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ABSTRACT

Integral abutment bridges (IABs) eliminate the joints betweebridgedeck and abutments and
hence have become more prevalent in thiedd Statesdue to lower maintenance costs and longer
service life.However, @proach slab cracking, which requires maintenance, repair, and even
premature replacement, has beeaaurringissuefor IABs that are owned and maintained by the
lllinois State Toll Highvay Authority. An agency surveyxonductedacrosgheU.S. indicates that
many states arexperiencing similar approach slabacking issug Field inspections done on
existing bridges in lllinois suggest that there are some shared crack patterns amoaiglthe m
interstate highwabpridges and crosead bridges. To further study the leteym behavior of IAB
approach slabs, a folane casin-place approach slab and a thtaee precast approach slab were
instrumentedluring construction

Over several gars, bange in concrete strain and temperature at different locafioqan and

through the slab depteremeasuredalong with dpballongitudinaldisplacements of the slab
Thefield results indicate that thdeformatiors and stresssin the slabdavea strong correlation

to temperatureDifferent from free expansion and contraction, the slabs have reéstedithe
bottomsurfacesandat theends which may vary due to seasoeéfiectsand othetime-dependent
conditions, such athe settlementof the embankmentThe two instrumented slabs experience
similar ambient environmental conditiorend traffic loading The tmperature at the top
reinforcement mat is more sensitive to ambient environmental charigekmadrelated strainat

the gage locainsfor the castin-place slatranged fromapproximateh2 00 OU i n compr e
200 OU i n t ethepreoast,slapthd iange waramr approximately2 00 OU i n
compression t o ThH4idd d@dlsuggest thatethere are several locations at the
bottom of the slabs with a potential risk of cracking. However, only one very small crack was
observedat the entrance side of the ramp for the-cagtlace slab. Voids werebservedat the

north and south (shoulder) boundaries of the slabs in 4. measurements indicate that there

is moderate irplane clockwise rotations at the precast s&thtic truck testing was conducted to

study live load effects and then compare them to thermahguced effectsCorresponding
numerical modeling was conducted, and the numerical results provided reasonable agreements to
the field data. It is noted that the parapet of the approach slab at the shoulders affects the bending
behavior of the slab as jitrovides additional stiffness to the slab. $herm thermal behavior

during thetrucktest days suggests that solar radiation has significant impact on the thermal stresses
in the slab.

Numerical simulatioeaanda parametric studyereconductedor the approach slabnsidering

various geometric configurations, live load cases, thermal load cases, and boundary conditions.
The principal strees generally follova decreasing trend when the bridge skew increases due to
the tweway slab bending anithe nore direct load path to the supports for larger skive IL -

120 truck, mild skews(103, more loaded traffic lanesind reducedsupport from the subbase
together contribute to the critical principal stress in the approach €80§si). Thermal analysis
suggests thabverall temperature charge the slab, temperature gradienthrough the slab
thickness, differensein temperature distribution between the approach slab apdosds
(abutment and pile ben@ndrestraint of the supports can signifidgirdffect the critical stresses

in the approach slalidypothetical cases in the parametric studlgicate that with an overall

2



change of72F in slab temperature, #1.26F/inch temperaturgradient, no temperature change
in the supportsand full restraint of translation at the slab support locatithres critical stresses
can be greater than 2 ksi.

For the two monitored approach slabs, therent Tollway approach slab detaflsoth castin-

place and precastippear to be performing wetith almost no evidence of cracking. For future
designsJongitudinal reinforcement for the bottom mat at the middle lanes could be increased for
extra robustness against high truck load demands, especiallyiderlpproach slabA well-
compacted sublsais observed tdelp reduce thstress demand due to the truck lo&atsboth
castin-place and precast approach slabswever,awell-compacted subbasgonly realistic for
partiatlength approach slab support duegranular backfillbehindthe integal abutmentin
addition, partially releasindateral restrainbetween the approach slab and the integlpatment
through modifieddetailswill allow the approach slab to expand and contract with less restriction.
Analyses of approach slabs indicatetttias increased flexibilityin the transverse direction is
expectedo reduce the potential risk of cracking due to themffaicts.
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1 Introduction

This chapter provides essential backgrowmconcepts closely related to the reseakwidge
abutmend, integral abutment bridges (IABs), and approach slahsowus types of abutments that
areadopted in bridge desigre covered isectionl.l The advantages and challengssociated
with 1ABs, a subset of jointless bridgedue totheir structural characteristicand behavior are
discussedh sectionl.2 Sectionl.3 provides aoverview of bridge approach slahasty, section
1.4 describes the scope gimimarytasks of tis study.

