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� Distributed and discrete fibre optic sensors were installed in prestressed beams.
� Strain data were recorded during beam manufacturing and for the first 2.5 years.
� Measured prestress losses were compared with code predictions (Eurocode and AASHTO).
� Both simplified and time-step methods were used for prestress loss predictions.
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a b s t r a c t

This paper evaluates the data collected during a comprehensive monitoring campaign aimed at capturing
the prestress loss behaviour of four 11.9 m prestressed concrete beams. These beams formed part of the
superstructure of a newly-constructed railway bridge in Staffordshire, U.K. Two types of prestressed con-
crete beams were monitored, two TY7 internal beams and two TYE7 edge beams. Both distributed and
discrete fibre optic sensor (FOS) systems were used to measure strain and temperature for the first
two and a half years since the beams were cast. Prestress loss mechanisms were investigated in detail
including immediate prestress losses due to elastic shortening of concrete and time-dependent prestress
losses due to steel relaxation, concrete shrinkage and creep. Prestress loss predictions were calculated
using both European and American standards, which were then compared with measured prestress
losses. Both simplified and advanced time-step methods were used to provide more refined loss predic-
tions by taking into account the interrelationships between various prestress loss mechanisms and the
total prestress force at the time of interest. To provide better interpretation of the monitoring measure-
ments, a sensitivity analysis was performed to evaluate the effects of various input parameter uncertain-
ties on prestress loss predictions. It was found that (i) time-step methods produced prestress loss
estimates that were lower compared with the simplified method; and (ii) code estimates of prestress
losses using measured material properties gave reasonable agreement with the field measurements. As
structurally-integrated FOS systems are becoming more commonplace and hold great potential, it is
envisaged that they enable better understanding of field performance and thus facilitate data-informed
asset management.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Prestressed concrete bridges comprise a significant proportion
of the bridge stock both in the United Kingdom and around the
world. The U.K.’s rail sector alone has more than 25,000 bridges
and around one tenth of them are prestressed concrete bridges
(pre-tensioned or post-tensioned), according to an internal report
by the national rail provider, Network Rail [1]. Recent develop-
ments in construction technologies have increased the industry’s
familiarity with and confidence in adopting prestressed concrete
structures (especially post-tensioned structures), and have led to
a growing realisation of the benefits associated with these struc-
tures (e.g. generally more economical, higher material efficiency,
reduced labour, quicker construction, etc.) [2]. As such, it is envis-
aged that prestressed concrete bridges may become an increas-
ingly popular option for transport infrastructure in the near
future. Therefore, it is essential that prestressed concrete bridges
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are managed and maintained properly to ensure the safety and ser-
viceability of these infrastructure assets in the future.

A critical indicator of the structural performance of prestressed
concrete bridge elements is their remaining level of prestress. This
governs both the remaining load capacity (i.e. safety) and the in-
service deflections (i.e. serviceability) of prestressed concrete
bridges. The magnitude of the prestressing force decreases gradu-
ally throughout the life of a prestressed concrete structure. Both
the magnitude and the rate of prestress loss are affected by many
interdependent factors such as time-dependent material proper-
ties (e.g. concrete modulus of elasticity, concrete strength), mate-
rial behaviour (e.g. concrete shrinkage and creep, steel
relaxation) and structural conditions (e.g. reinforcement type,
anchorage conditions, etc.). Current practice for evaluation of exist-
ing prestressed concrete bridges involves mostly visual inspection
of concrete and steel conditions and sometimes the use of acoustic
emission (AE) sensors for detecting wire breaks (e.g. [3,4]). Visual
assessment poses issues of subjectivity, unreliability, late detection
of damage and difficulty of relating observed damage to actual
structural capacity [5,6], while AE sensors can produce data con-
taining false positives and have an inherent difficulty in assessing
the absolute condition of damage rather than its rate of change
[3]. Therefore, an accurate understanding of short-term and long-
term performance of prestress losses would be beneficial for
improving decision making in asset management of these bridge
structures.

Design equations for predicting prestress losses have primarily
been derived and developed based on empirical results. A variety
of structural design codes and technical documents from around
the world include formulations for estimating the short- and
long-term prestress losses. They include Eurocode 2, AASHTO
(American Association of State Highway and Transportation Offi-
cials), PCI (Prestressed Concrete Institute), CEB-FIP 90 (The Interna-
tional Federation for Structural Concrete), ACI 2019 (American
Concrete Institute), etc. [7–10]. Design guidance documents have
also been published, such as [11–13]. However, there have been
very few field studies which have measured prestress losses in real
world prestressed concrete bridges (i.e. during their construction
or in operation). Consequently, the nature of the progression of
prestress losses in real world bridge applications is largely
unknown and any resulting data comparing actual losses versus
code predictions has rarely been available.

Recent developments in fibre optic sensing (FOS) technology for
civil engineering structural health monitoring (SHM) applications
have provided a unique opportunity for measuring the real beha-
viour of bridge structures and thus informing bridge operation
and maintenance (O&M) decisions. This includes both discrete
FOS such as Fibre Bragg gratings (FBGs) and distributed FOS such
as Brillouin scattering-based techniques (e.g., Brillouin Optical
Time Domain Reflectometry (BOTDR) and Brillouin Optical Time
Domain Analysis (BOTDA)) and Rayleigh scattering-based tech-
niques for measuring strain and temperature. FBGs can measure
dynamic strain at specified point locations, while BOTDR and
BOTDA can measure static strain along the entire length of a fibre
optic cable. Temperature measurements can be used to compen-
sate for the effects of temperature on FOS sensors (i.e. thermally
imposed optical effects) and to decouple the effect of
temperature-induced strain response from other effects (e.g. oper-
ational loadings, structural damage, etc.) acting on the bridge
structures.

Middleton et al. [14] noted the often limited consideration of
how the SHM data would be interpreted to extract useful informa-
tion and inform decision making before installation of bridge SHM
systems. The use of bridge SHM data for delivering real value to
bridge whole-life management, particularly O&M, was recently
examined by [3,14–16]. Five categories of SHM system deploy-
ments were proposed based on a comprehensive literature review
of current bridge monitoring practice [15]. These categories
include: (i) sensor deployment studies, (ii) anomaly detection,
(iii) threshold check, (iv) model validation, and (v) damage detec-
tion. As for the present study, measured prestress losses are com-
pared with predicted prestress losses using code equations and
provisions, which is considered a form of model validation.

Deriving methods for systematically relating bridge SHM data
to prior physics-based models (e.g. first principles, code equations
and provisions, finite element models, etc.), by interpreting and
explaining the discrepancies between sensor measurements and
model predictions, has remained a key challenge in the research
community. There have been numerous attempts of model updat-
ing, sometimes also referred to as structural or system identifica-
tion, for bridge applications over the past two to three decades
(e.g. [17–20]). These approaches aim to minimise the discrepancy
between model predictions and sensor measurements by optimis-
ing model parameters and the modelling approach, either manu-
ally or automatically. As for FOS data interpretation, Bentz and
Hoult [21] presented a case study of bridge model updating using
distributed strain data based on engineering interpretation of the
sensor data.

