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Long-Term Monitoring and Evaluation of the Variiaon Bridge

Ankuj Dahiya

ACADEMIC ABSTRACT

To makesounddecisions about the remaining life of a structure, the precise calculation of
the prestress logs isveryimportant.In posttensionedstructures, the prestress losses due to creep

andshrinkage can cause serviceability issues and can reduce flexural capacity.

The VarinaEnon Bridge is a cablstayed, precast, segmental, ptestsioned box girder
bridge located in Richmond, Virgini@bservation of flexural cracks in the bridge ibgpectors
promoted a study regarding lobhgrm prestress losses in the structilifer understanding and
sustaining the structure throughout its remaining servicalifayrately quantifying prestress losses

is important.

Two approaches are used to predict kergn prestress losses on the Vaifitreon Bridge.
The first approach involves a finite element computer model of the bridge which run-a time
dependent stagembrstruction analysis to obtain predictekstress losses usingthe GEB P 6 9 0
code expressions for creep and shrinkddpe second approaédéhvolvesthe compilation oflata

from instrumentation mounted in the bridgebiackcalculatethe effective prestress force

The analysis using the compumodel predicted the prestress losses as 44.6 ksi in Span 5,
47.9 ksi in Span 6, 45.3 ksi in Span 9, and 45.9 ksi in Span 11. Thegsdesses estimated from
field data were 50.0 ksi in Span 5, 48.0 ksi in Spa#6.7ksi in Span 9, and 49.1 ksi 8pan 11.
It can besea that relative to the results of field data estimatiotig finite element analyses
underestimated prestressdpbut given the degree of uncertainty in each form of estimation, the

results are considered to fit well.
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Ankuj Dahiya

GENERAL AUDIENCE ABSTRACT

In order toapply a precompression force to concrete structurestemsibned concrete employs
stressed steel strands. To construct lighter, stiffectstres, this popular building technology can be used.
The steel strands undergoealuctionin force known aprestress lossesver time.To make good decisions
about the remaining life of a structure, the precise calculation of the prestress lgegesriportant.

The VarinaEnon Bridge is a pogensioned concrete bajirder bridge in Richmond Virginidn
July of 2012,0bservation of flexural cracks in the bridge by thspectorgpromoted a study regarding
long-term prestress losses in the structufao techniguesre used to predict lorigrm prestress losses
for this bridge A computer model ofhe bridge is used in the first method to calculate lossiisgthe
design coddn order to measure prestress losses, the second technique usedatnfiors mounteaxh
the bridge.

It was found that the estimation of losses closely matched those predicted at the time of the bridge
constructiorand the computer model results. Based on this the final conclusion is raatieetprestress

lossin the Vaina-Enon Bridge is not significantly more than expected.
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Chapterll nt r oducti on

This chapter offers a summary of the motivationstudy, major principles, and the intent of the
project. In order to provide contefdr the research motivation, the first section explains the principles of
prestressed concrete and prestress lo$éexoncerns about théarinaEnon Bridge anda summaryof
previous research work are describeth@second section followedly the purpose and scope of the project

in the third section.

1.1 Motivation

Prestressed concrete is a composite material in whjitkcompressioris providedto concrete
structures using stressed steel strands. This technique tlucbios leads to much lighter, stiffer and more
durable structuresiith the invention of higkstrength steels, beginning in the 1940s, the use of @ssstt
concrete became common in Europe and Amefigsstressed concrete is now a very effectivetoactson
technique for bridges

However, as thinfrastructure ages, it is critical that professionals are able to measure the remaining
service life of prestressed bridges accurately. The precise prediction of prestress losses is one main feature
of the structural assessment of prestressed bridgesddition, for systems witlunbondedtendons,
prestress losses can negatively impact the flexural stre@gthtype of unbonded tendoreigernal to the
concrete crossection, so the forces are transfematy at the anchorsnd deviatorsather thanhiiroughout

the length of the prestressing strands.

1.2 VarinaEnon BridgeOverview

Locatedon Interstate 295The VarinaEnon Bridgeis a cablestayed, segmental, precasbsp
tensionedbox girder bridgewhich spans and spans the James River in Richmond, Virghsigeen in
Figurel.1, the bridgehastwo parallel box girdersvhich cary six lanes of trafficThe total length of the
bridge is4,680 ftandit consists of 8 spansTwenty-oneareapproach spansix aretransition spansand

oneis themain span



Figure 1.1: Aerial View of Varina-Enon Bridge (open source)

As Figure 1.2 shows, eachapproach spanis 150 ft in lengthwith seven 2€ft precasttypical
segmentbetween the pierdhese segments were matdst in dong-run confguration and ft long pier
segmentsvith 6 in. castin-place closure joints on either side of the giegments

6 SPANS @ 150'-0" = 800'-0" -

E.J.

N

|
E.J: ! SP5 SP6

_ sp2_, sp3 , SP4 |

| . 1

j | |

| o | !
T |
P3 P4

A1 P2

P5 P6 P7
Figure 1.2: Elevation of Approach Spans 1-6 (Lindley 2019, with permission)

Figure 1.3 and Figure 1.4 show the dimensions of the typical segments and of Segpients,
respectively Each box girder contains transverse internal-pastioning Additional transverse internal

posttensioning $ used in theidphragmsavhich accommodate the anchors for the longitudinal tendons.
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Figure 1.3: Typical Segment Dimensions (Lindley 2019, with permission)
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Figure 1.4: Pier Segment Dimensions (Lindley 2019, with permission)

As shown in Figure 1.5here is external longitudinal petnsioning of each approach span
consisting of eight tendons locatiexthe hollow interior of theegmentsEach tendon contairi® eaclt0.6
in. diameter sands Tendons are located inside the box girder cell and are redirected at the bottom of the
section through deviation blocks, as seen in Figure Qverlapping of tendons over the piers ensures
continuity between the span®esign dawings for all approach sp&ngitudinal postensioningayouts

can be found iMppendix A

150'-0"

|
|
| A

P6  DEVIATOR NORTH __
BLOCK

Figure 1.5: Longitudinal Post-Tensioning Layout in Span 6 (Lindley 2019, with permission)



As seen from Figure 1.6, thmain spanunit consists ofthreetransition spans similar tthe
approachson either side andne span whicls completely cable staye@ihe main spais 630 f long with
10-ft typical segmentdJsing a beam and windystem starting at Piers 16 and 17 and ending where the
segments meet at midspan, it was constructed with the cantilever pReesgpendix Bfor the original
drawings outlining the construction process of the main spanAigibsure pour connects the northbound

and southbound sides of thminspan unit

Transition Spans Main Span Transition Spans
re— 3 Spans @ 150 ft = 450 ft 1 Span @ 630 ft 3 Spans @ 190 ft = 450 ft —y
EJ. E.J.

] |
T H.‘/‘MIT
= = g James River P18 P19 P20

P13 P14 P15 P16 P17

Figure 1.6: Elevation of Main Span Unit

The stay cables shown Figure 1.6 meet the structurethe closure pour and, @elta frameThe
delta frame haternal post tensioningnd distributes the stay force with a trddee behavior ateach
location where a stay cable meets the superstrudiignere 1.7 shows the expected beliawvof the delta
frames under the stay force and dead load only.

Stay Cable
[ Tension Force
0 Compression

—~— s

Figure 1.7: Delta Frame Behavior Under Stay Force and Self-Weight

Both internal ad externalongitudinal postensioning are used in the main span unit. The internal
longitudinal postensioning runs through the box girders' top and bottom slabs as well as through the

closure pours between noilound and soutbound laes. The inter@l longitudinal tendons in the

4



transition spans consist fifur each0.6 in. strands, whilthosein the main span and closure pour contain
12 each0.6 in. strandsA uniqueexternal longitudinal podensioning layouts used forthe main span
which can e seen inFigure1.8. These tendonsontain12 eacl0.6 in. strandsThe stay cables consist of
0.6 in. strands varying in number fra80 to 90.In Appendix A, design drawings can be found for both
external and ir@rnal longitudinal postensioningayouts of the main span unit.

Top Anchor
Block

~o |/ e | ! e i e
Tendon J Morth

Deviator —

Black

Figure 1.8: Longitudinal External Post-Tensioning Layout in Main Span 16 ( Brodsky 2020, with

permission)

1.2.1  Project Background

In July 2012,inspectors visually detected a joint openingtofd/16 in. in the bottom flange in
Section AA in Figure 1.5underlarge truck loadsThis may suggest unanticipateigh-tensionlevels in
the bottom flange that would not legpecte for a highly prestrgsed structureAlthough this could be
partially due tolargethermal gradientsr, it could also mean greater losses of prestress than expected.

A long-term monitoring system measuring the joint opening as well as the thermal gradient at that
location wa installed byMaguire et al(2014.He concludd thatcrack openings are influenced by both
traffic and thermal load#\n unpublished study was conducted in 2017 to study effective prestress force in
Span 6 using joinopening datalindley (2019) reinstled the original longerm monitoring system an
refined the effective prestress evaluation in SpaRaghel Brodsky (2020) expanded the instrumentation
in Span 9 andSpan 14.These previous research projects are discussed in greater detail in thereitera

Review.

1.3 Purpose and Scep

The objectiveof this research is to investigate the longitudinal flexural behavior of the Varina
Enon Bridgeincluding the influence of time dependent effeGise goalis to use existing flexural cracks
to estimate the lagitudinal prestress loss and to equate thesetosith those calculated by a finite element
model.
The scope of this report involves,

1 Estimation oflongitudinalprestress losses using datdlectedfrom the field.
5



Evaluate, reinstahnd expand instimentation on the Varina Enon Bridge

Use already developed finite element model to evaluate predicted prestress losses using standard
models for creep and shrinkage and to examine other aspects of the bridge's actions, such as super
load esponse.

