
Engineering Structures 32 (2010) 2596–2605
Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Time-variant service reliability of post-tensioned, segmental, concrete bridges
exposed to corrosive environments
R.G. Pillai a,∗, M.D. Hueste a, P. Gardoni a, D. Trejo b, K.F. Reinschmidt a
a Zachry Department of Civil Engineering, Texas A&M University, College Station, TX, USA
b Department of Civil and Construction Engineering, Oregon State University, Corvallis, OR, USA

a r t i c l e i n f o

Article history:
Received 20 August 2009
Received in revised form
22 December 2009
Accepted 25 April 2010
Available online 15 June 2010

Keywords:
Segmental
Post-tensioned
Prestressed concrete
Bridge
Tendon
Strand
Void
Corrosion
Normal stress
Serviceability
Reliability

a b s t r a c t

This paper presents a framework for assessing the service reliability of post-tensioned (PT) bridges with
damaged and undamaged tendons containing voids, chlorides, and moisture. The service reliability is
defined based on the probability that the normal stress due to the applied loads (i.e., demand) at the
midspan of the girder attains or exceeds the corresponding allowable normal stress (i.e., capacity). The
probabilistic model to determine the normal stress demand is formulated using statistical characteristics
of highway traffic and bridge design loads, probabilistic models for the tension capacity of corroding
strands, the AASHTO LRFD stress model for strands, and Todeschini’s nonlinear stress model for concrete.
The probabilistic model for capacity is based on the AASHTO LRFD normal stress limits. Using the
developed reliability framework and Monte Carlo simulation, the time-variant service reliability of a
typical PT bridge over a 75-year period is estimated. After chloride and moisture infiltrate the tendons,
the service reliability reduces to a value below recommended values within a relatively short period of
time.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The presence of chlorides, moisture, damage, and voids has
been observed in tendon systems in segmental post-tensioned
(PT) bridges. These conditions can lead to accelerated corrosion of
strands resulting in tendon failure. For example, the Niles Channel,
Mid-bay, and Bob Graham Sunshine Skyway bridges in Florida, and
the Varina-Enon bridge in Virginia experienced tendon failures [1–
4]. These incidents raise concern over the safety and serviceability
of PT bridges exposed to corrosive environments.
The generalized reliability index, β can be considered as a

quantitative measure for the safety (if the strength limit state
is considered) or serviceability (if the service limit state is
considered) of structural systems. In general, the term β can be
defined based on the probability of the occurrence of failures
(strength or service failure). To ensure good safety or serviceability,
the value ofβ corresponding to a chosen limit statemust be greater
than a minimum required value, defined as the target reliability
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index, βtarget. To ensure acceptable levels of safety, the load and
resistance factors for the strength limit states in the American
Association of State Highway and Transportation Officials, Load
Resistance Factor Design (AASHTO LRFD) Specifications [5] are
calibrated for a βtarget, of 3.5 [6]. However, the load and resistance
factors for the service limit states in AASHTO LRFD Specifications
[5] are not yet calibrated for a specific βtarget. Based on a
comparative study on the reliability of concrete girders assessed
using the AASHTO LRFD Specifications [7], Chinese code [8], and
Hong Kong code [9], Du and Au [10] recommended to calibrate the
bridge design codes for service limit states, to ensure a high level
of serviceability. At present, the National Cooperative Highway
Research Program (NCHRP) is conducting an unpublished study
[11] on the calibration of the AASHTO LRFD Specifications for
service limit states.
Researchers have suggested various βtarget values to improve

service reliability. A βtarget value between 1.6 and 2.0 has been
suggested for structural steel members [12]. A βtarget value of
2.0 has been suggested for timber beams [13,14] and reinforced
concrete beams [15]. The above discussion indicates that the
typical βtarget value for service failure is smaller than that for
strength failure. This is because the consequences of service failure
(e.g. tendon failure) are more affordable than the consequences of
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Nomenclature

β Reliability index
βtarget Target reliability index
β(x, t) Time-variant reliability index
∆fpLT Prestress loss due to long term effects
ε Standard normal random variable,∼N(0, 1)
φ Curvature at midspan of the girder
φwet Wet-time (in months) in a year divided by 12
γload Load factor
ρbox Unit weight of concrete in box section
ρnon-box Unit weight of concrete in overlay, wearing surface,

and side barriers
θi Unknown model parameter
σ Standard deviation of model error
Aas-received Cross-sectional area of as-received strand
Ac Area of the concrete cross section
c Depth of neutral axis at midspan of the girder
cb Distance from centroid of concrete cross-section to

extreme bottom fiber
ct Distance from centroid of concrete cross-section to

extreme top fiber
CG Center of gravity
CM Moment capacity
Cf Stress capacity
Ccompression,1 Allowable compressive stress at top fiber due to

dead load only
Ccompression,2 Allowable compressive stress at top fiber due to

dead and live loads
Ctension Allowable compressive stress at top fiber due to

dead and live loads
COV Coefficient of Variation
CT Tension capacity
CT ,as-received Tension capacity of as-received strand
DLbox Dead load due to precast concrete box section
DLnon-box Dead load due to concrete overlay, wearing surface,

and side barriers
DM Moment demand
DM,DL Moment demand due to dead load only
DM,LL Moment demand due to live and impact loads
Df Stress capacity
Dcompression,1 Applied compressive stress at top fiber due to

dead load only
Dcompression,2 Applied compressive stress at top fiber due to

dead and live loads
Dtension Applied compressive stress at top fiber due to dead

and live loads
ej Eccentricity of jth strand from the centroid of

concrete cross section
Ec Elastic modulus of concrete
fc Normal compressive stress in concrete
f ′c Actual compressive strength of concrete
f ′c,specified Specified compressive strength of concrete
fpe Effective prestress in strand
fpi Initial prestress after anchoring
fps Total stress in prestressing strand
fpy Yield strength of prestressing strand
fpu Ultimate tensile strength of strand
F Normal force in concrete
FC Normal compressive force
FT Normal tensile force
g(x, t) Service limit state function
htCA