In the case of prestress losses, several studies have been con-
ducted for interpreting measured prestress losses of prestressed
concrete girders by relating sensor measurements to physics-
based models. Webb et al. [22] performed direct comparison of
strain measurements from fibre optic sensors along the prestress-
ing strands and predictions from two different empirical prediction
models considering creep and shrinkage (based on Eurocode 2 and
research from Collins and Mitchell [23]). They found a good agree-
ment between the predictions and the measurements; and the dis-
crepancies were smaller in magnitude than the uncertainty of
sensor measurements. Abdel-Jaber and Glisic [24] presented a sys-
tematic approach for uncertainty analysis of code predictions and
sensor measurements to enable more rigorous comparison
between FOS measured and code predicted prestress losses. They
found that although code predictions and sensor measurements
agreed reasonably well, code predictions were not necessarily
overly conservative as often perceived. Huang et al. [25] presented
a finite element model updating approach, informed by parametric
studies and engineering judgement, for comparison with measured
vertical deflections and observed crack patterns of a prestressed
concrete bridge. Using the updated FE model predictions, they
were able to estimate the realistic creep and shrinkage levels and
prestress losses. Sousa et al. [26] performed parameter identifica-
tion by best fitting EC2 models with real strain measurements
and performed load tests to validate and update the FE model of
the prestressed concrete bridge.

Overall, two research gaps have been identified by the authors,
including (i) a lack of rigorous and systematic engineering inter-
pretation of the discrepancies between measured and predicted
prestress losses, informed by parametric studies; and (ii) the need
for developing methods for better extracting useful information
from prestress loss monitoring data to inform future bridge design
and O&M practice.

This study serves as the culmination of a previous study Butler
et al. [27] on early-age behaviour of four prestressed concrete
beams prior to concrete deck casting for a newly constructed con-
crete railway bridge in Staffordshire, UK. Both discrete and dis-
tributed FOS arrays (i.e. FBG and BOTDR) were employed to
monitor the early-age concrete behaviour. The four monitored
beams were two TY7 internal beams (BM2 and BM3) and two
TYE7 edge beams (BM1 and BM9), as shown in Fig. 1. The key mon-
itoring stages are described in Table 1.

The previous study [27] focused on evaluating prestress losses
for the first six months since concrete beam casting in the manu-



Fig. 1. (a) Underbridge 11 (Images by LJ Butler) and (b) cross-section of UB11 deck-girder system.

Table 1
Summary of the various stages of beam monitoring.

Stage Description Date(s) Effects

TY7 beams
(BM2 and BM3)

TYE7 beams
(BM1 and BM9)

Date No. days
after casting

Date No. days
after casting

1 Baseline following beam casting 22 Jan 2015 0 9 Jan 2015 0 None prior to concrete initial set
2 Initial curing prior to transfer of

prestress
22–29 Jan 2015 0–7 9–13 Jan 2015 0–4 Initial curing and steel relaxation

3 Pre- and post- transfer of
prestress

29 Jan 2015 7 13 Jan 2015 4 Elastic shortening of concrete

3A* Second stage casting, on TYE7
beams only

N/A N/A 5 Mar 2015 55 Added dead load; creep;
differential shrinkage

4 Outdoor storage in precast
facility (early age curing, ~3
months)

14 Apr 2015 82 14 Apr 2015 95 Early age steel relaxation,
shrinkage and creep

5 Prior to casting of bridge deck
(after installation of reinforcing
steel and transport of beams)

6 Jul 2015 165 6 Jul 2015 178 Transportation to site and
continued steel relaxation,
shrinkage and creep

6** Pre- and post- deck casting 13 Jul 2015 172 13 Jul 2015 185 Added dead load; creep;
differential shrinkage

7 Following deck curing 21 Jul 2015 180 21 Jul 2015 193 Continued steel relaxation,
shrinkage and creep

8 Temporary haul road
construction

28 Nov 2015 279 28 Nov 2015 292 Added live load; continued steel
relaxation, shrinkage and creep

9 Prior to service 14 Mar 2016 417 14 Mar 2016 430 Continued steel relaxation,
shrinkage and creep

10 4 months in-service 14 Jul 2016 539 14 Jul 2016 552 Continued steel relaxation,
shrinkage and creep

11 1 year and 4 months in-service 7 Jul 2017 897 7 Jul 2017 910 Continued steel relaxation,
shrinkage and creep

* Note: monitoring data was not recorded at the time of this event. Occurred on TYE7 beams only.
** Note: all beams were transported to site and were installed on the bridge abutments on 30 Jun 2015. Data was not recorded until one week later on 6 Jul 2015.
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facturing facility, up until one week prior to the in-situ casting of
concrete deck onto the concrete beams which had been installed
onto the bridge abutments. This paper focuses on the time-
dependent prestress loss behaviour up until approximately two
and a half years since the concrete beams were cast. During the last
one year and four months of this time duration, the beams had
been in-service carrying live train loads. Time-dependent prestress
losses as a result of continued concrete shrinkage, concrete creep
and steel relaxation, as well as their interrelationships during dif-
ferent construction stages and in bridge operation, were evaluated.

This study undertakes a rigorous sensitivity analysis to aid in
the evaluation and interpretation of prestress loss monitoring data.
The results of this study can help improve the understanding of
prestress loss behaviour of real world prestressed concrete bridges
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both under construction and during operation. These monitoring
results and their interpretation can also help establish a perfor-
mance baseline for future structural health monitoring and data
interpretation leading to data-informed performance-based asset
management.

2. Monitoring system and programme

Underbridge 11 (UB11) is an 11.9 m prestressed concrete bridge
with a cast-in-place concrete slab simply-supported on bearing
type supports, as shown in Fig. 1. It is located along the West Coast
Main Line in Staffordshire, U.K., and carries a single lane of railway.
The four monitored beams were fabricated in January 2015 at
Laing O’Rourke’s Explore Industrial Park (EIP) manufacturing facil-
ity in Worksop, UK. They were then transported to and installed on
site as bridge girders which form part of the UB11. Two of the four
monitored beams are TYE7 edge beams (BM1 and BM9) and the
other two are TY7 internal beams (BM2 and BM3).

Fig. 2 shows the cross-sectional dimensions of the monitored
beams and the sensor layout, both FBG and BOTDR, for both types
of beams. These sensors were installed during the manufacturing
of the beams. Both strain FBGs and temperature compensating
FBGs were used to measure the mechanical strain and compensate
for the effects of temperature. The strain measuring FBGs can mea-
sure strain changes within ±5le and there were 20 FBGs per sensor
array spaced at one metre centre to centre. The temperature mea-
suring FBGs have a temperature accuracy of ±1.0 �C and were com-
prised of 6 FBGs per sensor array. The BOTDR cables were capable
of measuring static distributed strain within ±50 le. The tempera-
Fig. 2. (a) Typical fibre optic sensor layout and (b) prestressed concrete beam
ture measuring BOTDR has a temperature accuracy of ±1.0 �C.
Cable coatings for both FBG and BOTDR sensors were carefully
selected to ensure long-term sensor accuracy, robustness and
durability. Further details of the sensor specifications, installation
and data collection are provided in Butler et al. [27].

For FBG sensors, the calculation of mechanical strain (consider-
ing temperature compensation) can be performed using Eq. (1).

em ¼ 1
k

Dkm
Dkom

� Dkc
Dkoc

� �
ð1Þ

where

Dkm = wavelength shift of strain-measuring FBG
Dkom = base wavelength of strain-measuring FBG
Dkc = wavelength shift of temperature compensation FBG
Dkoc = base wavelength of temperature compensation FBG

For BOTDR, the mechanically induced strain from Brillouin fre-
quency shift can be calculated using Eq. (2).

tb sð Þ ¼ tbo þMe sð Þ ð2Þ

where

mb(s) = Brillouin frequency shift as a function of distance
mbo = Brillouin frequency shift with zero induced strain
M = a constant of proportionality
e(s) = thermally/mechanically induced strain as a function of
distance
cross sections – edge TYE7 beams (left) and internal TY7 beams (right).



Table 2
Material and geometry properties of prestressed concrete beams.