1.1 Bridge Alutment Types

A bridge abutmentransferghe structural loadgom the superstructutte thebridge foundation
The abutmentas well as the wingwalls, if there are any, retains the embankXeerthakos 1994
Briaud et al. 199)f Xanthakog1994) specifial the primary loads that bridge abutmensithstand:

1. Dead load from the weight of abutment and bridge superstructure

2. Live load on the superstructurear the approach slaif any.

3. Transverse wind forces and longitudinal forces when bearingsxade and longitudinal
forces due to friction or shear resistance at expansion bearings

4. Centrifugal forces for curved bridges

5. Earth pressures

There are various ways to categorize bridge abutments (Briaud et gll©@972012; however,
certain abutment types are shared among tokrsed,open,and vaulted.

The dosed(high) abutment is a relatively old design solution and has a wall that extends down to
the foundation as shown in Figure 1.1Suchan abutment must be constructed befdhe
embankment ands subjected to higher earth pressure than other typekseadbutment. The
embankment fill near the abutment is difficult to commaeingto the limited space (Briaud et al.
1997). Due to the high cost and construction challengesedlabutments are rarely adopied
current practiceThe lllinois State Toll Highway Authorityr ISTHA, referred to herein as the
lllinois Tollway (2019)i generally does not allow closed abutments to be used to support new or
replacement structures ustespecifically authorizaflintegral or semintegral abutments are not
feasible

(‘Fy///

Backfill

Figurel.1 Typical closed abutmenB(iaud et al. 199y

i
i
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Open abutments have also been referred to as pile bspilladhrough abutmentd[OT 2012.

Such abutmestgenerally hae less height of wall compared to closed abutments. If an open
abutment is designed in an old fashion, supported on colasssen in Figure 1.% must be
constructed before the embankménis challenging to compact the embankment fill between the
columns. However, if the abutments becosoec a | | e dyped s t tdm desupported on
shallow foundations or pilesvhich makes it possible to be constructed after the embankment is
filled up to the height corresponding to the bottom of the abutment. As a result, the compaction of
embankment fill is simplifie@Briaud et al. 1997)

Bridge Seat ) Crown of Pavement Reinforced Approach Slab :
‘\ i- Embankment 1 .

Slope  -.-e----
I * . M .......
BN [ SRR NN =
. .

Reinforcement
Not Shown

Natural Ground
Surface

Front Elevation ' Cross Section

Figurel.2 Typical spilkthrough abutment supported on cahs (Briaud et al. 1997).

Vaulted abutments include filled and unfilled. The standard vaulted abutment in lllinois uses
precast, prestressed beams to support the abutment span, as illustrated in Figure 1.3. This type of
abutment is used when the abutnagdign span at right angles is larger thahm @1 ft). Similar

to closed abutments, vaulted abutments are not allowétetiinois Tollway (2019) for new or
replacement structures unless specifically authorized.
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Figurel.3 Typical section through filled vaulted abutmel@@T 2012).

Perrecentdesign practice, open abutments include integral, -sgegral, and stub abutments
(IDOT 2012. The typical sectiomthrough integrhand semintegral abutmestare shown in
Figures 1.4 and 1.5, respectivelyD(OT 2019. An integralabutment allows thetructure to be
connected rigidly to the abutment so that the bridge acts as a single structur@heankey
difference between a se-integral abutment bridge and &B is that there igenerallya joint

with a flexible bearing surfade the semtintegralabutment allowing sheabout not momentto

be transferred from the upper parttbe abutment to the pile cap. Thus, forsamtintegral
abutment subjected to lateral cyclic loading due to the thermal deformation of the bridge, rotation
may be allowed at its connection to the pile cap so as to reduce the lateral displacement of piles
(Soltani and Kukreti 1992Arsoy et al. 208). There are expansion joints between the bridge
abutments and superstructure for stub abutment bridges.
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Figurel.4 Typical section through integral abutmeli@ QT 2019.
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Figurel.5 Typical section through sermtegral abutmentiDOT 2019.