Total atmospheric exposure time (years)
standardizing factor =

tCA
0.75

nCA Constant based on field information=−0.005
hT Ambient exposure temperature (oF) = T (oF)
hRH
Ambient relative humidity (%)
Maximum Relative humidity (%) =

RH (%)
100

h%gCl−
%Cl− in the grout (by weight)
%sCl−saturated chloride solution

=
%gCl−

35.7

h%sCl− %Cl− in the water inside the tendon
%sCl−saturated chloride solution

=
%sCl−
35.7

htWD φwet × Total exposure time (years) = φwet × tWD
j Subscript j indicates jth strand
k Moment arm
le Effective tendon length (inches)
li Length of the strand between anchorages (inches)
LLlane Live load based on lane load
LLtandem Live load based on tandem load
LLtruck Live load based on truck load
M Bending moment
MUTS Minimum ultimate tensile strength
Ns Number of support hinges crossed by the strand

between the anchorages
Nstrands Total number of strands in the cross section
Pf Probability of service failure
Pf ,target Target probability of service failure
Ploss,as-received Prestress loss in as-received strands
PT Post-tensioned
r Radius of gyration
RH Relative Humidity
St Section modulus of concrete section w.r.t. the

extreme top fiber
Sb Section modulus of concrete section w.r.t. the

extreme bottom fiber
T Temperature
t Exposure time or age of bridge
x Vector of influential parameters and variables
WDT Number of tendons with wet–dry exposure

a strength failure (e.g., bridge collapse). The designation 13822,
Bases for design of structures — Assessment of existing structures
by the International Organization of Standardization (ISO 2001)
recommends βtarget values of 0 and 1.5 for service failures with
reversible and irreversible consequences of failures, respectively.
The reliability of a structural system can reduce as a function

of exposure conditions and time. Pillai et al. [16] developed a
framework to assess the time-variant strength or flexural reliabil-
ity (i.e., a safety performance indicator) of PT bridges exposed to
corrosive environments. A framework to assess the time-variant
service reliability is needed to assess the serviceability issues of
PT bridges exposed to corrosive environments. These serviceability
issues include concrete cracking, inelastic concrete compression,
and strand/tendon failure due to corrosion and/or excessive nor-
mal stresses.
A general basis for the definition of β was provided earlier in

this paper. Herein, the term β is defined based on the probability
that the normal stress due to the applied loads (i.e., normal stress
demand, Df ) at the midspan of the girder attains or exceeds the
corresponding allowable normal stress (i.e., normal stress capacity,
Cf ). Based on structural reliability techniques and probabilistic
models for Df and Cf , this paper develops a framework to assess
the time-variant service reliability index, β(x, t), of PT bridges.
The vector x indicates the set of parameters and random variables
(i.e., the tension capacity (denoted as CT ) of strands, the void
condition, damage condition, environmental condition of tendons,
and the external loading conditions and geometrical, material, and
structural characteristics of the bridge) influencing Df and Cf . The
term t indicates the exposure time. Herein, ‘service reliability’ is
simply denoted as ‘reliability’.
The remaining paper is organized as follows. First, a review on

corrosion and applied normal stresses in PT bridges is provided.
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Then, a general framework to determine β(x, t) is presented.
Then the framework for probabilistic estimations of Cf and Df
are discussed. A discussion on the random variables used in the
framework for estimating Cf and Df is then described. Following
this, using an application of the developed reliability framework,
the values of β(x, t) for a typical PT bridge are determined based
on a set of random variables and a pre-defined set of parameter
combinations (i.e., x and t). Finally, the conclusions from this study
are provided. Further details on this research can be obtained
from [17].

2. Corrosion and applied normal stresses in post-tensioned
bridges

2.1. Exposure conditions and corrosion mechanisms

A tendon that is placed outside the concrete and within the
walls of the box is defined as an external tendon. A tendon that
is placed inside the concrete of the box girder is defined as an
internal tendon. This paper focuses on the corrosion of external
tendons only and its effect on β(x, t). The presence of damage
and openings in external tendons, along with voids, chlorides, and
moisture inside these tendons and anchorage zones can result in
the corrosion of strands in PT bridges (FDOT 1999) [18–20,2–4].
An external tendon consists of multiple strands placed inside a
high-density-polyethylene (HDPE) duct. After post-tensioning, the
interstitial spaces between the duct and strands are filled with
cementitious grout for corrosion protection. Fig. 1(a) shows the
cross-section of a tendon with no voids. However, due to bleed
water evaporation and poor grouting practices [20,2,3,21–24],
voids can form inside these ducts, especially at the anchorage
regions, leaving the strands unprotected by the grout. If the
tendon is damaged, the strand is directly exposed to the external
environment, which in some cases can be aggressive. Fig. 1(b)
shows the cross-sections of tendons with partial and full voids.
Woodward [25] andWoodward et al. [26] reported the presence of
voids with sufficient size to facilitate accelerated strand corrosion.
Based on the data in [28], it is concluded that approximately