Material or section geometry property TY7 beams TYE7 beams

Casting date 22 Jan 2015 9 Jan 2015
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The various stages of beam monitoring are summarised in
Table 1. Note that BM1 and BM2 do not have data collected on
stage 5 for July 6, 2015, and BM3 and BM9 do not have data col-
lected on stages 6 and 7 for July 13 and 21, 2015, respectively.
Concrete material properties
Water/cementitious materials ratio 0.36 0.36
Slump flow 760 mm 770 mm
Design fck,cube (28 days) 75 MPa 75 MPa
fck,cube (28 days)1 89.6 MPa 90.7 MPa
fck,cube (7 days)1 75.8 MPa 76.7 MPa
fck,cube at transfer2 60.5 MPa 65.8 MPa
Estimated Ecm at transfer3 35,300 MPa 36,210 MPa
Steel material properties
Prestressing steel (7 wire strand)4 16 strands 19 strands
fpu 1860 MPa 1860 MPa
Ep 195,000 MPa 195,000 MPa
q1000 (elongation after 1000 h) 2.5% 2.5%
Section geometry
Astrand 150 mm2 150 mm2

Beam length, L4 11.9 m 11.9 m
Area of uncracked gross section, Ac

5 272194 mm2 398330 mm2

Moment of inertia of uncracked gross
section, Ic5

1.26 � 1010

mm2
1.75 � 1010

mm2

Eccentricity of tendons in uncracked gross
section, ecp5

80.9 mm 125 mm

1 Measured values are based on cube specimens cured under controlled condi-
tions, i.e. in water bath.

2 Estimate based on measured maturity versus temperature data provided by
contractor (detensioning of TYE7 beams occurred 94 h after casting).

3 Ecm(1) = (fcm(1)/fcm(28))0.3Ecm(28); Ecm(28) = 22(fcm(28)/10)0.3; fck(t) = 0.8fck,
cube(t).

4 Based on supplier specification sheets.
5 Based on designers’ calculation sheets. Value relative to centroid of the beam

cross section (below the centroid).
3. Prestress loss predictions

3.1. Prestress loss development of precast prestressed concrete beams

By considering the change in prestressing force, changes in
material properties and changes in section geometry over time,
the strains at various locations along the beams and along the
cross-section depth can be calculated using Eq. (3).

eðx;y; tÞ ¼ Pðx; tÞ
AcðtÞEcðtÞþ

Msw x; tð ÞþMqp x; tð ÞþP x; tð ÞeðtÞ� �
y

EcðtÞIcðtÞ ð3Þ

where P is the total prestress force in tendons; Msw is the bending
moment due to self-weight; Mqp is the bending moment due to
quasi-permanent service load; e is the eccentricity of the centroid
of all tendons relative to the centroid of the (uncracked) cross sec-
tion; x is the distance measured along the length of the beam, and y
is the distance measured from the top of the beam cross-section to
its geometric centroid.

In addition to instantaneous prestress losses due to anchorage
set, friction and elastic shortening (friction loss primarily occurs
in post-tensioned construction), the prestressing force will also
change with time as various time-dependent material-related
mechanisms such as steel tendon relaxation, concrete shrinkage
and concrete creep evolve. In conjunction, the various stages of
construction and their associated quasi-permanent loading (refer
to Table 1) all influence the change in total prestress force in the
prestressing tendons. To capture the evolution of this changing
force, a time-step method can be used to calculate sequential
changes in prestress force as described by Hendy and Smith [11]
for use with the Eurocode 2 and by Naaman [13] for use with the
AASHTO-LRFD model code. As the level of prestress in steel ten-
dons and various prestress loss mechanisms (i.e. steel relaxation,
concrete shrinkage and concrete creep) are interrelated, incremen-
tal prestress losses for these mechanisms as well as the remaining
prestress force needs to be re-calculated at each time step (e.g. at
each day, or between successive construction stages). Furthermore,
it may be significant to account for the effects of differential
shrinkage and creep strains that arise from casting of the concrete
deck after the prestressed concrete beams have undergone some
initial levels of relaxation, creep and shrinkage.

The accuracy of prestress loss predictions depends not only on
the accuracy of code equations and provisions, but also on the
accuracy of key input parameters. These parameters include mate-
rial properties, section geometry, boundary conditions, applied
loadings, environmental conditions, etc. Based on the bridge
designer’s calculations, the initial prestress force was assumed to
be 209 kN for each prestressing tendon (corresponding to
1393 MPa). These initial prestressing levels were later confirmed
by the prestressing facility operator’s calculations. All of the pre-
stressed concrete beams were cast using self-compacting concrete
(SCC) of strength class C60/75. The material and section geometry
properties of the beams are summarised in Table 2.

Prestress losses are complex to accurately estimate, as they are
influenced by a number of factors, which include (i) time to trans-
fer of prestressing force (i.e. detensioning) since concrete beam
casting, (ii) age of girders at the time of deck casting, (iii) type of
prestressing strands, (iv) concrete material properties (e.g. com-
pressive strength, modulus of elasticity), (v) initial stresses in con-
crete (e.g. due to prestress), and (vi) storage conditions (e.g.
ambient relative humidity, temperature and the amount of air
exposure), etc. In general, (i) affects the concrete properties at
the time of transfer and thus the amount of elastic shortening;
(ii) affects the amount of differential creep and shrinkage; (iii)
affects steel properties (e.g. relaxation properties, maximum
allowable prestress force, etc.), which in turn affect various pre-
stress loss mechanisms, e.g. low relaxation steel has lower relax-
ation steel compared with stress relieved loss; (iv) affects elastic
shortening, concrete creep and concrete shrinkage; (v) affects
creep loss; and (vi) affects various prestress loss mechanisms, par-
ticularly shrinkage loss. A sensitivity analysis is performed in a
later section to quantitatively examine the effect of each factor
(in particular, key input parameters to the code formulae) and thus
determine their relative importance to prestress loss predictions.

To provide a basis for comparing prestress losses which have
been calculated from measured fibre optic strain data, prestress
losses were predicted using three different methods with different
levels of model fidelity. Two of the methods are based on Eurocode
2 [7] and Hendy and Smith [11]: one simplified method and one
time-step method (with time-steps of one day). The third method
is based on AASHTO-LRFD [8] and Naaman [13], which is a time-
step method specifically tailored for segmental construction of pre-
stressed concrete girder bridges (with time-steps corresponding to
different construction stages).
3.2. Overview of prestress loss calculations

3.2.1. EC2 simplified method
This section describes in detail a simplified method based on

Eurocode 2. For this case study, due to the detensioning procedures
adopted at the precasting facility, it was assumed any immediate
losses due to anchorage set were negligible.

Table 3 presents a summary of Eurocode 2 equations for esti-
mating prestress losses. In this study, prestress losses in the pre-
stressed concrete beams were evaluated at a series of monitoring



Table 3
Summary of Eurocode 2 formulae for prestress loss predictions.

