34)

Determine the value of the remaining random variable (i.e., the one not found in

Steps 8 and 9) by solving the limit state function g = 0.
Repeat Steps 3 — 10 until B and design points { x; } converge.

2.2.2 Rackwitz-Fiessler Procedure; Graphical Procedure

A graphical version of the Rackwitz-Fiessler procedure (i.e., using

equivalent normal parameters) can be applied when the CDFs of the basic variables are

available as plots on normal probability paper. Each non-normal variable is

approximated by a normal distribution, which is represented by a straight line. The

value of the CDF of the approximating normal variable is the same at the design point
as that of the original distribution. On normal probability paper this means that the
straight line intersects with the original CDF at the design point. Furthermore, at the

design point, the PDFs of the original variable and the approximating normal variable
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are the same. Since the PDF is a tangent (first derivative) of the CDF, the straight line
(approximating normal) is tangent to the original CDF at the design point. The
parameters of the approximating normal distribution (mean and standard deviation) can

be read directly from the graph. This graphical approach is illustrated in Figure 2.8.

Figure 2.8 Graphical illustration of Rackwitz-Fiessler procedure.

2.3 Limit State Design and Partial Safety Factors

The basic mission of structural design is to accurately deal with the contradiction
between the structural safety and economy, to choose a reasonable balance between
them, and then to meet the planned structural requirement during the prescriptive period
with the minimum price. In order to obtain the goals, for couples of decades the
structural design has adopted several methods, such as allowable stress design, working
stress design, and limit state design. Accepted as a probabilistic approach to structural
safety, the limit state design (LSD) has been used by structural engineers in many
countries since the mid 1970’s. It provides more consistent safety for various load
combinations and various combinations of materials than the past popular method, such

as working stress design.

There are two basic functional requirements for all building structures:

serviceability during the useful life of the building and safety from collapse during the
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construction and useful life of the building. LSD defines the various types of collapse
and unserviceability that are to be avoided. Those concerning safety are called the
ultimate limit states, others concerning unserviceability are called the serviceability
limit states. Compared with the past structural design methods, LSD uses partial safety
factors instead of the traditional single safety factors. The partial safety factors include
the load factors, o, the load combination factor, y, the importance factor, y, and the
resistance factor, ¢, which will be reviewed primarily latter. Moreover, .safety and
serviceability are also controlled by defining specified loads and material properties
statistically, in terms of the probability level (e.g., 5% maximum probability of under-
run for material properties) or the return period (10 to 100 years for snow, wind, and
earthquake loads).

The LSD criteria can be expressed as follows:

R > y[or, D+ ylo L + 0, Q +a,T)] (2.35)

where D, L, Q, and T refer to dead, live, wind (or earthquake) loads and imposed

deformation (temperature, etc.) respectively, and ¢R is the factored resistance.

The establishment of resistance factors shows the development of reliability
analysis through probability study. Resistance factors are derived for a number of

factors causing variability in strength [9]:

= Variability in member strength due to variability of material properties in the
structure.

» Variability in member strength due to variability of dimensions.

* Variability in member strength due to simplifying assumptions in the resistance
equations, such as the use of a rectangular stress block in concrete design.

» Increased risk to building occupants if failure occurs without warning and the

post-failure strength is less than the original strength.

Referring to the papers written by J. G. MacGregor, the resistance factors, ¢ and
s are established through following pro