12% of the external ducts had at least one opening (i.e., a damaged
duct or an open hole in the system) through which chlorides or
moisture from the outside environment can infiltrate the tendon
system. The infiltrated chloride or moisture can collect inside the
tendons making direct contact with the strands [26]. As soon as
the strands come in direct contact with the infiltrated moisture or
other deleterious elements, corrosion occurs. Gardoni et al. [29],
Trejo et al. [30], and Pillai et al. [31] found that the void, chloride,
andmoisture conditions inside the tendon can significantly reduce
the CT of strands. It was also found that the prestressed strands
exhibit increased strength reductions due to corrosive conditions
as compared to unstressed strands.

2.2. Challenges in the estimation of applied normal stresses

Fig. 2 shows the cross-section at the midspan of an example PT
bridge. The tendons numbered T1, T2, and T3 are external tendons.
The remaining tendons are internal tendons. As mentioned earlier,
this paper focuses on the effect of the corrosion of external tendons
only on the service reliability (based on normal stresses) of PT
bridges.
The AASHTO [32] and AASHTO LRFD Specifications [5] provide

guidelines to calculate Df for PT bridges. The use of these
formulations during the design of PT bridges is straightforward; as
the CT of each strand is assumed to be constant. However, the CT of
strands in a PT bridge exposed to corrosive environments should be
considered as a randomvariable;making the analysis processmore
complex. The corrosion-induced variations in the CT of individual
strands indicate variations among the cross-sectional area, Aps, of
individual strands. The variation in the available Aps among the
strands induces variations in the tensile forces among the strands
and the neutral axis depth, c , of the girder cross section. In addition,
the applied load is re-distributed as one or more strands fails.
A probabilistic approach considering these complex mechanisms
would provide amore realistic estimate of the Df for segmental, PT
bridges.

3. Modeling time-variant service reliability

The effect of the corrosion-induced loss in the CT of external
tendons on β(x, t) of existing PT bridges is the focus of this
paper. Following conventional structural reliability theory [33], the
service limit state function, g(x, t), is defined as follows:

g(x, t) = Cf (x)− Df (x, t) (1)

such that the event g(x, t) < 0 represents a service failure.
Following the general expression for g(x, t) in Eq. (1), three service
limit state functions, gcompression,1, gcompression,2, and gtension, are
defined as follows:

gcompression,1 (x, t) = Ccompression,1 (x)− Dcompression,1 (x, t)
gcompression,2 (x, t) = Ccompression,2 (x)− Dcompression,2 (x, t)
gtension (x, t) = Ctension (x)− Dtension (x, t)

(2)

where Ccompression,1 and Dcompression,1 represent the allowable
and applied normal stresses, respectively, at the extreme fiber
under dead load only; Ccompression,2 and Dcompression,2 represent the
allowable and applied normal stresses, respectively, at the extreme
fiber under dead and live loads; and Ctension and Dtension represent
the allowable and applied normal stresses at the extreme fiber
under dead and live loads. If any of the limit state functions
(i.e., gcompression,1, gcompression,2, or gtension) is less than zero, then
service failure occurs (i.e., g(x, t) < 0). The frameworks to
probabilistically determine Cf (x) and Df (x, t) are discussed later.
These frameworks and Eq. (2) are programmed in MATLAB r© and
incorporated into the reliability software FERUM [34] to determine
β(x, t).
Fig. 3 shows a simplified flowchart of the process used in

this research to determine β . In Fig. 3, the box with a thick
border indicates the Monte Carlo simulation process used to
determine the probability of service failure, Pf . The value of Pf
after each simulation is calculated as the ratio of Nf and Nsim,
which are the number of instances with service failure and the
number of simulations, respectively. Then the approximate value
of the coefficient of variation of Pf [i.e., COV(Pf )] is calculated as
[(1 − Pf )/(PfNsim)]0.5 [33]. The simulation process is continued
until COV(Pf ) reaches a value less than or equal to a target value
(i.e., COV(Pf )target). Then the value of β(x, t) is determined as
follows [33]:

β (x, t) = −Φ−1
(
Pf
)

(3)

where Φ is the cumulative distribution function (CDF) of the
standard normal distribution. The probabilistic frameworks for
Cf (x) and Df (x, t) are developed next.

3.1. Normal stress capacity

The AASHTO LRFD Specifications [5] prescribe maximum
compressive and tensile stress limits for prestressed concrete
bridge elements in service. These stress limits are independent
of time and are based on the specified compressive strength
of concrete, f ′c,specified. However, f

′

c,specified is replaced with actual
compressive strength of concrete, f ′c , which is modeled as a
random variable to capture the associated uncertainty. Therefore,
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(a) Tendon with no voids. (b) Tendon with partial and full voids.

Fig. 1. Cross-sectional views of tendons without and with voids (after [27]).
Fig. 2. Semi-cross-section at mid-span of a segmental, PT box girder (after [27]).
Fig. 3. Framework to determine the generalized reliability index, β (after [27]).