Validation of FE model under super loads.

Compare predicted bottom slab tension using the as designed criteria and compare to calculated

tension using more recent creep and shrinkage models and design thermal gradients.

Comparison of original LY Ts on top of babm slab to newly installed LVDTs on the bottom of

the bottom slab to further validate method to back calculate effective prestress.

Provide recommendations for continued research owdrieaEnon Bridge



Chapter2.Li t er ature Revi ew

This chaper discussegprevous studiesof the VarinaEnon Bridge and also other research
conducted on several bridges that are similar to it. This chapter is divided into four major sections, which
are, computer modeling, creep and shrinkage, prestress lossésermal gradierst A brief overview is
provided for each section. Additionally, the methods used by previous researchers to address these topics

are discussed.

2.1 Computer Modeling

With the advancement of technology, computation time has decreased sigyifiéa a result
finite element analysis has become much more efficient and refined. Finite element models of structures
are powerful tools that are useful for analysis of existing structures. Finite element analysis software
envisionshow a system wilbehave mathemattly. The user must provide needed inputs to the system,
such as the geometry, material properties, and the loads which iptiysiealloading of a structure, as
well as environmental loads such as temperature anedimendent effects such as creep simihkage,
in order to obtain the response. The finite element analysis response after the simulation includes valuable

information suckas member stresses, strains, and deflections.

211 Veteransd City Glass Skyway Modeling
The Veteranso6 GG@S)isa plecastysegBé&ntahvcangrete bxidge. This bridge is
similar to the VaringEnon Bridge. It is located oR280 in Toledo, Ohio ahcarries three lanes of traffic
in each direction. It has 56 approach spans which totals 7,273 ft and has orsagablenain spaan the
unit that totals 1,525 f{Helmicki et al.2012provides a view of the bridge.

—
~
o .
Sl
y

W _
LL 'ﬂll‘llllllltqwmu--;.:rf* .

~—_——

Figure 2.1: Artistic Rendering of Veterans' Glass City Skyway (Helmicki et al. 2012, public

domain)
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The main span of the VCGS was moddlg@edimensionly using LARSA 4D Figure 2.2hows
a schematic overview of the modeinear behavior was assumed for the model. The contributioreof th
delta frames to the longitudinal stiffness of the structure was neglected. In addition, it was assumed that the
elasbmeric bearings at the superstructure to substructure connections only contribute to vertical stiffness.

Thelongitudinalstiffness of tle elastomeric bearing was neglecigtelmicki et al.2012)

Springs- Bearing + Permanent Pier Stiffness

Pylon Support - Fixed

Figure 2.2: VGCS Main Span Finite Element Model (Helmicki et al. 2012, public domain)

The model consistof three types of elements, which are namely, beam elements, cable elements,
and spring elements. The stays for the VGCS are modeled irasuaf that there are two separate stays
being stressed at the same t i melinearhimalysis.cBatlsincethee|l e me n
bri dgeds weight itself is very,dndheresghouldibtbecalve abl es
loadlargeenough to reverse the stresses. Therefore, stress stiffening properties of the cables were ignored.
The elatomeric bearingwere modeled as spring elements. The box girders and delta frame members were
modeled as beam elemefitelmicki et al. 2012)Figure 2.3shows thearrangement of the delta frames.

Rigid Beam Elements ___—— Median Slab Beam Elements

\ i
Node for South Bound Box Girder Beam Element Node for North Bound Box Girder Beam Element

Figure 2.3: VGCS Delta Frame in Finite Element Model (Helmicki et al. 2012, public domain)

The measured strairobtained fsm dynamic load tests using segment haulers and static load tests
were compared to the results predicted from the model. A further validation of the model was conducted
by a truck test on the VGCS and then the measuredadetaomparedgains the analyitally obtained
values. For collection of data from the dynamic truck tests, eleetdsitance strain gages were used, and

for the static truck tests, both vibrating wire and electrieaistance strain gages were used. Influence lines
8



for both the dyamic truck tests and the model were obtained and compared. Additionally, the locations of
maximum response were compagei@lmicki et al. 2012)

Strains inthe delta frame members were measured, during initial and finalt@asioning, and
then compared against the prediction results fromntbelel. To cavert the stresses obtained by the
prediction of the model, a stregsstrain transformation was used so that the strain values could be
compared. It was concluded that the finite element model accurately represented the behavior of VGCS
(Nimse et al. 2015)

2.1.2  lllinois Tollway

It is a 294mile system which comprised of 5 tollways and carries 1.6 million vehicles per day. It
is inDownersGrove on 4355 on Finlay road in lllinois. It was constructed in 1988. It consists spam
andis 908ft long. The substructure of the bridge is normally reinforegl pier height of upto 50 ft. The
super structure is built with match t¢aegments wh longitudinal postensioning. Span by span balanced
cantilever method of construction was used. Load rating for the substructure and superstructure was done
using in depth podensioning evaluation. Six tendons were tested using vibit@ste using brating wire
gages to estimate prestress forces and FE model in LARSA 4D was created for comparison which used
time dependent analysiBhe model consisted of three types of elements, which are namely, beam elements,
cable elements, and spgirelementsThese tests were conducted in 2003 after 15 years of creep and
shrinkage losses. It was concluded that the FE nmentirately represented the behavior of the tollway

bridge.

Figure 2.4: lllinois Tollway bridge in Finite Element Model (Ciorba Group, public domain)



2.1.3 VarinaEnon Bridge Modeling

Lindley (2019) created a thretmensional finite element model of the northbound approach Spans
1-6 of the VarinaEnon Bridge using LARSA4D, as seenHigure 2.4 The box girdersrad piers ofthe
modelwere made of beam elements, and the bearingweadsmodeled as spring elements. In the model,
springs had translational stiffness in the Z andidéctions, and rotational stiffness about thaxis. As
for the remaining three deggs of freedm, they were fixed. The stiffness values of the springs were
validated by live load tests conducted by Maguire et. al (2014). The model also include the longitudinal
external postensioning tendonandthe selfweights of the tendon deviatbtocks and brrier rails. The
model of the bridge was validated against the deflection data collected from live load tests conducted by
Maguire et al. (2014). The deflections measured due to different load configurations when compared to the
predicted de#iction by tle model were found to match reasonably \{ighdley 2019)

2

Figure 2.5: Isotropic View of Varina-Enon Bridge Approach Spans 1-6 FE Model (Lindley 2019,

with permission)

2.2 Creep and Sitkage

The tendency t@ontinue todeform under a sustained load oweelongperiod of time is called
creep Shrinkage is the change in volume of material due to loss of moigtocerding to most traditiona
creep and shrinkage modegdtresses and sina due to creep and shrinkage incezager time and approach
an asymptotic valuésee Figure ). It can also seethat after unloading, there is recovery of all elastic
strain and some creep strain. Various creep and shrinkage models are curresdlysinc as CEBIP
678,-FCEB690, ACI 209, AASHTO, and B3. Eachtamodel
conditions as inputs, but uses different functions to quantify the progression of creep and shrinkage over
time (Lindley 2019)
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Figure 2.6: Creep and Shrinkage Strains Over Time (reprinted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature Basic Properties of Concrete Creep,

Shrinkage, and DryingbyBagant and Jir8sek 2018)

2.2.1 Sunshine Skyway Bridge Creep and Shrinkage Models

The Sunshine Skyway Bridge is a prestrdssencrete, cablstayed bridge. It is located o275
in Florida. It has four types of spans, which are, trestle approach spatdeyébwapproach spans, high
level approach spans, and three calbdgyed spans. The main cabtayed spans consist ohgle-cell
precast box segmer(Shahawy and Arockiasamy 1¥)6Figure 27 shows the elevation of the main cable

stayed span.

@ 1 P1S &

SPAN 1IN CENTER SPAN SPAN 15

164.7 m 3880m 184.7m

Figure 2.7: Elevation View of Sunshine Skyway Bridge (Shahawy and Arockiasamy 1996b, with
permission from ASCE)

Shahawy and Arocklkamy(1996) developed an analytical model for prediction of itftapendent
strain histories throughout all construction stages of the Sunshine Skyway Bridge. Strain gagsgdvere

to instrument the box girder. The data veadlected,and it was used toatibrate the analytical computer
11



model. For the calculation of creep and shrinkage strains, thadagsted effectivenodulus method was
employed According to this method, an aging coefficient, which accounts for aging, is used on the ultimate
value of ceepafter the application of a load. Since the value also depends on ambient relative humidity,
volume to surface ratio, and temperature, a correction factor that accounts for these was also used. For each
construction stage, the stresses and the stveaems calculated using an iterative process. During the
construction stage, the aging coefficient was changed since the loading was also changed. Homvever, f

the study, itwas determined thadhe timedependent strains due to the construction sequeneéd bas

constant aging coefficient gave similar results when compared with results from a varying aging coefficient.
Therefore, a constant aging coefficient was determined to be adequate for af&ihgdiawy and
Arockiasamy 1996b)

2.2.2 VarinaEnon Bridge Creep and Shrinkage

For prediction of prestress losses, three different creep and shrinkage models were considered:
CEBFI P 06 7Bl B CEBO, a nhdbidgdvasidesignecdsingthe CEBFI B 678 model c
but when the calculated effective prestress was compared against field data, it was found thafiie CEB
690 most cl osely ifLindleay 808 Therdéfare, for the gurposes afithis theSIEB-

FI'P 6890 is used to calculate the creep and shrink

223 CEBFI P 690 Creep and Shrinkage Model

TheCEBFI P 690 model code wa s -lpemnatibnial Db Bétbn i 990t h e Cc
asanupdatetotheCHBlI P 678 model c ®mdael creApcandshridkageegeprésented h i
as hyperbolic over timeThe ultimate values are corrected for mixture proportions and environmental
conditions. The parameters required to implement the model are: the age of the concrete when drying starts,
the ag of the concrete at the time of loading, the mead&3B8compressive strength of concrete, the relative
humidity, the volumesurface ratio of the member, and the type of cerf®&@t 209 2008) The CEBFIP
690 calculations for creep and shrinkage per ACI
and in.