Prestress loss
mechanism

Eurocode 2 formulae

Relaxation of tendons DPREL;i ¼ 6:6ApðrpiÞq1000e
9:1l t

1000

� �0:75 1�lð Þ � 10�6

where l ¼ rpi

f pk

Elastic shortening of
concrete DPES tð Þ ¼ Ap

Ep
Ecm ðtÞrc

1þ Ep
Ecm ðxÞ

Ap
Ac

1þAc
Ic
ecp2ð Þ where

rc ¼ P
Ag
þ MswþMqpþPeð Þe

Ig

Combined time-
dependent creep,
shrinkage and steel
relaxation

DPðtÞCþSþR ¼ ApDrp;cþsþr ¼ Ap
ecsEpþ0:8Drprþ Ep

Ecm
u t;t0ð Þrc;qp

1þ Ep
Ecm

Ap
Ac

1þAc
Ic
e2cpð Þ 1þ0:8u t;t0ð Þ½ �

Autogenous shrinkage
of concrete

eca tð Þ ¼ bas tð Þecað1Þ where

eca 1ð Þ ¼ 2:5ðf ck � 10Þ � 10�6 and

bas tð Þ ¼ 1� e�0:2t0:5

Drying shrinkage of
concrete

ecd tð Þ ¼ bdsðt; tsÞkhecd;0 where

bdsðt; tsÞ ¼ t�ts
t�tsð Þþ0:04

ffiffiffiffiffiffi
h0

3
p and

ecd;0 ¼ 0:85 220þ 110ads1ð Þe �ads1
f cm
10

� �	 

bRH � 10�6

and kh is a function of h0 (using a lookup table)
Concrete creep e1 ¼ rc

Ec ;eff
where Ec;eff ¼ Ec

uðt;t0Þ and u(t,t0) = u0bc(t,t0)

Total prestress losses DPTOT ¼ DPES þ DPCþSþR and %Loss = DPTOT/DPi

* Key notations:
Ec = tangent modulus of elasticity of concrete.
h0 = notional size of cross-section (h0 = 2Ac/u).
u = length of perimeter exposed to drying.
b as = age of concrete factor for autogenous shrinkage strain.
b c(t, t0) = a coefficient used to describe the development of creep with time after
loading.
b ds = age of concrete factor for drying shrinkage strain.
b RH = relative humidity factor.
DPC+S+R = absolute value of the variation of force in tendons due to creep, shrinkage
and relaxation at location �, at time t.
Dr pr = absolute value of the variation in stress in tendons at location x, at time t,
due to the relaxation of the prestressing steel.
ecs = total shrinkage strain (autogenous + drying) = eca + ecd.
e1 = final creep strain.
rc = elastic stress in concrete.
rc,qp = stress in the concrete adjacent to tendons at time t, due to self-weight, initial
prestress and other quasi-permanent actions.
rpi = stress in the tendons after immediate losses.
q1000 = relaxation loss 1000 h after tensioning at 20 �C.
u0 = notional creep coefficient.
u(t,t0) = creep coefficient at time t for a load application occurring at time t0.
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and construction stages, as previously shown in Table 1. Losses due
to steel relaxation, elastic shortening of concrete, concrete shrink-
age and concrete creep were considered. Monitoring data from
both the FBG and BOTDR sensors were recorded at all stages of pre-
stress loss for the two edge beams (BM1 and BM9) and the two
internal beams (BM2 and BM3). Prestress loss estimates based on
calculations suggested by the Eurocode 2 were then compared
with the measured prestress losses.
3.2.2. EC2 time-step method
This section describes an iterative time-step method (Hendy

and Smith [12] and Naaman [14]) based on Eurocode 2 in order
to provide a more accurate comparison between the predicted
and measured prestress losses. The time-step method accounts
for the interrelationships between various time-dependent pre-
stress loss mechanisms, the evolution of concrete material proper-
ties and the change of total prestress force over time. A series of
iterative calculations were performed between (i) level of total
prestress in tendons at every time step; (ii) relevant input param-
eters to update (e.g. material properties, section geometry, load-
ings, etc.) at every time step; and (iii) incremental prestress
losses of the time-dependent prestress loss mechanisms at every
time step. Concrete properties, particularly compressive strength
and modulus of elasticity evolve over time as a result of curing
and continued hydration. Applied loading and internal stress dis-
tribution change over time as a result of segmental construction
and continued change of total prestress force. For example, the
casting of the concrete deck over the supporting prestressed con-
crete girders resulted in differential creep as a result of increased
dead load and induced stress redistribution which was due to the
deck-girder composite action. In this study, a time-step of one
day (i.e. 24 h) was chosen for the EC2 time-step method to provide
a more detailed estimate of prestress losses in the girders.

It is expected that the time-step method would give a lower
prestress loss prediction compared with the basic method, partic-
ularly as a result of lower predictions of creep and relaxation
losses. For relaxation loss, because the level of prestress in tendons
is updated to account for continued prestress losses over time, the
time-step method prediction would be lower due to the continu-
ously updated ‘initial’ prestress force which decreases over time.
For creep loss, because the prestress force is updated and decreases
over time, the associated concrete stress and prestress loss due to
creep are reduced. It has been found in this case study that reduc-
tion in creep loss prediction accounts for the majority of the reduc-
tion in total prestress loss prediction for the time-step method. The
time-step method results in 2.9% and 1.7% reductions in the final
prestress loss prediction (%) (i.e. the total design life prestress loss)
for TY7 and TYE7 beams respectively, of which 1.8% and 1.3% are
reductions in creep loss prediction for TY7 and TYE7 beams
respectively.

3.2.3. AASHTO time-step method
The time-step method for estimating prestress losses in

AASHTO-LRFD [8] is tailored for segmental construction of pre-
stressed concrete girder bridges and takes into account two differ-
ent stages: from concrete beam casting to deck placement and
from deck placement up until the final design life. Table 4 presents
a summary of the AASHTO-LRFD time-step method equations for
estimating prestress losses. It should be noted that AASHTO-LRFD
uses the U.S. customary units with basic units of feet (length),
inches (length) and pounds (force). Therefore, the values of input
parameters in SI units were first converted to the U.S. customary
units to perform the calculations, and the final results (i.e. predic-
tions of prestress losses) were then converted back to the SI units
for further examination.

3.3. Assumptions and sources of error

A number of specific assumptions were implemented in this
case study when using the above-noted methods. These assump-
tions may affect the prestress loss prediction and measurement
and they are summarised as follows:

i. Prestressing tendons and the concrete were assumed to be
perfectly bonded, and therefore any strain change in pre-
stressing tendons was fully transferred to the surrounding
concrete. It was also assumed that the FOS sensors were
fully bonded to the surrounding concrete. This would mean
that the FOS sensors attached to the prestressing strands
were subjected to the same strain changes experienced by
the prestressing tendons.

ii. Prestress losses due to anchorage set were assumed to be
negligible due to the detensioning procedures adopted.

iii. The initial prestress force was assumed to be 209 kN per ten-
don (corresponding to 1393 MPa) based on both the design-
ers’ and the precast facility operator’s calculations.

iv. Some material properties of concrete (e.g. 28-day and 7-day
strengths) were measured, as shown in Table 2. For estima-
tion of concrete strength evolution in the time-step meth-



Table 4
Summary of AASHTO-LRFD formulae for prestress loss predictions using the time-step method.

Prestress loss mechanism AASHTO-LRFD formulae

Time of transfer to time of deck placement
Shrinkage of girder concrete DfpSR = ebid Ep Kid where Kid ¼ 1

1þEp
Eci

Aps
Ag

1þAg epg 2

Ig

� �
1þ0:7wb tf ;tið Þ½ �

Creep of girder concrete Df pCR ¼ Ep
Eci
f cgpwb td ; tið ÞKid

Relaxation of prestressing
strands

Df pR1 ¼ f pt
KL

f pt
f py

� 0:55
� �

and may be assumed to equal to 1.2 ksi for low relaxation strands

Time of deck placement to final time
Shrinkage of girder concrete DfpSD = ebdf Ep Kdf where Kdf ¼ 1