Ccompression,1, Ccompression,2, and Ctension are expressed as follows:

Ccompression,1 = 0.45f ′c
Ccompression,2 = 0.60φwf ′c
Ctension = 0

(4)

where, φw is the stress limit reduction factor, which is calculated
per AASHTO LRFD Specifications [5] and depends on the geometry
and slenderness of a box section.

3.2. Normal stress demand

3.2.1. General
Estimating the normal stress at extreme fibers is straightfor-

ward when the strands are in ‘‘as-received’’ condition. However,
the CT of strands can decrease as a function of time and exposure
conditions, resulting in changes in the effective prestress forces, Pe,
in strands, which in turn induces changes in the normal stresses
acting on the cross section. The moment demand, DM , under ser-
vice load conditions is a random variable. In addition, some re-
alizations of DM might be large enough such that some strands
can break, especially if they are corroded. The effective prestress,
fpe, earlier imposed by the currently broken strands should be re-
moved from further calculations of normal stresses. An iterative
procedure, which considers these changes, has been developed to
determine the probabilistic values for Dcompression,1, Dcompression,2,
and Dtension [27,17]. The following is a discussion on this
procedure.

3.2.2. Calculation of moment demand
At first, it is determined if the moment demand, DM , is greater

than the nominal moment capacity, CM , of the PT girder. The dead,
live, and impact loads are used in formulating DM . The dead load
due to the weight of the precast box section is denoted as DLbox.
The combined dead load due to the weight of the overlay, future
wearing surface, and side barriers is denoted as DLnon-box. The unit
weights of the reinforced concrete used in these elements are
denoted as ρbox and ρnon-box. In this paper, DLbox and DLnon-box are
expressed as uniformly distributed loads and are calculated using
the span, cross-sectional geometry of the girder, ρbox, and ρnon-box.
Following the procedures in the AASHTO Standard Specifications
[35] and the AASHTO LRFD Specifications [5], the design lane
(LLlane), truck (LLtruck), and tandem (LLtandem) loads are used to
calculate the total live load for HS20 and HL93 loading conditions.
Per AASHTO Standard Specifications [35], an impact load equal
to (50/[125 + span in feet]) percent of live load is included for
HS20 loading. Per AASHTO LRFD Specifications [5], an impact load
equal to 33% of live load is included for HL93 loading. Herein,
the symbol ‘‘LL’’ indicates the sum of the live and impact loads.
Using structural mechanics principles and influence line theory,
the critical section with themaximum value of bendingmoment is
determined for the PT girder. The term DM is then defined equal to
thismaximumbendingmoment. The uncertainty inDM is captured
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Fig. 4. Simplified cross-section of a box girder showing the stresses and forces
(after [27]).

by modeling ρbox, ρnon-box, LLlane, LLtruck, and LLtandem as random
variables.

3.2.3. Calculation of nominal moment capacity
The procedure to determine the nominal moment capacity,

CM , of a corroding PT girder follows a mechanics based sectional
analysis approach similar to that provided in the AASHTO LRFD
Specifications [5]. A typical PT girder can be represented by an
equivalent T-section. Fig. 4 shows a schematic of a typical T-section
with normal stresses and forces acting on the cross-section, which
are referenced in the following discussion.
The normal compressive stress, fc , in concrete is determined

using the nonlinear stress–strainmodel for concrete by Todeschini
et al. [36]. This model is used because it is a single closed-form
solution, andhence, suitable for efficient numerical simulation. The
maximum allowable compressive strain in concrete is assumed to
be 0.003, per the AASHTO LRFD Specifications [5]. Following these,
the total compressive force, FC , on the concrete cross-section and
its center of gravity, CG(FC ), are determined.
The tensile force in each strand depends on the available Aps of

each strand and is critical to computing CM . The Aps for each strand
is calculated as follows:

Aps,j = CT ,j

(
Aas-received
CT ,as-received

)
(5)

where the subscript j indicates the jth strand, CT ,j is the CT of
the strand predicted using the probabilistic models by Trejo et al.
[27], and Aas-received and CT ,as-received are the cross-sectional area
and average CT of ‘‘as-received’’ strand with negligible corrosion,
respectively. The average stress at nominal conditions, fps,j, in each
strand is calculated using the following expression for unbonded
strands [5]:

fps,j =
[
fpe,j + fempirical

(
dp,j − c
le

)]
︸ ︷︷ ︸

fps,j,calculated

≤ fpy; le =
(
2li
2+ Ns

)
(6)

where dp,j is the distance between the extreme compression fiber
and centroid of the jth strand, le is the effective tendon length, li
is the length of the strand between anchorages, Ns is the number
of support hinges crossed by the strand between the anchorages,
and fpy is the yield strength of strand. The value of the empirical
constant, fempirical, is 6200 and 900, when the units of stress
variables (i.e., fpe and fpy) are kN/mm2 and ksi, respectively. The
term fpe is calculated by subtracting prestress losses at a given
time due to long-term effects,∆fpLT , from the initial prestress after
anchoring, fpi, as follows:

fpe,j = fpi −∆fpLT ,j =
0.70×MUTS
Aas-received

−
Ploss,as-received,j
Aas-received

(7)

where the subscript j indicates the jth strand; Ploss,as-received,j is
the loss in prestress force on an ‘‘as-received’’ strand; and MUTS
is the minimum ultimate tensile strength of ‘‘as-received’’ strand
with negligible corrosion. The value of fps,j,calculated in Eq. (6) varies
due to the change in c from one iteration to another. Finally, the
tensile force in each strand, FT ,j, is equal to Aps,j × fps,j. Then, the
total tensile force, FT , acting on the cross-section and its center
of gravity, CG(FT ), are determined. Iterations are carried out with
different values of curvature, φ, and different values of c. For each
iteration, if equilibrium exists between FC and FT , the value of the
bendingmoment,M , is calculated using themoment arm, k, and FT .
The maximum of all the determined values ofM is defined as CM .