The creep effect is defined biye compliance function given by Equation-12, which describes

the total stresslependent strain because of a unit stress.

0 dD

h

(2-1)

EcntoiS the modulus of akticity at the time of loadinig, which is calculad according to (2).

0 0 Qakp — (22)
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t1 =1 day, ad sis a coefficient which is dependent on the type of cement and compressive strength

of concrete taken frormable 2.1.

Table 2.1: Coefficient s Based on Cement Type and Compressive Strength (ACI 209 2008, with

permission)
Jemas Type of cement §
RS (rapid hardening high-strength cement) 0.20

<60 MPa (8700 psi) |N or R (normal or rapid hardening cements) | 0.25

SL (slowly-hardening cement) 0.38

>60 MPa (8700 psi)” |All types 0.20
“Case not considered in CEB MC90.

Ecmzsis the mean 28lay modulus of elasticity. It is calculated accordingquations () and (2

3).

(6] | ofp plyp T—  (2-2)
Q Q pp@emQ (2-3)
Here,fomois taken as 1450 psi, atill is a value that depends on theeyqf aggregate taken from

Table 2.2 f'c is the compressive characteristic cylinder strength which is defined as the strength below

which only 5% of all possible strength measurements are expected to fall.

Table 2.2: Effect of Aggregate Type on Modulus of Elasticity (ACI 209 2008, with permission)

Aggregate type Ug

Basalt, dense limestone aggregates 1.2
Quartzitic aggregates 1.0
Limestone aggregates 0.9
Sandstone aggregates 0.7

A 2g1s the 28day creep coefficient calculated in Equationgt)2hrough (210).

B ob BT 0 0 (2-4)
5 Bvo® Qg & (2-5)
B Q p ———I |  (26)
I 0 1=%;= (2-7)
1o — (2-8)
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(2-9)

| (2-10)

Here,h is the ambient relata humidity in decimaldh, = 1, V/Sis the volumesurface ratio, and
(VIS) = 2 in. The coefficienb(t-t,) represents the development of creep over time after loading. It can be
calculated with Equations{21) through (213).

8
oo —I— (2-11)

I pupm  pg TQ WIYTWIY ¢qum puTm (2-12)

| s °

(2-13)
The shrinkage strains are calculated as per Equiad).
-0 - 1 0 0 (219
tis the age of the concrete (days) &id the age of the concrete (days) when it starts driiag.

is the notional shrinkage coefficient which can be obtained from equatidig t&ough (218).

- -Q (2-15)
- 'Q pepTT pIT w Q FQ pTm (2-16)
TQ pR up — TQEME Q T8 w(2-17)
I ™ UQEN mow (2-18)

The coefficienthsc depends on the type of cement and can be takenTaine 2.3

Table 2.3: Coefficient Based on Type of Cement (ACI 209 2008, with permission)

Type of cement according to EC2 Bsc
SL (slowly-hardening cements) 4
N and R (normal or rapid hardening cements) 5
RS (rapid hardening high-strength cements) 8

bs{t-tc) gives the development of shrinkage with time and is given by Equatib®) (2

L 7 8
I 0 O —— - (2-19)

2.3 Prestress Losses
Total prestress losses can be calculated as the sum of immediate addpéndent losses, as

shown in Equation ¢20) (Lindley 2019) Immediate prestress losses occur due to seating and fxiction
14



for9 and also because of elastic shorteninfyeg. However, the tim@lependent prestress losses which
include those due to creepffcr) and shrinkage/(fost) of the concrete as well as relaxation of the steel

strands ( f,re) are much more signifant.

Df; =M #,R f4Df & D o (2-20)
N . F

Shortterm losses Longterm losses

There are several methodsailablefor calculating longterm prestress losses, but they have
varying degree of accuracy. One of those, the lsmmp method, depends only the level of stress in the
steel andconcrete. Another one of éhsimplified method estimates the letggm losses due to creep,
shrinkage, and relaxation individually using factors which depend on various properties such as type of
concrete, age at loading, and type of prestressing stegéugo, the most accurate theds out of all these
are timestep methods and ageljusted effective modulus methods. These methods directly consider the
creep, shrinkage, and relaxation models for the materials being used. For detailed overview offethese, re
ACI 423.10RGuide to EBmating Prestress Loss€aCl 423 2016) and Lindey (2019).

2.3.1 VarinaEnon Bridge Prestress Losses

Lindley (2019) studied prestress losses in Span 6 of the northbound side of theEvaninBridge.
Data obtained from the joint opening at Sectio\An Figure 1.5 was used to calculate the effective
prestress force at the same location. Under the assumption that there is no stress at the cracleagen it op
the effective prestress force was baakculaed from the field data. The LARSAD finite element model
as described in Sectidh1.3,predicted the prestress losses and were compared against those calculated
from field data. In 2013, the average prestress loss was calculated as 47.3 ksi, wiiRrRS#edD model
predicted losses of343 ksi. Therefore, the prestress losses in reaktg8.4% greater than those predicted
by the mode(Lindley 2019)

2.4 Thermal Gradient

As mentioned in the Introductiothermal gradientgre the temperature differences throughout the
depth of a structurdzigure 28 shows the various factors that impact the temperature distribution. These
factors include solar radiation, ambient tempee wind, and humidityXu et al. 2019) In the case of
large box girders, since the wide top flangexposed to solar radiation while the rest of the girder is

shade, there is a development of thermal gradi@rtsdley 2019)
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Figure 2.8: Environmental Factors Affecting Thermal Gradients (Lindley 2019, with permission)

In the case of Varinknon Bridge, noslinear thermal gradients develop on days with large
temperature fluctuationand high solar radiationsThese thermal gradients indualfequilibrating
stresgsandcontinuity stresss Sdf-equilibrating stressegre the stresses induced when the configuration
of a simply-supportedbeam is consideredContinuity stresses arise from the effects of the-limmar
thermal gradient on the redundant struciluiadley 2019) Table 2.4gives a brief summary dhe types
of temperaturénduced thermal stresses. For a more detailed descriptiobinstey (2019). See Sections
3.4.4and3.4.50f this thesis for descriptions of the calculations for-egliilibrating stress and contiity

stress.

Table 2.4: Summary of Temperature Induced Thermal Stresses (Lindley 2019, with permission)

Determinate Indeterminate

Lz
]

B
" M2 200000027227
Linear Thermal Stresses @ A-A Stresses @ B-B
Gradient SELF
SELF EQUILIBRATING  CONTINUITY

EQUILIBRATING CONTINUITY

0o o4

Non-Linear Stresses @ A-A Stresses @ B-B
Thermal Gradient SELF

SELF
EQUILIBRATING  CONTINUITY EQUILIBRATING  CONTINUITY
C

-0 08

DEPTH

DEPTH

TEMP. c
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241 Veteransod Glass City Skyway Ther mal Gradi ent

Helmicki et al. (2012) studied thermal graati® both positive and negative, inside the concrete
box girders of the VGCS. Positive thermal gradients means that the topmost section hdaerhjggrature
thanthe rest, and the negative gradient is the opposite. Negative thermal gradients durygamelelad
to cracking of the top slab, which in turn would allow moisture to seep in and ultimatelyjimesutosion
of reinforcing steel and prestressing strafidisimicki et al. 2012)

The aim of the study was to see whether the actual thermal gradients were consistent with the
AASHTO design codeTable 2.5shows many AASHTO positive and negative design gradients. For the
purpose ofthe study, eight full months of temperature data were collected using thermistors. It was
concluded that the positive thermal gradient was consistent in shape thrabgldouation of eight months
and that the positive gradients typically were in the range of AASHTO design code. Due to negative
gradients not being a daily occurrence, only two months of data showed negative thermal gitadests,
concluded that they wenot a large concern. Nonetheless, from the study it was found that the negative
gradients were not very consistent as compared to the positive graldegdasdless, they still typically fell
within the range of AASHTO design cof@ldelmicki et al. 2012)

Table 2.5: AASHTO Design Gradients

Design Code AASHTO 89 AASHTO 94 AASHTO 98

4

rtrF - °F I‘ZJE - 41°F E‘% 41°F
L

Positive Gradents

-
-

20.5°F 12.3°F
5.5°F 3.3°F

iy

Negative Gradents

T
_fal

2.4.2 VarinaEnon Bridge Thermal Gradient

Maguire et. al (2014) studied on the thermal gradient of the \‘&mua Bridge. For the study, the

temperature data was collected using thermocouples which were installed througliepthtof the box
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girder. The study was dorte fulfill the objesviveof determining whether the measured thermal gradient
fell within the close range of AASHTO design code, as well as to correlate the thermal gradient and the
observed joint opening at &®n A-A in Figurel.5.