In lllinois, integral abutmeistare preferred if 1) thebridge skew is no more than 302) total
bridge length for steel structures is less than or equgd.tom @10 ff); 3) total bridge length for
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concrete structures is no more th2b m @10 fi); 4) the bridge girders are not curved; e
abutmensg and piers are parallednd6) asingle row of certain permitted verticalplles or Metal

Shell piles are usedDOT 2012. Thelllinois Tollway (2019)hasalso placedABs atthe top of

thar optionlist for new grae separation structures and stream and railroad crossings. The first
five IDOT conditions(IDOT 2012 alsoapply to the use of senmtegral abutmeistin lllinois

when the soil conditions require two or more rows of piles to support the loads (lllinois Tollway
2019). In addition, stub abutments with expansion joints sha#llbetedvhen the skew or bridge
length cannot meet the requirements for integral and-sgegral abutments. Two or more rows

of piles shall also be used with stub abutments (lllinois Tollway 2019).

1.2 Integral Abutment Bridges (IABS)

Bridges with expansio joints have long been used to accommodate the thermal movements of
bridges asthe temperature changes. Nonetheless, bridge engirmmersstate agenciegsund
expansion joints and expansion bearing&avorablefor several importanteasons@reimann et

al. 1987, Soltani and Kukreti 1992Vasserman and Walker 199&Gwver et al. 2000Kunin and
Alampalli 200Q Horvath 2000 Thippeswamy et al. 200Barker and Puckett 20L3Vasserman

and Walker(1996 providedthe followingsummary

1. Joints are costly to buy, install, maintain, and repair. Sometimes repair can be as expensive
as replacemendfointsintended to be waterproean leak, allowing water to pour through
the jointand thusaccelerating deterioration to girders, bearings, rbuats, and piers.
Accumulated dirt, rocks, and trash filling elastomeric glands can lead to falhirg.
hardware can be damaged or loosened by snowplows as well as heavy traffic.

2. Bearings are expensive to purchase, install, and even replace. Steejdeay tip over
and/or seize ywhereas elastomeric bearings can split and rupture.

3. Joints and malfunctioning expansion bearings can lead to unexpected striachagéd

Since Hardy Crossintrodueced the moment distribution methoish 1932 to simply anaize
continuous beams and framé&xrd@ss 193p, continuous bridges and bridges with more than one
continuous unit, including jointless bridges, began to be adopted in design pk&ciide-Tinsea
and Klinger(1987) classified jointlesbridges into four grops: flexible arch bridges, slip joint
bridges, abutmedess bridges, and integral bridges.

Examples of omponents of a typical integral abutment bridgd3), a subset of jointless bridges,
areshown in Figure 1.6Arsoy et al. 1999for asinglespan and in Figure 1.Kéng et al.2015

for multiple spansBasically, an IAB consists @ bridge system andnapproach systenin the
bridge systenthe superstructure of a bridge is fhetionof the structure that acts as the span and
directly supprtsthetraffic loads. It consists ohdeckand girders. Under the superstructure, there
is the substructure that transfers the loads applied to the superstructure anavbebelbf the
superstructureas discussed sectionl.l In an IAB,thesugerstructure is rigidly connected to the
abutmend, which aresupported in part by the foundati@msually pile3. The approach system
consisting of the backfill, approach fill, and soil foundatiprgvides a transitiofrom the bridge
abutment to the pament.Approach slahbsif there are anyare placed between the bridge deck
and roadway pavementjth one endsupported byhe abutmenandthe other end supported by
sleeper pad/slab or pile befthese approach slabs are designed as structural elements to span
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without support from the underlying soiltansition slabare pavement elements tltahnect the
approach slat(and therefore the whole bridge) to $tandardoadway pavement.

Bridge system

Approach system

Pavement Approach slab Superstructure Approach slab Pavement
I I

-
Sleeper
slab

LT
Sleeper
slab

Backfill ™ Abutment

Approach slabs and sleeper
slabs are optional elements.

Foundation

Figurel.6 Simplified components of a\B (Arsoy et al. 1999

Pavement Approach slab Girdm; or beam Deck slab Overlay Expension jont

\ \ \ J
‘ ‘W
1 =1 o
Abutment
Backfill

slecper/pad P
Wingwall \ . /
Pier cap
A
7

Pier
Suff soil

Pile
Presized hole

Figurel.7 Typical IAB with two spansKong et al.2015.