3.2.4. Calculation of normal stress demand
If DM is greater than CM , then the girder fails in flexure and

g(x, t) is assumed to be negative; indicating service failure. If DM
is less than or equal to CM , then further calculations are needed to
determine the value of g(x, t) per Eq. (2). The terms Dcompression,1,
Dcompression,2, andDtension in Eq. (2) are determined as follows for the
case when the strands are below the center of gravity of the cross
section and the external moments cause tension in the extreme
bottom fibers at the cross section considered [37–39]:

Dcompression,1 =
Nstrands∑
j=1

[
−
Pe,j
Ac

(
1−

ejct
r2

)]
−

(
DM,DL
St

)

Dcompression,2 =
Nstrands∑
j=1

[
−
Pe,j
Ac

(
1−

ejct
r2

)]
−

(
DM,DL + DM,LL

St

)

Dtension =
Nstrands∑
j=1

[
−
Pe,j
Ac

(
1+

ejcb
r2

)]
+

(
DM,DL + γloadDM,LL

Sb

)
(8)

where, Pe,j is the effective prestress force in the jth strand after
losses; Nstrands is the total number of strands in the cross section;
e is the eccentricity of each strand from the center of gravity
of the concrete cross section; r is the radius of gyration; Ac is
the concrete’s cross sectional area; DM,DL is the moment demand
due to dead load only; and DM,LL is the moment demand due to
live and impact loads; St and Sb are section moduli of concrete
sections with reference to the extreme top and bottom fibers,
respectively; ct and cb are the distances to the extreme top and
bottom fibers, respectively, from the centroid of the concrete cross
section; and the term γload is 1.0 and 0.8, when HS20 and HL93
loadings, respectively, are considered. The γload for HL93 loading
is defined based on the live load factor for the Service III limit state
(Table 3.4.1-1 of [5]).
The effective prestress force in a given strand, Pe,j, is equal

to Aps,j × fpe,j for uncorroded, partially corroded, and unbroken
strands, and is zero for completely corroded or broken strands.
The value of Aps,j is determined using Eq. (5), which considers the
effect of corrosion. For a completely corroded strand, Aps,j is zero;
therefore, Pe,j will also be zero. However, it is also necessary to
determine whether each strand is broken or not. For a given DM ,
the corresponding value of c is computed by meeting the criteria
M = DM and then substituted in Eq. (6) to determine the total
stress in each strand. If fps,j,calculated is greater than the ultimate
tensile stress capacity of strand, fpu, then the strand fails in tension
(i.e., broken) and is removed from further calculations by setting
the corresponding Aps,j and Pe,j to zero. If fps,j,calculated is between fpy
and fpu, then fps,j is set equal to fpy (per the limit in Eq. (6)).

4. Random variables influencing service reliability

4.1. Structural load parameters

The random variables associated with the dead load parame-
ters, DLbox and DLnon-box, are the unit weights of the corresponding
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reinforced concrete materials (i.e., ρbox and ρnon-box). Because ρbox
and ρnon-box are always positive, they can be assumed to be inde-
pendent and follow lognormal distributions. Themean ofρbox is as-
sumed to be 25 kN/m3 (155 lb/ft3) and that of ρnon-box is assumed
to be 24 kN/m3 (150 lb/ft3). The standard deviations of ρbox and
ρnon-box are obtained based on a COV of 0.10 [6].
The mean values of live load parameters, LLlane, LLtruck, and

LLtandem, are determined using the standard procedures provided
in the AASHTO Standard Specifications [35] for HS20 loading and
the AASHTO LRFD Specifications [5] for HL93 loading conditions.
Per Nowak and Collins [6], live loads can be modeled as normal
distributions with a bias factor and COV of 1.25 and 0.18 for the
joint effect of live and impact loading.

4.2. Compressive strength of concrete

The term f ′c is a positive number and is expressed as a lognormal
distribution. The COV of f ′c can be assumed to be 0.15 [6] and the
corresponding standard deviation can be determined.

4.3. Void and damage/opening conditions

The void condition and the damage condition are defined on the
basis of the probability of the presence of a voided tendon (PVT )
and the probability of the presence of a damaged tendon (PDT ). A
tendon with at least one void is considered as a voided tendon. A
damaged tendon is defined as a tendon with at least one unsealed
hole or vent at the anchorage region or any damage to the tendon
that allows the ingress of water or aggressive ions into the duct.
As Woodward [25] and Woodward et al. [26] determined, PVT can
be determined based on inspection of sample bridges or tendons
or assumed based on sound engineering judgment. Similarly, PDT
can be determined or assumed. The twovoid conditions considered
are ‘no void’ and ‘void’ conditions. The two damage conditions
considered are ‘no damage’ and ‘damaged’ conditions. Therefore,
the void condition and damage condition are modeled as binomial
distributions using PVT and PDT as model parameters (i.e., success
probabilities). Based on the data from [28], PVT and PDT are
calculated to be 78.6% and 12%, respectively.