1þEp
Eci

Aps
Ac

1þAc epc2

Ic

� �
1þ0:7wb tf ;tið Þ½ �

Creep of girder concrete Df pCD ¼ Ep
Eci
f cgp wb tf ; ti

� �� wb td ; tið Þ� �
Kdf þ Ep

Ec
Df cdwb tf ; td

� �
Kdf

Relaxation of prestressing
strands

Df pR2 ¼ Df pR1

Shrinkage of deck concrete Df pSS ¼ Ep
Ec
Df cdf Kdf 1þ 0:7wb tf ; td

� �� �
where Df cdf ¼ eddf AdEcd

1þ0:7wd tf ;tdð Þ½ �
1
Ac
� epced

Ic

� �

Total
Total prestress losses Df pLT ¼ Df pSR þ Df pCR þ Df pR1

� �
id
þ Df pSD þ Df pCD þ Df pR2 � Df pSS
� �

df
= prestress loss between transfer and deck placement + prestress

loss after deck placement

* Key notations:
Ac = area of section calculated using the gross composite concrete section properties of the girder and the deck (in.2).
Ad = area of deck concrete (in.2).
Ecd = modulus of elasticity of deck concrete (ksi).
ed = eccentricity of deck with respect to the gross composite section (in.).
epc = eccentricity of prestressing force with respect to centroid of composite section (in.).
epg = eccentricity of prestressing force with respect to centroid of girder (in.).
Ic = moment of inertia of section calculated using the gross composite concrete section properties of the girder and the deck (in.4).
fpt = stress in prestressing strands immediately after transfer, taken not less than 0.55fpy.
KL = 30 for low relaxation strands and 7 for other prestressing steel, unless more accurate manufacturer’s data are available.
Kid = transformed section coefficient that accounts for time-dependent interaction between concrete and bonded steel in the section being considered for time period
between transfer and deck placement.
Kdf = transformed section coefficient that accounts for time-dependent interaction between concrete and bonded steel in the section being considered for time period
between deck placement and final time.
td = age at deck placement (days).
tf = final age (days).
ti = age at transfer (days).
Dfcd = change in concrete stress at centroid of prestressing strands due to long-term losses between transfer and deck placement, combined with deck weight and
superimposed loads (ksi).
Dfcdf = change in concrete stress at centroid of prestressing strands due to shrinkage of deck concrete (ksi).
ebdf = shrinkage strain of girder between time of deck placement and final time.
ebid = concrete shrinkage strain of girder between the time of transfer and deck placement.
eddf = shrinkage strain of deck concrete between placement and final time.
w b = girder creep coefficient.
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ods, the 28-day strength value was used and the strength
values at the other dates were derived based on EC2
formulae.

v. It was assumed that concrete cracking was negligible during
the early-age of the prestressed concrete beams (e.g. first
two years), and thus uncracked gross section properties
were used throughout the calculations.

Overall, there are three main sources of errors which could
account for the discrepancy between code predictions and sensor
measurements: input parameter errors, code formulae errors and
data/sensor errors. Input parameter errors include inaccurate
assumptions and estimations of various input parameters to the
code formulae, which include material properties, section geome-
try, applied loading, boundary condition, environmental conditions
(e.g. temperature, humidity), etc. A sensitivity analysis is con-
ducted in the next section to evaluate the effect of each parameter
on the final prestress loss prediction. Code formulae errors are
more difficult to specify and quantify as some of the errors or
uncertainties are non-parametric, for example, mathematical form
(e.g. polynomial, exponential, etc.) of each equation, key assump-
tions in the modelling process (e.g. which factors are significant
and which ones can be neglected), etc. As for data errors, there
are three types of measurement errors: (i) the validity of the mea-
surement itself, i.e. data accuracy and precision; (ii) the validity of
what is being measured, i.e. whether what is supposed to be mea-
sured is actually being measured; and (iii) the validity of indirect or
alternative measurements. In this study, FBG strain measurements
have a precision of ±5le and BOTDR strain measurements have a
precision of ±50le. As for the second type of measurement error,
if the FOS strain sensors were not properly bonded to the concrete
surrounding the prestressing steels and temperature compensa-
tion was not properly conducted, the measured strain would not
be the actual strain of interest.

3.4. Sensitivity analysis

3.4.1. Sensitivity analysis overview
To evaluate the effect of various assumptions on prestress loss

predictions, particularly various input parameter values, a sensitiv-
ity analysis, along with a qualitative uncertainty analysis, was per-
formed to evaluate the importance of each parameter to the final
prestress loss prediction (i.e. the total design life prestress loss).
These input parameters, as mentioned in the previous section,
include material properties (e.g. strength, modulus of elasticity,
mass density, etc.) of concrete and steel, section geometry (e.g.
cross-sectional area, second moment of area, eccentricity of pre-
stressing tendons, etc.), applied loading (e.g. self-weight, quasi-
permanent load, prestress force, etc.), and environmental condi-
tions (e.g. temperature, humidity, etc.).
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To enable comparison of sensitivity across different parameters
of different structural elements, a normalised measure of sensitiv-
ity based on Brownjohn et al. [17] was calculated as the ratio of
percentage change of output response and percentage change of
input parameter.

SNi;j ¼
@Ri

@Pj

Pj

Ri
� DRi

Ri
=
DPj

Pj
ð4Þ

The relationship between the input parameter of interest and
the output prestress loss prediction may be nonlinear, and there-
fore a number of values within the reasonable range of each
input parameter (e.g. original value, ±5%, ±10%, ±15%, ±20%) as
well as the corresponding prestress loss predictions were used
to investigate both the sensitivity and the linearity relationship
in order to inform the evaluation of code predictions and moni-
toring results.

One caveat to note is that some of these input parameters are
related, as given by the code equations, and their relationships
can be different between EC2 and AASHTO-LRFD. For example,
concrete modulus of elasticity is estimated from concrete compres-
sive strength in both codes. However, in AASHTO-LRFD, concrete
modulus of elasticity is also a function of concrete mass density
which is a function of concrete compressive strength. Specifically,
in EC2,

Ecm tð Þ ¼ 22 f cm tð Þ=10ð Þ0:3 ð5Þ
and in AASHTO-LRFD,

Ec ¼ 33000wc
1:5

ffiffiffiffi
fc

p
ð6Þ

where wc is concrete mass density and is estimated as wc = 0.1
4 + 0.001fci. Therefore, changing the value of one input parameter
may also simultaneously change some other parameters, and care
must be taken prior to interpreting the sensitivity analysis
results.

Eleven key input parameters were examined: mass density of
concrete, compressive strength of concrete, modulus of elasticity
of concrete, tensile strength of steel, modulus of elasticity of steel,
initial prestress force, applied loading (self-weight and quasi-
permanent loading), relative humidity, cross-sectional area of the
concrete beam, second moment of area of the concrete beam,
and eccentricity of the prestressing tendons. Note that temperature
is not a direct input parameter into the code equations, but it
would affect concrete material properties which were examined
in the sensitivity analysis. Thermal strains were not considered
in the code predictions and were filtered out when processing
the FBG and BOTDR data. The surface area of the concrete beam
which is exposed to air can also affect the prestress loss prediction.
However, after performing a sensitivity analysis, this effect was
found to be very small and was not included in the following study.
3.4.2. Sensitivity analysis results: EC2 simplified and time-step
methods

Figs. 3 and 4 present a summary of the sensitivity analysis
results for the two EC2 methods (basic and time-step). It should
be noted that in EC2, concrete modulus of elasticity is estimated
from concrete compressive strength, and therefore a change in
the concrete compressive strength would simultaneously change
the estimation of concrete modulus of elasticity in the sensitivity
analysis. To decouple these effects, a separate analysis with only
changes in concrete modulus of elasticity was performed. It has
also been found that most of these relationships between input
parameter and output prediction are linear, except for the charac-
teristic tensile strength of prestressing tendons and initial pre-
stress force. This is due to the nonlinear relationship between
relaxation loss prediction and these two input parameters, as
shown in Table 3.

The accuracy of the time-dependent concrete material proper-
ties models may also have an effect on prestress loss prediction.
As an example, in EC2, the evolution of concrete compressive
strength is captured using

f cm tð Þ ¼ bcc tð Þf cm 28ð Þ ð7Þ
where bcc(t) = exp{s[1 – (28/t)0.5]} with s being a coefficient which
depends on cement type. The accuracy of this model (e.g. mathe-
matical form of the equation, etc.) is a non-parametric uncertainty
which is more difficult to examine and quantify. In this case study,
it was assumed that the effect of this error would be much smaller
than the effect of parameter error of concrete material properties, as
the measurements of 28-day and 7-day concrete strengths were
found to fit well with the EC2 predictive model of concrete strength
evolution.