From the study, it was concluded that the measured thermal gradient was isirstiapeto the
design gradient, but it was significanynallerin magnitude. In addition to that, it wasa concluded
from the study that the crack opening in Span 6 was influenced by both heavy truck loads as well as the
large thermal gradients. As we can sed-igure 29, during the period of time when the weather was
warmer, there were more crack opengwgnts, and the crack displacements were laflyrguire et al.
2014)
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Figure 2.9: Crack-Temperature-Strain Plot for 2013 Crack Opening Events (Maguire et al. 2014,

with permission)

2.5 Summary of the Literature

In numerous studie§inite element modelin@-EM) has been used for mathematical analysis. The
FEM is also usg in the case of multiple precast box girder bridges in order to predict the mathematical
behavior during stagecbnstruction and also for tirgependent behavior including creep, shrinkage, and
prestress losses. A FEM model of the Vailireon Bridge wasreated in LARSA4D to obtain predicted
prestress losses. The model ultimately also helped in various calculations such as the calculations of
prestress losses from measured data. FEM modelingngpertant tool as it can be used to obtain valuable

information regarding the behavior of a structure.
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Thetmedependent effects of creep and shrinkage
term behavior. There is also a need to understaam ith order to obtain the predicted prestress losses.
There ae several different models in current use that predict creep and shrinkage strains over time. In the
case of the Sunshine Skyway Bridge, an analytical model withdapendent creep and shrigkastrains
usedthe ageadjusted effective modulus methodti#Adugh, there are multiple creep and shrinkage models
to choose from to predict prestress losses in the \famimman Bridge, ultimately it was concluded that the
CEBFI P 690 model tapcuraterpredigtian. t he mos

The understanding and calculation tbhe-dependent prestress losses plays a major role in
understanding the serviceability of a structure. The computation of prestress losses measured in northbound

Span 6 of the Varin&non Bridgewas done with the measured data at the location of the elsirint

opening. After that, the calculated prestress losses were compared against the prestress losses obtained from

the finite element moddlt was concluded that, the actual prestress losses 8.4% greater than the losses
predicted by the model.

Thermal gradients played an important role in the development of internal stresses in large box
girders. A study on the VGCS was done to check whether the thermal gradients fell within the AASHTO
design code. Similarly, a study on the Variaon Bridge waslso done and it was conducted that the
measured gradient indeed fell within the design code. In addition, it was also concluded that the larger
thermal gradients lead to larger crack openings.

The work presented in later chapters of this thesis fudhiédates the finite element model and
take forward the results obtained at various crack locations. It also helps to understand the issues with

design leading to the cracks in the Bridge.
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ChapterSBMet hodol ogy

After the discovery of cracking in Span 6 of therthbound approach unit, tideirability of the
VarinaEnon Bridge (VEB) came into question. Sensors were installed by Maguire et al. (2014) at the crack
position to monitor thermal gradientsdarack openingsThis chapter describes the procedures and
measures taken to fulfill the purpose of the project to estimate the effective prestress force from field data
collected at multiple joint opening locations in the Vatitr@on Bridge and to compathe results with
those obtained from a complete structungdé element model.

The first section describes how the data was collected from instrumentation in northbound sphaad, 6,
11 The second section describes how the data was processdedritobarbtain main interest measurements.
The third sectionféers a summary of the computer model and explains howdependent effects have
been taken into consideratiorhe fourth section of the chapter describes the methods used for validation
of the finite element model.

3.1 Data Acquisition

3.1.1 Spans 5 and strumentation.

To continue theoriginal research, Lindley (2019) reinstalled the original kbegn monitoring
system which was earlier installed by Maguire et al. (2014) for the main purpose of measuring the crack
opening and thermal gradients at joint dpge inSpan 6. Lindley (2019) alsox&ended instrumentation
into Span § location of another crack openinfgr the evaluatiorof the effective prestress forc&he
sensors in this lonterm monitoring system includeranstekLinear Variable Differential Transformers
(LVDTSs), Bridge Diagnosts Inc. (BDI) strain transducers, and thermocoupl€€s). Figure 3.1 and
Figure 3.2shows the locations of the sensors in Spam&Span5, respectivey. Later, instrumentadin
was extended to bottom of the bottom flang&pan 6 to have better understanding of the behavior.

The strain transducers measured live load strains ohatiem of top flange and top of bottom
flangeof the box girderslin Span 6, Segment-B shown in Figure 3.1which is 0.4 times the span length
of Pier 7,GageST01 wadocatedat the place of the highest anticipated live load moment to serve as trigger
gage.Trigger gage is the gage located atltwation in a particular span where maximumistigexpected
(0.4*Lspan. At the top of the bottom flange adjacent to the opening joint in Sp&ageST02measured
the strainThe LVDTs at Section A shownin Figure 3.1 for Span 6 and Section-C shown inFigure
3.2 for span 5 have LVDTs installedrteeasure the crack displacensesitthejoint openings.
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Figure 3.1: Sensor Layout in Span 6 (Lindley 2019, with permission)
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Figure 3.2: Sensor Layout in Span 5
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Figure 3.3: Section A-A Sensor Layout (Lindley 2019, with permission)

Thermocouples were installed in clusters throughout the depth of the box girder at Se&tamn A
shown inFigure3.3. In some loations,thermocouples were placed in the section at about the same depth
For the purpose of calculating the restraint force and moment from the thermal giswliémeir
measurements of temperaturereveombined and viewed as one measurement. TablerBrhanizes the
position of each thermocoupl# was assumed that the measured thermal gradient at Secifors A
representative of the thermal gradient along the full length afaheaEnon Bridgg(Maguire et al. 2014)

More explanation about thermal restraint moments and axial forces is presented in section 2.4 and
Lindley(2019).
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Table 3.1: Thermocouple Locations and Tributary Areas (Lindley 2019, with permission)

*,
Elev. from top CG from the | Tot area, Area*cg(from
TC of wearing . X bottom of
bottom, in in.2
surface, in. T ' section), in.®
1 140.0 8.1 1,086.8 8,838.8
2 142.3 3.2 496.5 1,602.6
3 144.5 11 457.5 481.4
108.8
4,5 35.8 754.9 27,043.1
110.8
78.0
6,7 66.2 848.4 56,156.3
80.6
48.5
8,9 97.5 1,030.0 100,394.8
511
10 15.8 122.9 667.5 82,040.1
11 13.8 131.8 317.2 41,810.9
12 11.8 133.9 673.2 90,158.4
13 9.8 135.3 713.9 96,594.5
19 9.5 136.2 692.9 94,363.8
14 7.8 137.6 1,041.0 143,241.6
15 6.5 138.9 798.1 110,876.0
55
16,21 oo 140.0 694.0 97,160.0
4.5
17,22 15 141.0 694.0 97,854.0
3.5
18,23 35 142.0 694.0 98,548.0
24 2.5 143.7 957.7 137,614.8
99 0.8 145.6 1,131.2 164,666.0

See Maguire et al. (2015), Lindley (2019) &rddsky(2020) for more information about the types

and positions of sensors mounted in Spans 5 and 6 of the \EaroraBridge

3.1.2 Span %nd Span linstrumentation

A mobile data acquisition systemvhich was intended tbe moved to different locatios of the
bridge was installed anather joint of interest in Span #As shown in Figure 3.4, Transtek LVDTs and
BDI strain transducersere mounted to track the joirpening under heavy live loads and determine the

effective prestress forder that spanGageST04, located at section-E at midspanservedas the trigger
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gage for the data acquisition systenSpan 9Two LVDTs andgage STO3were installed at sectidd-D

to measure crack displacemeand strain at that location. After collecting sufficient data f8pam 9, this
mobile data acquisition system was later moved to a joint openifgan 11. As shown in Figure 3.5,
Similar installation was done in this span where Sectiéndhows the location of trigger gage and Section
G-G shows the location of crack.

150-0"
D E
. 65-0" T = 75-0" ————
— —
P9 STO03 D E ST04 P10
LVDTs NORTH

Figure 3.4: Sensor Layout in Span 9 (Brodsky 2020, with permission)
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% T
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P11 STO3 J 5 ST04 P12
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Figure 3.5: Sensor Layout in Span 11

3.1.3 Span 14 Instrumentation.

Thedata acquisition systeset up in the north bound lane of Span 14 of the VaEmanhad
multiple functions The firstwas to measure uplift deflectionghis was done uisig a tautwire measuring
system (1 Wenglor Laser displacement sensor (LO®B) secondunctionwas to meaure the opening of
shear cracks which have formed in the south end of this span as an apparent result of this uplift (2 LVDTs
spanning the shearamk). The lastunctionwas to measure the transverse délgane behaviour (5 BD
strain transducelscatad at interior of delta frameFigure 3.6 andFigure 3.7depicts the instrumentation

in Span 14.
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Figure 3.6: LVDT on shear crack in main Span

Figure 3.7: BDI gage along the delta frame

3.1.3 Data Collection

Campbell Scientific data acquisition systems were used to cdd&aftom the sensor$n Spans
5 and 6, two CR1000 dataloggers obtained the data frosettsors. For a 3.6 second event, one gathered
the strain transducer and LVDT data at a 33 Hz sample rate when the strain measurement from the trigger
24



gage, STO01, exc eeolkeeat tha data froth.the fidrneocoopetatmmiute continuous

samplerate A CR1000X datalogger collected the strain transducer and LVDT data in SpaneSsame

mannerasthe CR1000 in Span f the same fashion, A CR10Q@atalogger collected dateom span 14.

In this case, data was collected whiea strain mesurement from the trigger gage, 30 exceeded 11 :
Every 24 hours, four different data files were downloaded from the dataloggers: one with Spans 5 and 6
strain transducer and LVDT datane with Span 6 thermocouple data, one with mobile strain transducer

and LVDT data andnefor strain tansducer and LVDT data Span 14.

3.2 Data Processing

MATLAB codes were used to measaral procesthe temperature and corresponding strain and
displacementiatacollectedfor the VarinaEnon Bridge for each "event." "Bad" incidents were excluded
byagt of exclusionary parameters ensuring that at
andthatthe time difference was less than 2 hours between the measurements of strain and temperature.
While it would not be anticipated that the timeeiénce would be more than 2 minutes, this condition was
included since a difference of up to 2 hours widut deemed appropriafthe events were also ensured to
be sufficiently small to insure no continued driftietrigger gauge Furthermore, it waassured that there
was no unreasonable shift in strain arising from a ‘jump’ in the measurementsnofMitikaing average
filter was used to smoothen the event curves and eradicate theHigige.3.8andFigure3.9shows plots
of same event before aadter using dive-point moving average filterFigure 310 shows plot of typical
event in Span 1Matlab code outputan excel spreadsheebnsistingof all the values of focussed for

effective prestress calculatioftem field data.
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Figure 3.10: Typical event plot for Span 14.