As theuse ofcontinuous structural componemspanded in a general sentee use of integral
abutments also advanced. In the 1930s and 1940s, Ohio, South Dakota, and Oregon pioneered the
use of jointless concrete bridges. California also started to adopt IABs midHE950s.By the
mid-1960s, Tennessee and five other states had chosen continuous bridges with integral abutments
as standaratonstruction(Wasserman and Walker 1996 he New York State Department of
Transportation (NYSDOT) started using IABs from thate 1970sKunin and Alampalli 200D

In addition,Kunin and Alampall(2000 documenthe 31 states/provinces in the U.S. and Canada

with the year of first use of IABs and number of IABs buptthroughl996.

Thepopularity of IABs can be attributed tioe following advantages:

1. Lower construction costs due to elimination of joir®dimann et al. 1985oltani and
Kukreti 1992 Wasserman and Walker 1996awver et al. 2000Kunin and Alampalli
200Q Horvath 2000Burdette et al. 20Q8Barker and Puckef013.
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2. Lower maintenance costs because of no need of joint réx@infann et al. 198Boltani
and Kukreti 1992Hoppe and Gomez 1996esterle et al. 1998awver et al. 200Kunin
and Alampalli 2000Brefa et al. 2007.

3. Reducedsubstructure cost&@nin and Alampalli 200D

4. Improved seismic performance thanks to the rigid connection between the bridge deck and
abutment increased redundancy for catastrophic evertspfe and Gomez 1996
Wasserman and Walker 199Besterle et all999 Kunin and Alampalli 2000

5. Only one row of piles for the abutmenk., fewer piles are neede&dgltani and Kukreti
1992 Hoppe and Gomez 1996

6. Simple and rapid constructioW@sserman and Walker 1996

7. The bridge deck is more aestheticgllgasimg, and the vehicular riding quality is improved
(Soltani and Kukreti 1992esterle et al. 199%Kunin and Alampalli 2000Brefa et al.

2007, Barker and Puckett 2013

8. Lower impact load and reduced snowplow damagesterle et al. 199Kunin and
Alampalli 200Q.

9. Better design efficiengyas IABs can reduce the load distribution longitudinally and
transversely the lateral and longitudinal loads applied to the superstructures of IABs are
distributed to the abutment embankmgBisrke 1993 Wasserman and Walker 1996

10.Enhanced load distribution for girders at bridge ends thanks to the continuous and full
depth diaphragm at bridge endf§gsserman and Walker 1996

11.Improved protection for weathering girdeWgsserman and Walker 1996

12.Greater end sparatio ranges due to the weight of abutment and uplift capacitytiod p
(Wasserman and Walker 1996

However, therarealsoproblems and uncertainti@gth IABs:

1. Settlement of approach fill caused by thermal displacement of the abutment leading to a
void developedbehindthe abutmentWolde Tinsea and Klinger 198 Hoppe and Gomez
1996. Settlement of approach fill can also be caused by traffic |0&d&dé Tinsea and
Klinger 1987. Thus, proper compaction of the embankment backfill is esseStithgi
and Kukreti 199

2. Secondary forces due to shrinkage, creep, settlement, temperature, and earth pressure can
lead to cracks in concrete abutnee(#Volde-Tinsea and Klinger 1987 The effect of
elastic shortening after pogensioning for prestresd comrete girders need to be
considered carefullySoltani and Kukreti 1992

3. Skewed IABs tend to rotate due to the cyclic changes in earth pressure batthera
backwall Hoppe and Gomez 1996esterle et al. 1999

4. Limitations of use: weakmbankments or subsoil is not favorable to integral abutments
and IABs can only be used for limitedidgelengtrs (Wasserman and Walker 1996

5. Horvath (2000) argued that structural component damage caused by the abutment
movements inflate the true l#gy/cle cost of IABs, making the maintenance costs of IABs
comparable to jointed bridgeddoppe and Gomez1996 mentioned hat some
maintenance problems iABs were shifted from the bridge structure to the embankments.