4.4. Tension capacity of strands

Trejo et al. [27] and Pillai et al. [31] developed probabilistic
models to predict the CT of strands subjected to stress and different
void conditions and environmental conditions. The environmental
conditions included relative humidity (RH), temperature (T ), and
chloride concentration in the grout and infiltrated solution (%gCl−
and %sCl−, respectively). Among these, the following four models
are used to assess the β(x, t) of PT bridges.

Model 1: CT ∼ MUTS × Lognormal (1.011, 0.0049) (9)

Model 2: CT = MUTS ×
[
A
(
htCA

)nCA
+ σε

]
where,

A = θ1
{
θ2 − θ3 exp (hRH)− θ4 exp

[
h%gCl− exp (hRH) hT

]}θ5 (10)

Model 3: CT = MUTS ×
[
θ1
(
θ2 − θ3h%sCl−htWD

)θ4
+ σε

]
(11)

Model 4:

CT = MUTS×
[
θ1
(
θ2 − θ3htWD − θ4 ln[h%sCl− ]htWD

)θ5
+ σε

]
. (12)

Table 1 shows the definitions of the explanatory functions or
predictor variables (i.e., hRH , hT , h%sCl− , h%gCl− , htWD , htCA ). Table 2
shows the mean estimates and standard deviations of the
unknown model parameters (i.e., θi and σ ). Trejo et al. [27]
provides further details on the correlation coefficients of these
models. The probabilisticmodel for the CT of each strand is selected
Table 1
Definitions of the terms in the strand capacity models.

Terms Definitions

θi Unknown model parameter
σ Standard deviation of model error
ε Standard normal variable∼Normal (0, 1)

htCA
Total atmospheric exposure time (years)

standardizing factor =
tCA
0.75

nCA Constant based on field information=−0.005
hT Ambient exposure temperature (oF) = T (oF)

hRH
Ambient relative humidity (%)
Maximum relative humidity (%) =

RH (%)
100

h%gCl−
%Cl− in the grout (by weight)
%sCl−saturated chloride solution

=
%gCl−

35.7

h%sCl− %Cl− in the water inside the tendon
%sCl−saturated chloride solution

=
%sCl−
35.7

φwet

(
Wet-time in a year (months)

12 (months)

)
; 0 ≤ φwet ≤ 1

htWD φwet×Total exposure time (years) = φwet×tWD
Note: oF = (oC× 9/5)+ 32.

Table 2
Mean estimates of model parameters in the strand capacity models.

Model parameters Model 2 Model 3 Model 4

θ1 7.7492 (0.9532) 0.9983 (0.0014) 0.9463 (0.0064)
θ2 0.1637 (0.0018) 1.0105 (0.0022) 1.0333 (0.0056)
θ3 0.0030 (0.0008) 1.6785 (0.1362) 0.3567 (0.0648)
θ4 0.0002 (0.0000) 1.3576 (0.0648) 0.0285 (0.0015)
θ5 1.0924 (0.0617) – 2.0301 (0.0773)
σ 0.0619 (0.0047) 0.0117 (0.0011) 0.0350 (0.0107)

The values in parenthesis indicate standard deviations.

based on the tendon type (i.e., external or internal tendon) and the
pre-defined environmental condition and the randomly selected
void condition and damage condition.
Fig. 5 shows the methodology used to select the probabilistic

models to determine the CT of strands, where the circles indicate
the model number for each exposure category. The environmental
condition can be manually selected per the user’s choice. The
user can make approximate estimations on the environmental
exposure parameters (such as moisture and chloride exposure
levels) based on (1) the databases available with the National
Climatic Data Center, (2) laboratory tests on field samples, and
(3) suitable engineering judgments based on experience. The
void condition and damage condition are randomly realized as
explained before. The two void conditions considered are ‘‘no void’’
and ‘‘void’’ conditions. The two damage conditions considered are
‘‘no damage’’ and ‘‘damaged’’ conditions. During a rainy season, a
damaged tendon canbecome infiltratedwithwater and experience
a wet condition. The wet tendon can naturally dry over a period
of time. This cyclic process during the life of a bridge can be
defined as a ‘‘wet–dry’’ condition (based on the average wet-time
and dry-time in a year). Further details on ‘‘wet–dry’’ conditions
are provided in [27]. Because the ‘‘wet–dry’’ condition inside the
tendons can occur only if there is damage on the tendon system,
the combination of ‘‘no damage’’ and ‘‘wet–dry’’ conditions does
not exist and is not shown in Fig. 5.

4.5. Prestress loss of strands

The Ploss,as-received for each strand, which is used in Eq. (7) is
assumed to follow a lognormal distribution as follows:

Ploss,as-received ∼ Aas-received

× Lognormal
[
∆f pLT ,∆f pLT × COV

(
∆fpLT

)]
(13)

where ∆f pLT and COV
(
∆fpLT

)
are the mean and COV of ∆fpLT .