3.3 Finite Element Model

3.3.1 Finite Element Model Overview

Using LARSA 4D, a finite elemenmhodelshown in Figure 3.1 was generated of the complete
VarinaEnon Bridge. Two parallel box girders were modelled on the bridgeor the main span, the
substructurgbox girdersglosurepours and rgid connections that provided ties between diffesdements
were modeled using beam elements. Stay cables were modeled using cable elements while the delta frames
weremodeled using truss elements to avoid their participation in longitudinal strefgitbugh the stays
are actually continuousverthe pyons via a cradle, two different prestressed cable elements were used for
modeling. Stressstiffening properties have been overlooked because the bridge's high dead load makes
stress reversal impossildee to live loadsTo model the pot bearings at eamid of the main span, spring
elements were useflligure 3.12shows the FE model properties for delta fradléthe approach spans

were also modeled in similar fashion.
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Figure 3.11: Isometric View of Varina-Enon Bridge Full FE Model

Box Girder Nodes

Rigid Link Rigid Link

N\ /

Deformable / Stay Anchor Location \
Deformable

Beam Element - -
Beam Element

=== Truss Members
Beam Elements

Figure 3.12: Cross Section of Delta Frame in FE Model (Brodsky 2020, with permission)

The model included all longitudinal pensioning using the geometry and jacking forcesf
the design drawings iAppendix A Table3.2 shows the material properties used for the model.
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Table 3.2: Material Properties for Finite Element Model (Brodsky 2020, with permission)

Property Value Source
Concrete Elastic Modulus| 5000 ksi | Verified by live load test@viaguire et al. 2014)
Concrete Strength 6600 psi Assumed
Tendn Tensile Strength 270 ksi Design Drawings
Tendon Elastic Modulus | 27,400 ksi AsBuilt TestingF&M Engineers 1993)

3.3.2 Staged Construction Ahesis

To reflect the segmental construction of the Vatimon Bridge,a timedependentstaged
construction analysis was used. The effechefplacement and stressing of each span as well as the time
dependent effects due to creep, shrinkage, and relaxation were accounted for in this study. Construction
phases were broken down into stepd activitiesin this study.One step representingdividual analysis
can be broken down into multiple activities like load applying or stressing a tendon.

The full scaled model of VariRBnon bridge consist of 88 stages in totAlhere one stage
represented one spdme of approach spans and the tramsitspansThe construction ofthe main span
cantilever was broken into 30 stages accordimgyitfinal construction drawings shownAppendix B

In order to account for timdependent effects, each box girder was incorpossitida casting day
into the modelApril 29, 1986was defined as dagero sincecasting of first girder took place ahis day
The year 2019 was represented by Day 12,000 in order to compare the prestress losses expected by the
model with those estimatdrbm field data from 2019 and 2020

3.3.3 ShortTermPrestress Losses

Before the construction stage study, sttertn prestess losses are integrated into the FE model.
The sum of friction, seating, and elastic shortening lossgw@senteds these losseSuch losses depend
on both the stres¥ operation and the elastic modulus of the concrete at the time ofirgireBsth
curvature frictionandwobble frictioncontribute to friction losse#t the curved portion of duct, curvature
friction is caused wén the tendons come into contact with the dweing tensioningWobble friction
arises when prestressing tendodesiatesfrom defined path. As measured during construction, 0.25 was
taken as curvature coefficieffF&M Engineers 1993yvhile the wobble frictioncoefficient was assned
as0.0002 for the internal longitudinal tendons in the main spaating lossedue to slip otheanchorage
when force is transferred from jack to permanent wedfesslip is user definedror the VarinaEnon

Bridge, from asbuilt drawings, the athor set was taken as 3/8 (R&M Engineers 1993)
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Theloss dueelastic shorteningccurs due to precompression of concretdefiends on both the
total number of tendons in the segment and the stressing sequibacelastic shortening losses were
calculatedduring the stagedomstruction analysis where the stressing sequence was defined.

3.3.4 Longterm Prestress Losses

Usingthe CEBF | P 890 code eterm losses ssingthe finite dleenent noodeywere
computedduring the staged construction anadysiarsa 4D 2019)The change in strain at each time step
were used to calcite the losses due to creep and shrifk@gending on the stress distribution, the cleang
in creep strainsaries by the depth of the segment, but prestress losses due to creep are ddbesaded
on theaverage change in creep strain over the eseston deptliNotethat this is onlypecause the tendons
are unbonded)n the same way as creep losses, shgakasses arealculated Similarly relaxationlosses
are alsocalculatedduring the staged construction analydisrsa 4D 2019)Figure 3.13provides an
example of a tendon force profit@mputed by the finite element modkiring jacking, after seating, and
in 2019after longterm losses
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Figure 3.13: Tendon S5-T9L Stress Profile

For more detailedescription for the finite element model, refeBimdsky (2@0).

3.4 Effective Prestress Calculations from Field Data

3.4.1 Overview

Data collected fronthe fieldwas used to calculatbe effective prestress in Spab, 6, 9, and 1
using the equation {B8). The calculations were done under the assumptionhbsital stress ahelocation

of ajoint opening is zero.
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” - - - ” (3_1)

Where:
P. = effective prestress force
A = Crosssectionarea
e = tendon eccentricity from centroid of section
y = centroid of section
I = moment of inertia of section
M = Net momentgdue to seHweight, live load, secondary prestress, creep, and shrinkage

Cremp= Stresses arising from forces due to thermal gradients

Setting the above equation equal to zero, rearrarayidgfurther breaking down above equation

gives the Equation ¢3), used to calculathe effective prestresgom field datalLindley 2019)

a M., +M,. M + %
Ra = %5 s Beon ( 4 Sw ||Ive other) y Psv\_,,_ Pother @A‘cr | ch (3.2)
v “ A ¢ & Yor

P. = effective prestress force

Use = selfequilibrating stress at the bottom flange due to thermal gradients

Ueon = continuity stress associated with thermal moments

Msw = selfweight moment

Mive = live-load moment

Mother= moment due to secondary effects from prestressing, @eéghrinkage

o = cracked transformed moment of inertia of the box girder

Psw= axial force due to the selieight of the structurand restraint of movement at bearings
Poiner = axial force due to secondary effects from prestressing, creep, amkhgleri

A = cracked transformed area of the box girder

e = tendon eccentricityrdbm the cracked centroid

Yer = distance from the cracked centroid to the top of the bottom flange of the section

y = distance from the uncracked centroid to the top@btbhttom flange of the section

All of the terms on the righbandside of the equation were obtained from either field data, known

section properties, astaged construction analysis in the Brelement model. The processesahputing
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these valueare described in the following sectioseeLindley (2019) for sample calculations following
these procedures.

3.4.2 Section Propertieand Moments

In the calculation of effective prestress force, transformpadially crackedsection properties are
used. h the transformed portion, mild steel is not considered because it does not extend through epoxy
joints.

Staged construction analysis of theitBnelement model was used to calculate the dead load
moment. The values of dead load momariection GC ard Section AA in Span 5 and, Section BD
in span andat section &G in span 1&reindicated in Figuré.14,Figure3.15, andFigure3.16.
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Figure 3.14: Spans 5 and 6 Dead Load Moment
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Figure 3.15: Span 9 Dead Load Moment
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Figure 3.16: Span 11 Dead Load Moment
An influence line analysis ithe finite element model wasonducted to calculate the live load
moments at the locatismof interest. This influence line analysis was used to coer¢ett live load strain
measured ahetrigger gage to the strains at joint openingsain at trigger gage location was measured
using strain gages at that location. This strain was used to calculate stress at that location which in turn was
used to calglate the moment at that location. The influence line was then used to correlate this moment at
trigger gage to find the moment afck location. Instead of measuring the live load strain directly from

the strain measurements adjacent to the openingjoinis approach was used because the bottom flange
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could notcarry any tension forceafter it decompressed during a crasgening event. In the strain

calculation, this produced a "plateau” effect which can be seen in Figure 3.6.

The coefficientsndicated inFigure 3.17 Figure 3.18ndFigure 3.19wvere used to scale the live

load strains andbtain the live load moments at the sections of interest.
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Figure 3.18: Span 9 Envelope of Maximum Moments
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3.4.3 Creep, Shrinkage, and Secondary Presth&id Forces and Moments

Prestressing, creep and shrinkage are known as applieturaldeformationsvhich lead to both

moments and axial forces due redundancigbéastructure. In the finite element model, both axial forces

and moments at points of interest due to these effects were calculated from a staged construction analysis

and can be seenTrable3.3. The finite element model takes creep and shrinkage factors as input which are

used to calculate the axial forces and moments. The primary prestresgifeceise to thesecondary
prestresdorce. The creep and shrinkage fart were determined teachbe 1.85using an iteration

technique until effective prestress from field and model aligned closely.

Table 3.3: Creep, Shrinkage, and Secondary Prestress Effects at Instrumented Joint Openings

Force/Moment Section &C Section AA Section DD | SectionG-G
(Span 5) (Span 6) (Span 9) (Spanll)
Mer 1,623 kipft 1,960 kip-ft 7492 kip-ft 1704kip-ft
Por 56.10 kip 172.4 kip -34.90 kip 68.2kip
Msh -487 6 kip-ft 3101 kip-ft 588.9 kipft | 438.9 kipft
Psh 8427 kip 661.2 kip 839.4 kip 839.4 kip
M, 20,19 kip-ft 15,830 kip-ft 23,28 kip-ft | 26,887kip-ft
P 1667 kip 1636 kip 2612 kip 192.2kip
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3.4.4 Self-Equilibrating Stresses

As discussedhn Section2.5, nonlinear thermal gradientsad to stresses in structasghich can be
defined asnto both selfequilibrating(SE) stresses and thermal continuity stresses.