The temperaturagelatedbehavior of IABs not only includes expansion and contraction of the

superstructurewhich leads to abutment displacements but also contains the secondary bending
moments due to temperature gradients through the depth of the Beadgeandgirders.(The
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relationship between the cyclic displacement of abutments, movements of embankment backfill,
and associated problems with approach slabs will be discussedtion2.1) The cause of such
secondary bendinghomentis that the centroid of the temperaturetriimition curve and the
centroid of the(typically compositerosssection of the girders may not coincide (Arsoy et al.
1999). Emerson (1977), Hoffman et al. (1983), Imbsen et al. (1985), and Potgieter and Gamble
(1989) all studied the temperature distion through bridge girders. Oesterle et (4099
conductedhnexperimental study fatomposite bridg sections in lllinois and monitored a heavily
skewed steel IAB in Tennessee. The most critical faddergtifiedin the study are the maximum
temperature differential and the distribution of the differential through the depth of the section
(Oesterle eal. 1999)lIt can be observed that the temperature differential changes more drastically
in the bridge deck than through the depth of the bridge giréieiigpeswamy et a{2002 stated

that the temperature gradientasmajor contributorto total stressn a bridge superstructure.
Consequently, the distribution of temperature should be consideedoritiged design.Details

of the findings regarding the temperature gradients of bridge superstructure will be presented in
section2.1 Based on the reviewlestudies, Arsoy et al. (1999) assessed that the moments caused
by the thermal gradient are similar to those caused by creefnankbge.

Another potential effect that needs to be considered in the design of IABs is pavement growth.
There is accumulatethermal expansion (growth) of the pavement due to friction between
pavement and subbase after repeated temperature cycles. Such pavement growth may need to be
considered in bridge design in the form of longitudinal compression. Burke (1993) foutttethat
pavement growth at the pressure relief/expangion can be rapid and incremental. James et al.
(1991) observed cracking and dislocation of backwalls of reinforced concrete abutments. The
distress is attributed to the longitudinal growth of thefoggced concrete pavement.

Soltani and Kukret{1992 conducted a survegf all 50 states in the U.S. to primarily learn the
maximum IAB length, design detailsand problems associated with thermal movement.
Wasserman and Walkét996 documented thgbrevious surveys among 28 states in the U.S.
showed that 11 states limited the maximum length for IABs to 91.4 m (300 ft); 7 states iimited
to 76.2 m (250 ft); and 3 states permitted bridge legfhto 212.9 m (400 ft)Kunin and
Alampalli (2000 also summarized the maximum allowable limits for IABsich as thermal
movements, bridge total length, skew, and abutment dimension among 28 states in élseot).S.
1996. Most responding statéscluding lllinois, limitedany skew tono more thar30 .

1.3 Oveniew of IAB Approach Slabs

Approach slabs are structural components used as a transitional span between the road pavement
and a bridge superstructuta.the past few decades, the approach systéroridgeshave oftern

sufferedf r om t he A b u mpead opthecabutmedne ta settlemenHopkins 1969

Hu et al. 1979Allen 1985 Laguros et al. 199Wahls 1990Kramer and Sajer 199Briaud et al.

1997 Long et al. 1998Hoppe 1999Seo et al. 200Bowders et al. 20Q3Vhite et al. 2005White

etal. 2007 Brefa et al. 2007 Puppala et al. 200Martin and Kang 2013 This hasespecially

beenthe case wheapproach slabs were not used. Hence, approach slabs as a solution to alleviate
the differential settlemerdt the approach systewere introduced Figure 18 shows a typical
elevation view of approach slabsed in Illinois The approach slabs in lllinoa&e generall®.1

m (30 ft) long and reinforceavith both top and bottomebarmat. One row of vertical anchor
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rodsis used to connect the abutment and the approach slab. On the other side of the approach slab,
it is supported by a pile bent or a sleeglab.An expansiongapis placed at the interface of the
approach slab and the transition skahich is typically21.3 m {0 ff) long.

b )
T
Figurel1.8 Elevation view of a typical IAB approach slébinois Tollway 2015)

Briaud et al(1997 summarized the primary functionsafapproach slab:

1. To span the void that may develop below the.slab

2. To minimize slab deflection, which could result in settlement near the
abutment.

3. To provide a ramp for thdifferential settlement between the embankment
and the abutmenthis function is affected by the length of the approach slab
and the magnitude of differential settlement.

4. To provide a better seal againsater percolation and erosion of the
embankment.

Approach slabs have praveffective for minimizing the bump problenmelated todifferential
settlements in the approach systemdthey havebeen used by almost every highway department
in the U.S.(Kramer and Sajer 1991However, thesettlement problem still exestl even when
approach slabwereused,and distress of the approach sla@Esreported According toKramer

and Saje(1991), emetimes, the use of approach slabs simply moves the bump problem from the
abutmentapproach intedce to the approach stplavement interfac&unin and Alampall(2000
reported thaall 50 1ABs builtin Arizonaneeded exgnsive repair of approach slatlgamer and
Sajer(1991) alssuggestethat sructural damage to approach slabs cadiffieult and expensive

to repair.