3.4.3. Sensitivity analysis for AASHTO method
Figs. 5 and 6 present a summary of the sensitivity analysis

results for the AASHTO time-step method. It should be noted
that in AASHTO-LRFD, concrete modulus of elasticity is esti-
mated from concrete compressive strength and concrete mass
density, and therefore changes in these two parameters would
simultaneously change the estimation of concrete modulus of
elasticity in the sensitivity analysis. In addition, concrete mass
density is estimated from concrete compressive strength in
AASHTO-LRFD, and therefore change of concrete compressive
strength would also simultaneously change the estimation of
concrete mass density in the sensitivity analysis. It has also been
found that similar to the case in EC2, most of these relationships
between input parameter and output prediction are linear,
except for tensile strength of prestressing tendons and initial
prestress force. This is accounted for by the assumptions in
AASHTO-LRFD relaxation loss prediction that relaxation loss has
a minimum value of 1.2 ksi for low-relaxation strands and stress
in prestressing strands immediately after transfer is not less than
0.55fpy, as shown in Table 4.

3.4.4. Evaluation and interpretation of sensitivity analysis results
The sensitivity analysis revealed similar results for all three pre-

dictive models, with a few discrepancies. The effect of each input
parameter on the overall predicted prestress loss are summarised
as follows, based on Figs. 3–6:

i. Concrete material properties (mass density, cc, compressive
strength, fc, and modulus of elasticity, Ec): These parame-
ters are interrelated in both codes. Varying cc alone has a
negligible effect on prestress loss prediction. In EC2, cc is
not explicitly used other than for estimating the self-
weight of girders and deck (Msw), which appears to have
a small effect on prestress loss predictions (i.e. low sensi-
tivity). Changing both fc and Ec has a significant effect on
prestress loss prediction, with changing Ec accounting for
most of this effect.

ii. Steel material properties (characteristic tensile strength, fpk,
and modulus of elasticity, Ep): In EC2, the relationship
between fpk and prestress loss prediction is highly nonlinear,
which is due to the nonlinear relationship between relax-
ation prediction DPCR and fpk. In AASHTO-LRFD, the relation-
ship between fpk and prestress loss prediction is also
nonlinear, which is due to the code provision that relaxation
loss has a minimum value of 1.2 ksi for low relaxation
strands. Across all three methods, Ep was shown to have
the greatest effect on prestress loss prediction compared to
other parameters.



(a) EC2 basic – material  (b) EC2 time-step – material  

(c) EC2 basic – geometry  (d) EC2 time-step – geometry  

(e) EC2 basic – loading and environment (f) EC2 time-step – loading and environment 

Fig. 3. Sensitivity analysis results for EC2 methods.*Note: Change of compressive strength of concrete would simultaneously change the estimation of concrete modulus
elasticity in EC2.
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(a) EC2 basic (b) EC2 time-step 

Fig. 4. Sensitivity analysis results for EC2 methods: normalised sensitivity.*Note: Mass density of concrete is not explicitly used for prestress loss prediction in EC2. Change of
compressive strength of concrete would simultaneously change the estimation of concrete modulus elasticity in EC2.**Note: Relationship between input parameter and
output prestress loss prediction is nonlinear.

(a) AASHTO time-step – material  (b) AASHTO time-step – geometry  

(c) AASHTO time-step – loading and environment 

Fig. 5. Sensitivity analysis results for AASHTO method.*Note: Change of concrete mass density would simultaneously change the estimations of concrete compressive
strength and concrete modulus of elasticity in AASHTO-LRFD. Change of concrete compressive strength would simultaneously change the estimation of concrete mass density
in AASHTO-LRFD.
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Fig. 6. Sensitivity analysis results for AASHTO method: normalised sensitivity.*Note: Change of concrete mass density would simultaneously change the estimations of
concrete compressive strength and concrete modulus of elasticity in AASHTO-LRFD. Change of concrete compressive strength would simultaneously change the estimation of
concrete mass density in AASHTO-LRFD.**Note: Relationship between input parameter and output prestress loss prediction is nonlinear.
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iii. Geometry (cross-sectional area of concrete beam (uncracked
cross-section), Ac, second moment of area (uncracked cross-
section), Ic, and eccentricity of prestressing tendons (in
uncracked cross-section), ecp): Across all three methods, Ac

has a large effect on prestress loss prediction, Ic has almost
no effect and ecp has a relatively small effect.

iv. Loading (initial prestress force, Pjack, and permanent loading
(self-weight and quasi-permanent), Msw + Mqp): In EC2, the
relationship between Pjack and prestress loss prediction is
highly nonlinear, which is due to the nonlinear relationship
between relaxation loss prediction DPCR and rpi (=Pjack/Ac

for time t = 0). In AASHTO-LRFD, the relationship between
Pjack and prestress loss prediction is also nonlinear, which
is due to the nonlinear relationship between relaxation loss
DPpCR and stress in prestressing strands immediately after
transfer fpt (which depends on the initial stress), as shown
in Table 4. Across all three methods, permanent loading
has a small effect on prestress loss prediction compared to
other parameters.

v. Environmental conditions (relative humidity, RH): RH has a
relatively large effect on the final prestress loss prediction,
which is as expected given that variations in RH can have
a considerable effect on both concrete shrinkage and creep.

In summary, the parameters which have significant effects on
prestress loss predictions include concrete material properties,
steel material properties, initial prestressing force, concrete beam
cross-sectional area and relative humidity. Of these parameters,
the values of concrete material properties, initial prestressing force
and relative humidity are particularly uncertain, either because
they are not directly measured (e.g. initial prestressing force and
relative humidity) or because the measurements are highly vari-
able (e.g. concrete material properties).
4. Monitoring results and discussion

4.1. Pre-installation behaviour of prestressed girders

The very early age behaviour of prestressed girders (i.e. prior to
casting of in-situ concrete deck) was evaluated and discussed in a
previous study by Butler et al. [27]. This previous study found that
the measured prestress losses were slightly larger compared to the
EC2 predictions but overall they have a reasonable agreement (on
average around 2% difference in terms of the percentage prestress
loss six months after beam casting). The measured prestress losses
of TY7 and TYE7 beams during the first six months after casting
were 79% and 72% of the EC2 predictions of ultimate prestress
losses, respectively.

4.2. Effect of deck casting and curing

The first effect of deck casting is the additional dead load (i.e.
self-weight of the cast in-situ concrete deck) applied to the con-
crete girders. As a result, Msw would increase accordingly from
116 kNm to 267.6 kNm on 13 July 2015 (refer to Table 1). During
curing and continued hydration of the concrete bridge deck slab,
the girders and the deck were assumed to be perfectly bonded to
form a composite section. Therefore, the new composite section
geometry would be characterised by a new composite cross-
sectional area, Ac, moment of area, Ic, and a revised prestressing
strand eccentricity, ecp. As a result of the formation of a new com-
posite section geometry, there would be induced stress redistribu-
tion and differential creep, as described by Hendy and Smith [11].

In addition to differential creep, differential shrinkage would
also occur. Due to the difference in age between the deck slab con-
crete and the girder concrete, the girder would have already expe-
rienced a significant amount of concrete shrinkage prior to the
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time of deck casting and therefore would undergo shrinkage at a
lower rate than the deck concrete. As the concrete deck would
experience larger shrinkage strains compared to the concrete gir-
der (i.e. creating differential shrinkage strains), a compressive force
would be exerted along the top surface of the concrete girder,
which would result in an additional loss of total prestress in the
tendons.