Selfequilibrating stresssoccur due to difference between thermal strains due free expansion of
section andheresultantplane sectionThe SE stressamn be understood as stressagsed by a thermal
gradient in an artificially restrained systgrus the stresses caused by @&l load and moment needed
to remove the artificial constraintSalculating SE stresses aettop of the bottom flange by this method
beginsby eliminating all the inner supports and then artificially restraining the approach st(uotdiey
2019) Thermally indweed stresssin the bottom flang&vas calculated witkquation (33) (Lindley 2019)

, oYY (3-3)
Where:
0n = thermally induced stress in the bottom flange when fully restrained
E = modulus of elasticity
U= coefficient of thermal expansion
& T=difference in temperature betwethe coolest location, and T(Thermocoufe at the bottom

flange)

To artificially restrain the structurdsquations (34) and (35) were used to calculate the axial force
and moments applied at ends of struct(lendley 2019)
0 B OYY (34
0 BREOIY'¥8¢do(3-5)
Where:
2 T= difference in temperature betwet@;, andT Ceool
A = tributaryarea of thermocouple as presented ifiable3.1

Y; = distance othermocouple from the centeof gravity of the sectiofTable3.1)
Finally, by taking a summation of the thermally induced stress in the lower flapgerels due

to the restraining axidorce, and the stress due to the restraining axial moment, the totatjaéibrating

stresses were determined. Equafi@) regulated this calculatiofiindley 2019)
” ” - - (3'6)
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3.4.5 Thermal ContinuityForces

As discussed in SectioB.4, the application ofa nortlinear thermal gradienbn a redundant
structure, develops thermal continuity stress in structuféerefore, these forces were calculated
considering the internal supporince a large numbef themal gradients is being considerdd,the
finite element model, a constamit moment and axial force at the ends of Spafisahd Spans-12were
applied and the equatidB-4) and equatior§3-5) were scaled using the coefficients obtained &gti®ns
of interest.The bending moment diagrara®ngwith thecoefficientsused to scale iBpan 5, 69, and 11

/\

are shown irFigure 3.20andFigure 3.21.
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3.5 Validation of FE Model

The datalogger programs were modified for the case of a super load crossing the bridge. For a super
load, it was more desirbto ollect data from all dataloggers during the entire time the supemtaad
crossing the bridg&he Data Acquisition System (DAS) was modified to collect the data continuously for
the duration of super load crossing. This information was usefaidoe pecise capturing of the crossing
and further validation of the finite element mod&hce both the load crossings took place in night or early
morning, the thermal gradient was expected to be small and it was expected to have minimal effect.

3.5.1 SuperLoadl (SL1)

At approximately midnight on September 23, 2020, a largedbadn in Figure3.22crossed the
VarinaEnon Bridge. The response of the bridge to the load was monitored by three data acquisition systems

which are monitored by Virginia Tech.
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; 65ft-9i ‘
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I
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; ]
| T ‘ ‘
Per 5 5 ft axle spacings | 4 ft - 6 in. axle spacing |
er Per 6 These two axles - 22,000 Ib Per 7

Figure 3.22: Axle Spacings and Loads, shown on two spans for comparison to span length.

As can be seen in tiiégure 3.2, There were five axle groupings separated, and the total length of
the truck was 16 ft7 5 in. The rear axle group carried a total of 120,000 Ib. so did the front axle group,
for a total of 240,000 lb

3.5.2 Super Load (SL2)

On December 22020, a series of heavy loads were crossed over the MamoraBridge to further

investigate th@erfamance of the bridge under heavy live loads. These live loads were modeled in the FE
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model also. Two different load combinations were used for these live loads. For the load combination 1
(LC1) two lowboys were used in extreme left and middle lanéewbi load combination 2 (LC2) along

with the previously used two lowboys, VDOT dump was used’itaBe.Load crossings using each load
combination was done thrite ensure accurac¥igure 3.3 and 3.2 shows the axle loading afigures

for trucks ued fa these live load tests

Total axle
loading of
117.6 kip

Pier 5

4'7" each
VDOT Lowboy

Figure 3.23: Axle Spacings and Loads for SL2 (VDOT Lowboys)
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Figure 3.24: Axle Spacings and Loads for SL2 (VDOT Dumps)
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Chapter4Resul t s and DiscussicC

Results obtained following the methodology in previous chaptergesented in this chapter.
In the first sectionvalidation of FE modeflone byBrodsky @020)is shownalong with the validation
usingthe two super load crossingscussed in section®
The prestress losses predicfeoim FE modeland calculated usingdid dataat thejoint opening
locations inSpans 5, 69, and11 are shown in second sectidm understand if the cracking of bridge is
expected at all, the third section shows a compa
Finally, A compaison of FE model results and field data results in presented in fourth section.

4.1Validationof Finite Element Model

4.1.1 Main Span Validation

4.11.1 PreviousValidationof Main span

Brodsky (2020) validated the main span using the results obtained dweidgring liveload tests
conducted by Duemmel et al. (1992rble 41 and Table 42 show theresults obtained throughah
validation. The percent difference between the results of tharftEthe measurementsthe field ranges
from 7.93 percent to 289 percent, which is deemed acceptableerefore the model was considered to
adequatelyregrs ent t he act uaFormoterdataiston thig @fer tolBdg@ped).o r .

Table 4.1: Measured and Computed Lower Flange Strains in Segment 33 (Brodsky 2020, with

permission)
{S3AYSyl oo [ 26SN.
Load Lveload T Percent
Configuration lveLoad Test FE Model Results| Difference
Results
NBL -8 -9.27 15.91
SBL -3.75 -4.35 15.98
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Table 4.2: Measured and Computed Upper Flange Strains in Segment 62(Brodsky 2020, with

permission)
Segment 62JpperCt I y3S {
Load veload T Percent
Configuration lveLoad Test FE Model Resultd Difference
Results
NBL -0.25 -0.20 20.89
SBL -0.45 -0.41 7.93

4.11.2 Validation under super load.

The response of tharidge to thesuper load 1 (SL13hown in Figure 22 crossingwas monitored
by three data acquisition systems which are monitored by Virginia T€bh.load was modeled in FE
model and results from field data and FE data were compared to validate th&paraunit of FE model.
Table 43 shows the comparison of mgpan deflectionThere was &5.27 percent differencéetween
measuredleflectionandthatcalculated fronthe FE model Thisis considered satisfactoryhe span only
deflected about 0.@in. under the load. The shear crack near pier 14 closed when the truck was directly
above the crack location by roughly 0.0004Figure 4.1 shows the plot of typical data obtained during the
crossing. As shown in Figure 4.1, the shear crack open®093in. when the truckascrossed the crack

location.

Table 4.3: Measured and Computed midspan deflections for span 14

Midspandeflection (in)
Load LiveLoad Test Percent
Configuration| -'V&-030 T€SLH cp 1046l Resultd Difference
Results
NBL -0.068 -0.091 25.27
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Figure4.2: Response of Span 14 to the Super B&1L2, LC1)

OnDecember 222020,a series of heavy loadSL2) shown in figure 32and 3.2 were crossed over
VarinaEnonBridge to better investigate the performance of bridge under heavy live loads. These live loads
are modeled in the FE model al3te results obtained frofireld data and FE model were compared to
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validate the FE maal are sown in Table 4.5The percentagdifferenceof 20.51% and 28.13% is
considered small as the values of deflection are shglire 4.2 shows the typical plot of event due to SL2
for Span 14.

Table 4.5: Measured and Computed midspan deflections

Midspan deflection(in)
Load veload T Percent
Configuration lveLoad Test FE Model Resultd Difference
Results
LC1 0.062 0.078 20.51
LC2 0.069 0.0960 28.13

4.1.2 Approach Span Validation undSuperLoads.

During the super loadl (SL1)crossingon Septembe?3, 2020the strains were measurattop
and bottonof the box girder.The comparison of these strains with those obtained from FE model at
the midspan ofSpan 6 andat the location of the trigger gaaid0.4L)in Span 6 respectivelyas
investigated twalidate the FE modekigure 4.3 shows the plot of the event for Spalh éan be seen
from Figure 4.3 that thevent plothasfive spikes in the BDI2 gage, which is on the top slab, and each
spike repesents an axle directly above the gage.

The heay load crossings that took place@acember 222020(SL2) were also studied iasimilar
fashion Two new LVDTs werdnstalled at the bottom of the bottom flange of span 6 in order to
compare the jointidplacements at the top and bottom of the bottamgié. As seen from Figure 4.4,
the crack opening at the top and bottom of the bottom slab are not significantly diffatg#at4.6 and
Table 4.7 shows the results of this comparigomypical plot of the event for Span 6 due to SL2 is

shown in Figure 4.

Table 4.6: Measured and Computed Lower Flange Strains in span 6

Average of Mid-Span of span6 strain(é > ©
Load Configuration LiveLoadTest Resultat | FE modeResultsat Percentage
bottom of box girder | bottom of box grder difference
September 23, 2020 16 23.4 31.62
December 22, 2020(LC1 23.5 29.1 19.24
December 22, 2020(L@) 34.1 43.6 21.78
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Strain, ue

Time, s
Figure4.3: Response of Spato the Super load 1(SL1)

O
BOE
Top 8D

Spand LVOT

Crack displacement, in

Table 4.7: Measured and Computed Lower Flange Strains in span 6 at trigger gauge.