The value of Aas-received for a 15 mm (0.6-inch) diameter PT strand
is 140 mm2 (0.217 inch2). The value of ∆f pLT is assumed to be
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Fig. 5. Method to select the strand capacity models (after [27]).

131 MPa (19,000 psi), which is the AASHTO LRFD [5] specified
lump sum estimate of∆f pLT in box girders; and the COV

(
∆fpLT

)
is

assumed to be 0.15. In this way, the mean and standard deviation
of Ploss,as-received are calculated to be 18 kN (4123 lbs) and 2.8 kN
(618 lbs), respectively.

5. Example: application of the service reliability framework

5.1. Description of example for PT bridge and parameter combinations

Fig. 2 shows one half of the symmetric cross-section of a
representative PT girder, with the shaded region indicating the
effective cross-section, per AASHTO LRFD Specifications [5]. The
figure also shows the locations of 6 external and 8 internal tendons
at the midspan of the girder. The tendons T1 through T5 contain
19 strands each and the internal tendons T6 and T7 contain 12
strands each. All the strands meet the ASTM A416 Specifications
[40] and are 15mm (0.6 inches) in nominal diameter. The PT girder
is assumed to be simply supported with a clear span of 30.5 m
(100 ft).
Fig. 6 shows the pre-defined combinations of parameters used

in the reliability assessment. The two loading conditions (i.e., HS20
and HL93), three chloride conditions (based on %sCl− and %gCl−
levels), and 0 through 6 external tendons with wet–dry conditions
are considered. The external tendons without wet–dry conditions
will be assumed to have a continuous-atmospheric condition.
All internal tendons are assumed to be free from corrosion. The
fourth column in Fig. 6 shows the values of t , at which β(x, t)
will be determined. These values of t are selected such that a
better estimation of intermediate values ofβ(x, t) can be obtained,
especially when β(x, t) changes rapidly as a function of t .

5.2. Time-variant service reliability index

Using the developed framework, this paper determines the
values of β(x, t) of the selected PT bridge. Table 3 summarizes
the definitions of all the random variables used in obtaining
the values of β(x, t). The COV(Pf )target was set to 0.01 for this
analysis. The ISO (2001) recommends βtarget values of 0 and
1.5 (corresponding to Pf of 0.50 and 0.07) for service failures
with reversible and irreversible consequences. Although there
are concrete materials that can self-heal microcracks, standard
concrete materials generally exhibit crack formation that will not
self-heal when stresses exceed the tensile stress limit. Such cases
could be defined to have an irreversible consequence of failure. In
Fig. 6. Constant parameter combinations for the reliability assessment.

addition, exceeding the compressive stress limits generally results
in inelastic stresses and this could also be considered to have
irreversible consequences. Although not typical, there may also be
cases with reversible consequences of failure (such as in the cases
of concrete capable of self-healing tensile cracks or elastic behavior
beyond the compressive stress limit). The following subsections
compare the estimated β(x, t) with the ISO (2001) recommended
βtarget values for service failures.

5.2.1. Service reliability when strands are in ‘‘as-received’’ condition
For the selected PTbridge,β(x, t) is below1.5 and above 0when

the strands are in ‘‘as-received’’ condition (i.e., when t = 0). In
particular, the values of β(x, t) are 1.22 and 0.63, when the bridge
is subjected to HS20 and HL93 loadings, respectively. Note that
these values are specific to the typical PT bridge defined in this
paper. The corresponding values of β(x, t) for an actual PT bridge
could be different from these values and the values presented in
the following discussions.

5.2.2. Service reliability when strands are exposed to various chloride
solution
Fig. 7(a)–(c) show the variation of β(x, t) with time when

exposed to 0.006, 0.018, and 1.8 %sCl− solutions, respectively. The
horizontal lines with long dashes indicate the values of βtarget
suggested by ISO (2001) for service failures with reversible and
irreversible consequences. The dashed curves (with hollow data
markers) and solid curves (with solid data markers) indicate HS20
and HL93 loading conditions, respectively. Different data markers
are used to represent the number of tendons subjected to wet–dry
exposure cycles (denoted as WDT in Fig. 7).
Fig. 7(a) shows the variation of β(x, t)with timewhen exposed

to a 0.006 %sCl− solution. When there is only one tendon with
wet–dry exposure and the bridge is subjected to HS20 loading
(hollow round markers), the predicted value of β(x, t) is below
1.5 and above 0 for up to 75 years. For this case, when the bridge
is subjected to HL93 loading (solid round markers), the value of
β(x, t) stays above 0 for approximately 25 years. When there are
two tendons with wet–dry exposure (square markers), these time
estimates reduce to about 25 and 10 years, respectively. If the
bridge is subjected to HS20 loading and there are three or more
tendons with wet–dry exposure (all hollow triangular markers),
then the time needed for β(x, t) to drop below 0 is between 7 and
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Table 3
Random variables for reliability assessment.