4.3. Comparison of predicted and measured prestress losses

4.3.1. FOS strain measurements
Strain and temperature measurements were taken at ten uni-

formly spaced FBG sensors along one top and one bottom pre-
stressing strands for each girder (i.e. 40 measurement points for
each girder, 20 for strain and 20 for temperature). In addition,
BOTDR continuous strain measurements were also taken along
one top and one bottom prestressing strands for each girder, as
shown in Fig. 2. The strain measurements are plotted in
Figs. 7–10, which consider a baseline strain equal to those recorded
just prior to detensioning. Overall, there is a reasonable agreement
between the BOTDR strain values and the FBG strain values. The
main discrepancies between FBG data and BOTDR data in this case
study are: (i) The BOTDR data for the top of BM2 and BM3 (i.e. the
top of two TY7 beams) shows much lower reduction in strain (i.e.
lower prestress loss) for the first three months after beam casting
compared with the corresponding FBG data (also shown in Butler
et al. [27]), which is clearly anomalous; however, the subsequent
measurements of strain reduction from the two sets of data have
close agreement; (ii) The BOTDR data of BM1 and BM9 (TYE7
Fig. 7. Evolution of the distributed (BOTDR and FBG sensors) strain pr
beams) shows larger reduction in strain at 9 months (and 9 months
onwards) after beam casting compared with the corresponding
FBG data; and (iii) For the bottom of BM1, the BOTDR measure-
ments show ‘strain recovery’ from 9 months after casting, which
makes little engineering sense and may be due to erroneous read-
ings at 9 months after casting. A discrepancy between distributed
and discrete FOS static strain measurements, with the same order
of magnitude (100le), was reported in a previous study by Sigur-
dardottir and Glisic [28]. Brillouin Optical Time-Domain Analysis
(BOTDA) was used in that case study for distributed strain mea-
surements, which has a higher level of precision in measurement
(±20le for temperature compensated strain, as specified in [28])
compared to BOTDR.

From the FBG dataset, similar behaviour can be observed for the
same type of beam (i.e. comparing BM2 and BM3 – TY7 internal
beams; and comparing BM1 and BM9 – TYE7 edge beams) and dif-
ferent behaviour across different beam types, which is less the case
for the BOTDR dataset. Specifically, it can be seen from the FBG
dataset that the prestress loss differences between 3 months after
casting and pre-service baseline are much larger for TY7 internal
beams than for TYE7 edge beams. This makes engineering sense
as: (i) the internal beams are more loaded than the edge beams
due to the loads of ballast, sleepers and rails above internal beams;
and (ii) the edge beams have pre-cast deck above from Day 55
while the internal beams have a second stage beam casting on
Day 55 prior to the in-situ deck casting, resulting in lower differen-
tial shrinkage and creep. Furthermore, across all four beams, the
top of each beam shows a larger prestress loss from three months
to nine months after beam casting compared with the bottom of
ofile at the top and bottom of BM2 (baseline = pre-detensioning).



Fig. 8. Evolution of the distributed (BOTDR and FBG sensors) strain profile at the top and bottom BM3 (baseline = pre-detensioning).
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the beam. This may be due to differential shrinkage as a result of
the deck being cast six months after the beams, which would
induce more compression at the top of each beam. In addition, this
effect of larger prestress loss at the top is more significant for BM2
and BM3 (TY7 beams) than for BM1 and BM9 (TYE7 beams). This
may be due to the fact that there was already a second stage beam
casting for BM1 and BM9 on Day 55 prior to the deck casting and
the strain measurements at three months after beam casting, and
therefore the effect of differential shrinkage due to deck casting
would be much smaller for BM1 and BM9. These observations
add confidence to the accuracy of the FBG dataset for further pro-
cessing and interpretation.

In summary, although the exact reasons behind the discrepancy
between BOTDR and FBG measurements in this case study are
uncertain, it is likely the result of a combination of effects:

i. The BOTDR data acquisition was affected by frequent errors
with the analyser during the detensioning stage. This was
likely due to the cold ambient temperatures at the time. In
this case, temperature compensation for the BOTDR cables
was performed using FBG temperature measurements. It is
also possible that the BOTDR system was giving erroneous
strain measurements at the detensioning stage, leading to
higher uncertainty in BOTDR strain values. Therefore, the
early-age BOTDR data for the top of BM2 and BM3, which
is clearly anomalous, may be discarded for further process-
ing and interpretation.

ii. Temperature compensation for BOTDR in particular may not
be accurate due to inaccurate temperature coefficient val-
ues, which were assumed to be constant along the BOTDR
cables. In addition, the BOTDR measurements have a lower
level of precision (i.e. higher uncertainty in value) than the
FBG measurements. Specifically, the FBGs can measure
strain changes within ± 5le while the BOTDR can measure
strain changes within ± 50le. The higher uncertainty in
BOTDR temperature measurements compared with FBG
temperature measurements results in higher uncertainty in
the temperature compensation for the BOTDR cables and
thus adds additional uncertainty to the temperature-
compensated strain values.

iii. The BOTDR has a spatial resolution (i.e. averaging distance
for strain measurements) of 50 cm. Therefore, concrete
cracks and the associated localised strain concentrations
would be measured by the BOTDR cables and be significantly
reduced due to averaging effects. However, these same loca-
lised strain peaks originating at cracks may not be measured
by the FBG sensors which are located at discrete points
which may not correspond to the crack locations. In this case
study, since no surface cracking was observed during the
construction of the monitored beams, it may be assumed
that the concrete remained uncracked and thus this averag-
ing effect of BOTDR may not be significant for the discrepan-
cies between FBG and BOTDR measurements.

iv. Other effects can also contribute to the discrepancy, such as
the robustness of sensors to their installation environment,
the variation in bonding conditions between the FOS sensors
and the concrete surrounding the prestressing strands, the
variation in FOS sensor attachment methods, and the varia-
tion in strain across the section (note that FBG and BOTDR
sensors are attached to different prestressing strands).



Fig. 9. Evolution of the distributed (BOTDR and FBG sensors) strain profile at the top and bottom of BM1 (baseline = pre-detensioning).
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Fig. 11 shows the estimated strain changes at the centroidal
level of each girder based on FBG measurements, with baseline
set at pre-detensioning (i.e. 29 Jan 2015 for TY7 beams, BM2 and
BM3, and 13 Jan 2015 for TYE7 beams, BM1 and BM9). These are
based on the FBG strain readings near the midspan of each girder.
In general, the TYE7 edge beams experienced lower prestress
losses compared with the TY7 internal beams. There appears to
be some consistent ‘strain recovery’ on the order of 50me from
the last two sets of data (14 July 2016 and 7 July 2017, correspond-
ing to 4 months in service and 1 year and 4 months in service,
respectively) across BM1, BM2 and BM9. This ‘strain recovery’ is
also observed from the BOTDR strain data (refer to Figs. 7–10). This
may be due to the effects of seasonal change and in-service live
loading on the physical response of the bridge such as support set-
tlements. In a previous study by Abdel-Jaber and Glisic [24], the
seasonal influence on strain response as a result of support settle-
ments has also been found. The sudden drop of prestress level for
BM3 at 4 months in service appears to be anomalous, either due to
faulty sensor readings or some physical condition change of the
girder. The majority of prestress losses were measured to have
occurred during the first three months following de-tensioning.
4.3.2. Comparison of code predictions and sensor measurements
Based on the comparison between FBG and BOTDR strain

results, prestress losses were calculated using the FBG strain
results only as the BOTDR strain results have larger uncertainty
in their values. It should be noted that the values of concrete prop-
erties (in particular, concrete strength) used in the calculations
were estimated based on material testing rather than conservative
code or specification values. The measured value from material
testing was considered as a mean value rather than a characteristic
value (i.e. 5th percentile). In addition, no partial safety factors for
material or loading were applied. These assumptions were made
to provide more realistic prestress loss behaviour to enable more
meaningful comparisons between code predictions and sensor
measurements. Fig. 12 presents the results of FBG measured, EC2
predicted and AASHTO predicted prestress losses, with a baseline
set at pre-detensioning (i.e. prior to transfer of prestress).