Average span 6 strain affrigger ¢ > &
LiveLoadTest Results | Finite Elementmodel | Percentage difference
Load Results
Configuration Bottom of | Top of box| Bottom of | Top of box| Bottom of| Top of box
box Girder| Girder | box Girder | Girder box Girder| Girder
September 23, 17.6 -7.8 27.4 -9.6 35.76 18.75
2020
December 22, 31.7 -12.2 34.61 -144 8.4 15.27
2020(LC1)
December 22, 36.1 -13.4 49.03 -174 26.37 22.9
2020(LC2)
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Super loadd span 6
T T

trigger strain transducer located at 0.4L of span 6.
~---~ Strain transducer measuring decompresson adjacent to the crack.
————— Top BDI
Ivdt spanning the Span 6 crack, on the top of the bottom flange
Ivdt 2 spanning the Span 6 crack, on the top of the bottom flange
== Ivdt spanning the Span 5 crack, on the top of the bottom flange
| Ivdt spanning the Span 6 crack, on the bottom of the bottom flange
Ivdt spanning the Span 6 crack, on the bottom of the bottom fiange
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Figure4.4: Response of Spdto the Super load(SL2, LC1)

Discrepancies may be due to the fact thregar elastic bleavior is assumed by the model, but under
heavy loadings, the structure can undergo nonlinear behavior. Furthermore, the crack apehegs
bottom flange may have altered the fiedddingsOverall, comparison of these results conérine
validation d FE model of approach span. Also, the percentage differences liiatla®.6 and Table 4.7

are not high as the values are in macrostrains and are very small.

4.2Effective prestressom FE and Field data

The total loss in prestresstaken aghe difference between prestress force at the time of interest
and prestress force at time of jackidgtime-depenént, stageatonstruction analysigsing the CEB-IP
6090 code gavwephepesressing fosce at various tisneAnticipatal prestress lossescording
tothe CEBFI P 690 code e x p thefmiteiclenment medelldhe aydrageetendoh stress
profiles obtained from the model for Spans 3,&@nd11 are shown irFigure 4.5 Figure 4.6 Figure 4.7
and Figure 4.8 respectively For each joint opening location considerékhble 48 presents the jacking
stresses, effective prestress values at 12,000 days, and prestress losses obtained from the finite element

model.Theprestress force while jackingasfrom the design drawings ppendix A
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Figure 4.8: Span 11 Average Tendon Profiles
Table 4.8: Prestress Losses per FE Model
Average Average Average
Location Jacking Prestress at | Prestress
Stress (ksi)[ 12,000 Days (ksi| Loss (ksi)
Section &, Span 5 210.3 165.4 449
Section AA, Sparb 213.1 165.3 47.8
Section BD, Span 9 210.3 165.0 45.3
Section BD, Sparil 210.3 165.1 45.2
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The average prestress force at the end of 12000 days was calculated by integrating the effective prestress
curve over the length and then dividing by thegtéen

According to the method discussedGhapter 3, the data obtained from fialdta acquisiton
system was processed through MATLAB codes to back calculate the effective prestress force from the joint

opening data. The effective prestress force veaspared with finite element model prestress results.

4.2.1 Span SEffective Prestress from Field Data

From a total ofl8,124 crackopeningrecordedrom May 16, 2019 té-ebruary3, 2021, themean
of theeffective presess valuesbtained foiSpan 5 at the eck location wagSection GC) 14801 ksi. The
standard deviation dhe data wa$.9 ksi. The most extreme crack opening recorded was 0.0264 in.,
howevermost ofthe cracks weranuch smaller than thisFigure 49 shows the distribution aéffective
prestess valuesvith correspondingrack openingdn Figure 4.10a histogram showing the digbution

of measured prestress valugsiepicted.
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Figure 4.9: Effective Prestress vs. Crack Displacement for all Span 5 Events
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Figure 4.10: Histogram of Prestress Values for all Span 5 Events

The plot inFigure 4.%hows that as the corresponding crack widths decrease, the scatter of prestress
estimates increases. The scatter in the prestress value reaches 30 ksi, agchagk approach zerdhe
eventswith small crack opening were discarded as namkrandom selection athreshold equal to 0.004
in. crack width waselected

The plot inFigure 4.11shows the effective prestress values for events with a crackatisptat
greater thaor equal td.004 in. Theaverage value of effectiyirestress forces for these events was 161.1

ksi. The standardeviation ofthese events .3 ksi and the median is 159 ksi.
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Figure 4.11: Effective Prestress vs. Crack Displacement for Span 5 Events with Corresponding
Crack Openings of 0.004 in. or Greater
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4.2.2 Span €Effective Prestress from Field Data
From a total of 18,124 cragbpening recorded from May 16, 2019 to February 3, 2021, the mean

of the effective prdsess values obtained f8pan6 at the crack location was (Sectior) 153.3 ksi. The
standard deviation of the data was 6.2 kKee most extreme crack opening recorded wakif.0however
most of cracks wersignificantlysmaller than thigrigure 412 shows the distribution of effective prestress
values with correspondingrack width In Figure 4.13a histogram showing the distribution of measured

prestress valuds depicted.
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Figure 4.12: Effective Prestress vs. Crack Displacement for all Span 6 Events
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Figure 4.13: Histogram of Prestress Values for all Span 6 Events
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Again, the plot inFigure 4.1Zhows that as the corresponding crack widths decrease, the scatter of
prestress estimates increases. The saattbe prestress value reaches 30 ksi, as crack openings approach
zero.This time the threshold value of crack as can be seen from the Figlires £.002The events with
small crack opening were discarded as noise

The plot inFigure 4.14shows the ffective prestress values for events with a crack displacement
greater than or equal to 0Dih. The average value of effective prestress folmethese events was 4.6

ksi. The standard deviation tifese events 5.3 ksi and the median is 159 ksi.

=
(0]
o

Effective Prestress Force (ksi

0 0.002 0.004 0.006 0.008 0.01 0.012
Crack Displacement (in)

Figure 4.14: Effective Prestress vs. Crack Displacements for Span 6 Events with Corresponding
Crack Openings of 0.002 in. or Greater

4.2.3 Span %ffective Prestress from Field Data

The data for crack at seati D-D on this span was collected from March 12, 2020 to June 3, 2020.
A total of 1302crackopening events wem@bserved where the mean value of effective prestress force was
found tobe 155.3 ksi. Thetandard deviation ahe prestress forces was/ ksi. The most extreme crack
opening recorded was00151 in, yetagainmost of cracks were altogether smaller thas. Figure 4.5
shows the distribution of effective prestress values with correspondifigiure 4.16ahistogram showing

the distribution of measured prestress valigedepicted.

51



.%.“ [}

150

140

130

120

Effective Prestress Force, ksi

110

100
0 0.0005 0.001 0.0015 0.002

Crack Displacement, in

Figure 4.15: Effective Prestress vs. Crack Displacement for all Span 9 Events
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Figure 4.16: Histogram of Prestress Values for all Span 9 Events

Again, the plot inFigure4.15shows that as the corresponding crack widths decrease, the scatter of
prestress estimates increases. The scatter in the prestress value2gkshes crack openings approach
zero.This time the threshold value of crack as can be seen fromgheeFi17 is 0.0005. The events with

small crack opening were discarded as noise.
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The plot inFigure 4.17shows the effective prestress values for events with a crack displacement
greater than or equal to 0.0005 in. The average value of effective méstees for these events was 165.7

ksi. The standard deviation of these events is 3.6 ksi
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Figure 4.17: Effective Prestress vs. Crack Displacement for Span 9 Events with Corresponding
Crack Openings of 0.005 in. or Greater

4.2.4 Spanll Effective Prestress from Field Data

The data for crack at section@ on this span was collected from June 12, 2020 to February 3,
2021. A total ofl1,401crackopening events were observed where the mean value of effective prestress
force was found to be6D.1 ksi. The standard deviation of the prestress forceu#si. The most extreme
crack opening recorded was025in., yetagainmost of cracks we altogether smaller than thiEigure
4.18 shows the distribution of effective prestress values withesponding. IrFigure 4.19 a histogram

showing the distribution of measured prestress vasudspicted.
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Effective Prestress at Span 11 from Field Data
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Figure 4.18: Effective Prestress vs. Crack Displacement for all Span 11 Events
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Figure 4.19: Histogram of Prestress Values for all Span 11 Events

Figure 4.18ndicates that, again, there is more scatter in the effective prestress values when the
crack displacements are smaller. Events corresponding to crack openings smaller thanr).0@&be
discarded sinethe effective prestress calculations begin to converge above thishiglue.4.2(presents
a plot of effective prestress values versus coamrding crack displacements for crack openings greater
than or equal 0.0@0in. The average of the effectiveestress values for these events is 1&8i with a
standard deviation &f.5ksi.
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Figure 4.20: Effective Prestress vs. Crack Displacement for Span 11 Events with Corresponding

Crack Openings of 0.004 in. or Greater

4.3.5 Field Data Rsults Summary

Table 4.9provides a summary of the results obtained from the measurements using field dat

considering the events with joiopening greater than threshold values.