The lllinois Tollway observed significant cracking in 1ABs construate@013 and 2014and
found cracking to be a concern for mainlineerstatebridges in lllinois. Approach slabs with high
skew angle were reported to havelarge number of cracks, while slabs with low skew angles
were generally observed to incur fewer cracks. Mheis Tollway has used precast slabs to
reduce cracking, but some cratks/ebeesnobserved on the precast slabs as well.

Though many efforthave been made to study thehaviorof approach slabs and improve their
design, which will be discussed in detail in chaptah@,design of approach slabs and IABs are

still empiricalto some extenandthere are still unresolved issues with appradabs. Studies on

the thermal behavior of IABs appear more extensive than those of approach slabs. Consequently,
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it is necessaryo furtherstudy the factors that affect IAB approach slab performance and the
behavior of the approach slabs under primaryssubndary loads.

1.4 Approachslabinvestigation

This research project was funded by the lllinois Tollway to investigate cracking that has been
observed in bridge approach slabs, particularly at integral abutment bridges, with the goals of
understanding thenechanism of approach slab cracking, improving performance, and reducing
maintenance at bridge approach slabs on the Tollway. The results of this research project will
contribute to improved ride quality, reduced approach slab feggdacement costs, drefficient

future approach slab construction. The primary tasks undertaken by the research team from the
University of lllinoisUrbanaChampaigrwere:

Literature review

Agency survey

Review and synthesis of prior approach slab field inspections (anaokys)

New approach slab field inspections (crack surveys)

Field instrumentation of two Tollway approach slabs,

Long-term data collection and evaluation of traffic and thermal effects,

Shortterm static truck loading tests and evaluation of thermattstfe

Numerical simulationsincluding parametric studiesf approach slab behavior under
traffic and thermal effects.

=4 =4 =4 -8 _48_9_°5_2°
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2 Literature ReviewAgency Survey, and Crack Survey

A summary of theeviewedliterature pertaining tgselect studies of IABs given inthis chapter
to provide context and background informatidar the present research in compariseith
previous studiesThe literature review covers topics relateddesign,performancassuesand
possible mitigatiorstrategiesfield monitoring of IAB approach slapand numericamodelingof
approach slabs

A transportatioragency survey and field crack survey conducted by the research team are also
briefly described at the end tifis chapter.

2.1 Literature Review
2.1.1 Select Studies of IABs

Thebehaviorof 1ABs is not the primary focus of this studyowever,due to thdactthat integral
abutments and approach slabs are generally connected and move tagedtieetemperature
changesit is valuableto reviewthebehaviorof integral abutments and the temperature profiles of
IABs as areference for the analysis of approach slabs.

2.1.1.11AB Behaviour Dugo Temperature Change

Representativestudies of IABbehaviori in the form of fidd monitoring and numericahodeling
I provideusefulobservations and findings.

Hoppe and Gome@ 996 instrumented an integl backwall (semintegral) bridge in Virginia
during construction and monitoré@dor 2.5 years, from the summer of 1993 to January 1996. The
instrumentation included strain gages, temperature probes, and earth presstirat cediasured
stresses at the bottom flange of steel girders and soil pressures behind the backwall and the
abument. Data were collected by three Campbell ScientifielORlataloggers at the interval of

20 minutes. The results showed that the integral backwall bpieigermedsatisfactorily in the
2.5year monitoringperiod. Settlement of bridge approaches wes dominat maintenance
problem and was most likely magnified by cyclic movements of the integral backepjpe and
Gomez(1996 suggested that the thermal movements of the superstructure need to be effectively
accommodated in the adjacent embankmerftoumit causing undue settlement anstréss in the
bridge approachSome horizontal rotation of the skewlddge superstructure caused by Ron
collinearresultantsoil forces at each abutment backwall was detgtiegpe and GomeZ996)

Arsoy et al. (199Pconductedihite element analysis to modeB@z2-ft (92-m) long, 82-ft (25-m)

wide integral bridge with W44x285 steel girders using SAGE (Static Analysis of Geotechnical
Engineering Problems). The bridge superstructure, abutment, approddufitation piles, and

the foundation soil are considered as anpstrain problem with simplification using symmetry.