The prestress loss predictions calculated using the time-step
methods were lower compared to those predicted using the basic
method. It appears that in this case study prestress loss predictions
calculated using the EC2 simplified method, rather than the EC2
time-step method, have closer agreement with the measured pre-
stress losses in terms of absolute magnitude. However, as shown
from the sensitivity analysis, inaccurate input parameter values
can have a noticeable influence on code predictions. While pre-
stress loss predictions from the simplified method continue to
grow at a relatively fast rate (based on the final prestress loss pre-
diction (%), i.e. the total design life prestress loss)), both the mea-
sured prestress losses and the prestress loss predictions from the
time-step methods begin to level off at an earlier point in time.
The reason for the anomalous readings after 500 days (especially
the sudden increase in prestress loss) for BM3 is not entirely
known and may be due to measurement error or actual physical
change of the beams. Overall, the code predictions of prestress
losses slightly underestimated the prestress losses back-
calculated from the sensor measurements.



Fig. 10. Evolution of the distributed (BOTDR and FBG sensors) strain profile at the top and bottom of BM9 (baseline = pre-detensioning).

Fig. 11. Strain changes at centroidal level of the four beams (BM1, BM2, BM3 and BM9) over time, based on FBG measurements (baseline = pre-detensioning).
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4.3.3. Effect of differential shrinkage
As mentioned previously, differential shrinkage resulting from

segmental construction can cause additional prestress loss. The
effect of differential shrinkage can be calculated using Eqs. (5)
and (6), as described and discussed by Hendy and Smith [11],

ediff ¼ esh;slab 1ð Þ � esh;beam 1ð Þ � esh;beam t1ð Þ� � ð8Þ
Fsh¼ ediffEAslab
1-e-/ð Þ
/

ð9Þ

where

Fsh = Axial restrained force
ediff = differential shrinkage strain



Table 5
Effect of differential shrinkage.

Additional prestress losses
due to differential
shrinkage (MPa and %)

EC2 method based
on Hendy and Smith [11]

TY7 beams TYE7
beams

1 year and 4 months in-service (Day 897 for
TY7 beams and Day 910 for TYE7 beams,
after beam casting)

2.9 (0.21%) 0.6
(0.04%)

120 years (Day 43,800 after beam casting) 5.4 (0.39%) 0.8
(0.06%)

Fig. 12. Evolution of measured prestress losses with time for the TY7 and TYE7 beams.
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esh,beam(t1) = shrinkage strain of the precast beam after casting
the slab
esh,beam(1) = total shrinkage strain of the precast beam
esh,slab(1) = total shrinkage strain of the slab
/ = creep ratio

The predicted effect of differential shrinkage for the beams in
this study is shown in Table 5. Note that unlike TY7 beams, TYE7
beams had a second stage beam casting on Day 55 after casting.
The effect of differential shrinkage on prestress loss predictions
for the TY7 and TYE7 girders were found to be negligible.
4.4. Summary of key findings on field measurements and different
predictive models

Based on the above findings, the code predictions of prestress
losses, with no partial material or loading factors and using the
mean values of material properties and loadings, slightly underes-
timate (generally by less than 1% prestress loss) but have a reason-
able agreement with the FOS measured prestress losses. Based on
the sensitivity analysis, this difference may be due to inaccurate
estimations of various input parameters (e.g. material properties,
initial prestress force, relative humidity, etc.) into the code equa-
tions. Both code predictions and FOS measurements show that
the majority of prestress losses occurred within the first three
months after beam casting. Furthermore, compared with the FOS
measurements, the underestimation of code predictions is rela-
tively more significant for early-age prestress losses and almost
negligible two to three years after beam casting. This may be
because code-based equations for prestress losses were derived
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based on life cycles of more than 50 years and therefore they
would yield poor early-age predictions.

It was also found that the time-step methods provided better
predictions of prestress loss evolution over time. Specifically, while
the prestress loss predictions from the simplified method continue
to increase at a relatively faster rate over a long period of time
(well beyond two years after beam casting), both the measured
prestress losses and the prestress loss predictions using the time-
step methods appear to level off within the first three years under
normal conditions (i.e. no significant damage or deterioration). The
predicted final loss from the simplified method is also higher than
the predicted final losses from the time-step methods. Overall, the
close agreement between code predictions and field measure-
ments give some confidence to the accuracy of the predictive mod-
els in EC2 and AASHTO-LRFD for prestress losses, given that the
real environmental and operational conditions are often difficult
to predict and model.
5. Conclusions

This study has evaluated the prestress loss behaviour (over two
and a half years) of four prestressed concrete beams installed on a
railway bridge in Staffordshire, U.K. The beams were monitored
during various stages of their construction (including beam instal-
lation, deck placement, etc.) and during their operation under in-
service train loads (for approximately one year and four months).
Prestress losses were successfully measured by an array of fibre
optic sensors which were designed to be adequately robust for per-
manent installation and long-term operation. The installed sensors
consisted of both distributed (BOTDR) and discrete (FBG) fibre
optic sensors. The time-dependent prestress loss behaviour, which
included the effects of steel relaxation, concrete shrinkage and con-
crete creep, was investigated in detail. Three methods were used to
estimate long-term prestress losses: one simplified method (based
on EC2) and two time-step methods (based on EC2 and AASHTO-
LRFD). The time-step methods were able to account for the interre-
lationships between various prestress loss mechanisms and the
remaining level of prestress in tendons over time. To evaluate
the potential reasons for the differences between code predictions
and FOS measurement, a comprehensive sensitivity analysis along
with a qualitative uncertainty analysis were conducted to identify
parameters of key importance to the final prestress loss prediction.
The sensitivity analysis revealed that concrete material properties,
steel material properties, initial prestress force, concrete beam
cross-sectional area and relative humidity all have significant
influence on final prestress loss predictions (in both MPa and %).
It was found that code predictions slightly underestimate the
FOS measurement of prestress loss (generally by less than 1%)
but overall, there was a close agreement, particularly for
medium- or long-term prestress losses (i.e. two years after beam
casting). Both the prediction models and sensor measurement
results indicated that most of the prestress losses occurred during
the first three months following beam casting. Both the time-step
method predictions and sensor measurements showed that the
rate of prestress loss began to slow within the first three years
under normal conditions (i.e. with no significant signs of damage
or deterioration). Sensor measurements also revealed that the
effect of differential shrinkage between the concrete beams and
the cast-in-situ concrete deck slab on the change in prestress loss
was negligible (i.e. less than 0.5%).

Based on the findings of this study, simplified methods appear
to provide better estimates of the amount of early-age prestress
loss while time-step methods appear to be better at estimating
long-term losses. Future work will focus on developing systematic
approaches for interpreting the discrepancy between real mea-
surement and code predictions and investigating how field mea-
surement can help reduce uncertainty in design and operation.
The performance of post-tensioned structures will also be investi-
gated using distributed and discrete FOS sensor technologies.

Overall, it is useful to monitor a bridge structure from the start
of its lifecycle (i.e. construction and start of operation) to establish
a performance baseline, i.e. ‘normal’ behaviour, for future struc-
tural health monitoring and bridge management. The subsequent
sensor measurements can be used to validate design models and
assumptions to improve the future design of similar projects.
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