Random variables Distribution (mean, standard deviation)

Void condition ∼Binomial (0.79, 0.407)
Damage condition ∼Binomial (0.12, 0.325)
Error term in the strand capacity model, ε ∼Normal (0, 1)
Prestress loss of ‘‘as-received’’ strand, Ploss,as-received ∼Lognormal (18300, 2700) kN
Compressive strength of concrete, f ′c ∼Lognormal (41.3, 6.2) MPa
Unit weight of concrete in the box girder, ρbox ∼Lognormal (2500, 250) kg/m3

Unit weight of concrete in overlay, future wearing surface, and side barriers, ρnon-box ∼Lognormal (2400, 240) kg/m3
Live load due to multiple lane load, LLlane ∼Normal (7.3, 1.5) kN/m
Live load due to design truck load, LLtruck ∼Normal (1115, 20) kN
Live load due to design tandem load, LLtandem ∼Normal (89, 16) kN

Notes: 1 kN= 0.225 kips; 1 MPa= 0.145 ksi; 1 kg/m3 = 0.062 lbs/ft3; 1 kN/m= 0.068 kip/ft.
Fig. 7. Time-variant service reliability of the typical PT bridge.

15 years. If the bridge is subjected to HL93 loading and there are
three or more tendons with wet–dry exposure (all solid triangular
Table 4
Approximate time (in years) required for β(x, t) to reach zero.

Loading condition %sCl− Number of external tendons
with wet–dry conditions
1 2 3 6

HS20 0.006 >75 25 15 7
0.018 >75 18 13 6
1.8 >75 9 5 2

HL93 0.006 25 10 5 3
0.018 20 9 7 3
1.8 9 4 4 2

markers), then the time needed for β(x, t) to drop below 0 is
between 3 and 5 years. The quick drop in the curves corresponding
to four or more tendons with wet–dry exposure is because β(x, t)
quickly reached −8.21 (i.e., Pf reached 1). Similar occurrences in
Fig. 7(b) and (c) are not discussed herein. Fig. 7(b) and (c) show
the variations in β(x, t) with time when exposed to 0.018 and
1.8 %sCl− solutions, respectively. In general, the time estimates are
less than the time estimateswhen exposed to 0.006 %sCl− solution.
Table 4 summarizes the major time estimates from Fig. 7(a)–(c).

6. Conclusions

This paper developed an analytical framework to predict the
time-variant service reliability index, β(x, t), of post-tensioned
(PT), segmental concrete bridges subjected to various structural
loading and corrosive exposure conditions. The service reliability
framework evaluates the applied normal stresses (demand) at
the extreme fibers of the PT girder section at the location of
the maximum moment in service and compares these stresses
to the normal stress limits (capacity) provided in the AASHTO
LRFD Specifications [5]. The developed framework accounts for
(1) the uncertainties in the tension capacity and prestress loss,
void condition and damage condition of tendons, the compressive
strength and unit weight of concrete, and live load conditions,
(2) the effects of different levels of corrosion-induced loss in the
tension capacity of strands, and (3) the re-distribution of loads
upon tension failure or complete corrosion of a strand.
An example PT bridge was defined to demonstrate the

application of the developed service reliability framework. The
example bridge includes a single box girder section with a
30.5 m (100 ft) span and simply supported end conditions. For
this application example, only selected external tendons were
assumed to be exposed to corrosive conditions, while all internal
tendons were assumed to be intact and free from corrosion. The
following conclusions are drawn based on development of the
service reliabilitymodel for PT bridges and the application example
provided:
• The value of β(x, t) can be estimated and used as a serviceabil-
ity indicator for PT bridges provided that appropriate deterio-
ration models are incorporated to account for potential strand
corrosion.
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• When the example PT bridge is subjected to HS20 or HL93
loading and all strands are in ‘‘as-received’’ condition, the
reliability models estimates β values between 0 and 1.5, which
are the βtarget values recommended by ISO 13822 (2001) for
service failures with reversible and irreversible consequences,
respectively.
• When the example PT bridge is subjected to HS20 loading and
only one tendon is exposed towet–dry cycles with 0.006, 0.018,
or 1.8 %sCl− solutions, the reliability models show that β stays
above 0 for more than 75 years.
• When the example PT bridge is subjected to HL93 loading and
only one tendon is exposed to wet–dry cycles with 0.006 %sCl−
solution, β can drop to a value below 0 within about 25 years.
This time estimate reduces to about 9 years when exposed to
1.8 %sCl− (similar to seawater chloride concentration) solution.
• The service reliability index reduces significantly if more than
one tendon in the example bridge is exposed to wet–dry cycles
and falls below the βtarget values recommended by ISO 13822
(2001) in a relatively short time frame.

The results demonstrate that these calculations, although
computationally intensive, can be readily performed with current
technology. In addition, the results underscore the importance
of quality control in the initial construction of PT girders, along
with ongoing inspection and maintenance programs to reduce the
potential for strand corrosion in PT ducts.
Additional research to incorporate the various support condi-

tions and erection sequences of segments, develop more precise
probabilistic models for the long-term prestress losses, and ad-
dress other service limit states (such as deflection criteria) to the
developed reliability framework is recommended. In this paper,
a box girder is simplified as a T-section, requiring an assumption
that the tendons fail symmetrically and that the loading is sym-
metric. This may result in an overestimation of the reliability in-
dices. More detailed models to predict the reliability indices could
be developed using three-dimensional models that consider un-
symmetrical load and resistance behavior. In addition, the exam-
ple on the application of the reliability framework presented in this
paper considers various constants for the environmental exposure
parameters (moisture and chloride exposure levels). Developing
time-variant statistical distributions for these environmental ex-
posure parameters and then, re-assessing the time-variant struc-
tural reliability is a potential area for future research.
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