4.3 nAS

Table 4.9: Prestress Losses per Calculations From Field Data

Average Average Prestres Average
Location Jacking Stresqy at 12,000 Days | Prestress Losj
(ksi) (ksi) (ksi)
Section &, Span 5 210.3 160.3 50.0
Section AA, Span 6 213.1 165.1 48.0
Section BD, Span 9 210.3 163.6 46.7
SectionG-G, Spanll 210.3 163.7 46.6

designedo v

S

Aas Behavingbo

comparis

Since the Varindnon bridge was deigned according to 1978 specifications, a detailedrgtsdy

required to

be

conducted

t o wasmexpectedsto eratid Aldofivast he i a

important to know whatverethe reasosof crackoccurringas thereshould never have been longitudinal

tension anywherm the bridge, so cracking would not be expeciBuke factors like excessive prestress

loss, level of thermal and live loads nedtb be investigated to understand the reasons ®bthavior of

the bridge.
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A comparison of fAas desi gn wabrecebsarytounderstanwtiat h
might have gone wrong in design that led to the bridge cracking at the variatisriec
A. The Loadings according to ASTHO 1978

Highway loadings as shown kgure4.21was used for live load’his will include using
the CEBMC 1978 model for creep and shrinkage, the thermal gradsesat is dinear variation with 18
degree F athe top and zero at the bottom with dead load anig, 9degree F at theop when live load is
included and live loads as HS 284MS 18)as shown irFFigure 4.21, Figure 4.22, and Figure 4.28h
impact based on the 1977 AASHTO specificatisrshownn Figure 4.22

k =

() @ - e

| | E -
HS 20-44 (M5 18) 8,000 LBS (36 kN) 32,000 LBS. {144 kN) 32000 L8S" (144 kN)

Fig 421. Standard HS (MS) Truck

18,000 LBS. (80 KN) FOR MOMENT®
CONCENTRATED LOAD—, 000 185, (118 AN] FOR SWEAR

HZ20-44 (N I8) LOADING
NS 20-44 (NS 18) LOADING

Fig 4.2. Loading Criterion
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Fig 423. Live Load criterion for Span 1 (worst case moment)

431 A"As Designedo

The bridge was designed according_teB-MC 1978model for creep and shrinkage, the
thermal gradient used was a linear variation witld&égree F at the top and zero at the bottom with dead
load only, and Yegree F at the top when live load is includiuk two load combinations of interest were
calcubted. Both combinations included all permanent loads and prestress, while the first included live load
plus half of the thermal gradient, the second included no live load, but full thermal gradienesilting
bottom fiber stresses (most tensile) doi¢hese loadings are presented in Figutd.4 As can be seen in
the Figure 24, there are no locations where the bottom fiber stress is in tension. The maximum tensile
stress occurs with the half therngahdient load case and is only 30psi. The maxn tensile stress allowed
per the plan set was 0 psi. So, this analysis indicates that the allowable stress was not exceeded anywhere
across the bridge. Therefore, based on the design assumptions methtbdi analysis indicates that the

bottom slalshould not have cracked.
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Figure 424: Bottom fiber stresses for two load combinations
432 AAs Behavingo

The behaviorof bridge aligns more closely witBEB-FIB 1990 model for creep and
shrinkage, the thermal gradient used wasoalinear variation Like previous sectionthe two load
combinations of interest were calculated. Both combinations included all permanent loads and prestress,
while the first included livdoad plus half of the thermal gradient, the second included no livedaaélll
thermal gradient.The resulting bottom fiber stresses (most tensile) due to these loadings are presented in
Figure 425. As can be seen in the Figur@3}.there arseveal locations where the bottom fiber stress is

tensile.Highest tensiletsr ess is 116 psi which is small but i s
0.2
0
-0.2

-0.4

Stress, ksi

-0.6

-0.8

Distance from Pier 1, ft

= SDL+PT+Thermal SDL+PT+LL+0.5*Thermal

Figure 425. Bottom fiber stresses for two load combinations
58



433 Comparison of fAas Designedo vs fias Behaving.

A comparison of fAas desi gnedoonarigue 26amwstthe havi ng
comparison load cagPL+PT+Thermal). 1 t can be seen that the fAas beha
have higher tensile stsiegs®nlarlyya emparsanmpbatiora ibert o A a
stresses is depictdédr load case (DL+PT+0.5Thermal+LL) is shownfigure 426.
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Figure 426: Comparison for of bottom fiber stref3L+PT+Thermal)
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Figure 4.10: Comparison for of bottom fitstresgDL+PT+0.5Thermal+LL)
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4.4 Finite Element and Field Data Comparison

Table 4.10provides the summary of results obtaifredn field data and finite element model using

CEBFI P

090

code

expressions.

The t abéndghesavhlien

shows

Again, prestress losses were calculated by subtractirefféative prestress values at 12,000 days from the

original jacking stresses.

Previous studies for bridge indicated the prestressing force for Span 6 to be 116&0&# while as

Table 4.10: Finite Element and Field Data Comparison

Prestress at

%

12,000 Days (ksi] Difference
Section &C FE Model 165.4
' : 3.08
Span 5 Field Data 160.3
Section AA, FE Model 165.3 0.12
Span 6 Field Data 165.1
Section BD, | FE Model 165.0 0.85
Span 9 Field Data 163.6
SectionG-G, | FE Model 165.1 0.84
Spanll Field Data 163.7

calculated and shown in Table 4.10 for 2020, the value for prestress force is 165.1 ksi. This means the

prestress force reduced only 0.84% in the dumatic6 years.
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ChaptSummar vy, Conclusi ons, and Rec
Wo r Kk

5.1Summary

A flexural crack on the bottom flange &pan 6 of the Varind&non Bridge under heavy traffic
loads was observed by the Virginia Department of Transportatitimisummer 2012. This suggested
unanticipatedhigh-tensionlevels, which could be attributed to many factors, including prestress thases
were greater than expectdthis thesisimed tanvestigate the longitudinal flexural behavior of the Varina
EnonBridgeby estimatinghe effective prestress forcathelocatiors of interestin Spans 5, 6, 3nd11.
Field data from instrumentath in Spans 5, ®, and11was used to calculate the effective prestress forces
based on the assumption that the tstt@ss when the cracks opened was equal toBgrmerforming time
dependenanalysis, the FE model was used to validate the-flatdperformanceisingCEBF I P 690 code
expressionfor creep and shrinkagé.he results fronthe FE model were compared thiresults from field
data which helped in validation of method used to calculate the effective prestress from field data. It also
ensued if the prestress losses were in range of expéudeds.

Refinement of results was done using a threshold of @peking to eradicate the noise as lot of
scatter was observed for small crack openings. The threshold crack openings for spaark] 61%yere
0.004 in., 0.002 in., 0.0005 in., and 0.0004 in., respectivEtggmean value of effectivprestres$orce at
the locations of interests in span 5, 6, 9, and 11 were k6 1365.1ksi, 163.6ksi and 163.ksi. while the
corresponding values predictedttne FEmodel were 165.4 ksi, 165.3 ksi, 165.0, ksid 165.1 ksiThere
are discrepancies between as giesd and as behaving bridge and the later shows higher tensile stresses at

the bottom fiber of bridge (most tensile)
5.2Conclusions

5.2.1 Expected vs measuledses.

Effective prestress estimates from raw field data, including events foraalk openigs show
substantially greater prestress losses thakEmodel expectedRemoval of small crack openings results
in reduction of discrepancies between the FE model and raw field data estimates to a greathextent
modeloverestimates the effectivegstress in 201By 3.08% at the crack in Span 5,12% at the crack in
Span 60.84% at the crack in Span 8nd 0.8% at the crack in Span 11T hese differences are considered
to be within a reasonable margin of error, indicating good agreement betveefinite element model

using the CEB MC 9®9 modeland field data result€Consequentlyit is safe to concludenat method
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used tacalculateeffective prestress forces from theldi data is correct and the bridge under study does not
experience greatehan expected losses.

5.2.2 Bridge performance

The precise prediction of prestress losses is one main feature sfrtictural assessment of
prestressed bridges it can affect the serviceability and performance of brifige VarinaEnon bridge
has unbonded posttensioned tendons and excessive loss of prestress canreaessedieflections and
reduction in flexural strength. Earlier studms VarinaEnon showed that prestress values frordfaata
and FE model aligned more closely when uSie@B-FIP 6 9 Gexpeessibres for long term losgémdley
2019)while the bridge was designed accordingto dEBP 678 <code. This suggest
considering the Thaes fAdes idgemrsda @h eldroi dbgd.dge was not e
ias bgd abvrioeschgt explain the reasons of cracking.

Excessive cracking could be one serviceability concern as it can lead to admittance of water which
in turn can deteriorate the steel tendons. But since all the crack location are in bottom flangésf the
girderof bridge and the prestressing tendons are grouted in PVC ducts, it is of less.concern

Predictions about the progression of losses in prestress \Emora Bridge can be made by
comparing results from 2019 and 2020 data with 2013 and 204 4Rtavvioustudies for bridge indicated
the prestressing force f@pan 6 to be 166 ksi in 2014 while as calculated for 2020 the value for prestress
force is 165.1 ksi. This means the prestress force reduced only 0.84% durttisnof 6 years which

aligns with he assumption of prestress loss reaching asymptotic value after long durations.

5.3 Recommendations for Future Work

Theresearcrconductedill now for VarinaEnon bridgescrutinized the prestress losses in Spans
5, 6, 9, and 11. It also studigbde defecthns and shear crack openings Span 14. The following
recommendationare maddollowed to investigate the performance and conditions obtiakge:
1. Themonitoring of prestress losses$pans fand 6shouldbe continuel to study theprogressin
of prestess losses at these locatiofis the literature indicates underprediction of ldagn losses
by CEBFIP, this progression should be compared with the current modelk e Bazant 6s.
2. The mobile datacquisitionsystem installed ifspan 11 shouldbe moved to other crack location
throughout the bridge to inspect the prestressing at thoselocations.
3. To evaluate how the progression of prestress losses impacts the potential load rating of the Varina

Enon Bridge, a more detailed d&ysis shouldbe performed.
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4. A more detailed analysis should be perforrtedvaluate how the progression of prestress losses
impacts the potential load rating of the Variaiaon Bridge,
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