In addition to gravity load, the loads applied to the abutment represent the forces due to the
superstructure thermal deformatioifie fudy suggested thahérewas accumulated thermal
expansion (growth) of the pavement due to the friction between pavement and subbase after
repeated temperature cycles. Such pavement growth may need to be considered in bridge design
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in the form of longitudhal compressionJames et a(1991) also conductedriite element analysis
consideing the longtudinal growth of the reinforced concrete pavement@nttiudedhat such
behaviorcan cause excessive pressure on the abutments.

A nonskewed IAB in Masszhusetts was monitored for a period of three y@znsta et al. 2007.

The bridge i270 ft(82.3 m) long, with three span80 ft (24.4 n) for exterior spans antilO ft

(33.5 nj) for the interior span. The superstructure consists8ina(200 mn) concete deck and
four48in.(1,220 mn) deep steel girders. Longitudinal and transverse displacements of the bridge
at the abutments, earth pressures behind the abutment walls, strains in flanges of exterior piles,
and temperatures were measured emitected.Figure 2.1 presents the measured displacement
components at the abutmepite system.

Displacement at Agy
girder centerline

Girder centerline

TM Location
JM Location

*Note: Figure is drawn indicating convention
used negative rotation and JM displacement

Figure2.1 Displacement component at the abutment and [essg et al. 2007.

Brefa et al.(2007 found that he average thermalggonse of the bridge folload the ambient
temperature variations closelijhe trends of the longitudinal displacensoitthe abutrents are
approximately linearRapid and large temperature variations in early spring led to sudden bridge
displacements and Higbackfill pressures. The abutment displacemand rotatios affect the
backfill pressures, pile moments, and supacsiire sresses. The north abutment top displacement
indicatal negligiblelongitudinal restraint from the backfill, whereas higher longitudinal restraint
was foundatthesouth abutment, according to the abutment tgpaementi temperaturehange
relationshipas shown in Figur2.2. Since the equivalent coefficiexdf thermal expansion for the
north and south abutments were differe®(? 10 # °F vs 5.310 ? °F (10.810 ? € vs.

9. 10 7€), an elastically restrained bar modstownin Figure 22, was used to estimate the
backfill soil stiffness.
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Figure2.2 Temperature change veptdisplacement of south abutmeBtdra et al. 2007.

Three years of the south abutment ldisplacement data might indicate that the initial differences

in longitudinal restraints at abutment base due to different compaction conditions after
construction were eliminated gradualBréfa et al. 2007. Tilt meter data showed accumulated
rotation & zero temperature change, which may be attributed to backfill shifting into the void
created by abutment movements during the bridge contraction phase. Data also indicated that after
the longitudinal displacement ahe abutment reached certain limitsetlbutment rotations
increase withoutraincrease in longitudinal displacement near the abutment base. Inclinometer
readingsindicated that aftethe peak thermal contraction, abutment top displacement was
controlled mainly by abutment rotatiowhich may be explained by the backfill falling into the

void created by the bridge contraction restrained the rotations in the ({Bré@r et al. 2007.

Horizontal extensometers, ttileters, and a total station were used to measure the abutment
movemens of a n-skewed IAB ThislAB, near Rochester, Minnesota, wi2h6.5 ft(66 m total

length and three spanwas monitored from the start of construction through several years of
service. The bridge consists of four prestressed concrete girderger et al (2000 claimed the
bridge behavior was affected by the changes in air temperature and solar raditidcent from

the findingsof Brefa et al. (2007), readings taken bieekly indicated that theuperstructure
expansion and coraction were primarilyacommodatedby the horizontal translation of
abutmentsbut not by abutment rotationggwver et al.2000) The seasonal rotation of the
abutment was measured to be as small as.Old@é doublecurvature of the piles wagven as an
explanation for themall rotation otheabutments.

There was aaccumulated inward displacement of the abutments over(tiavever et al2000)

The inward movement in the first yeaould be attributed to thehsinkage of the deck. It was not
certain why the inward disptement continued after the first year, but the possible explanation
could be soil collection and compaction behind the abutments dunmerwrapping of debris in

the expansion joints of the approach slabs, or continued cambering of the superstfucture.
coefficient of thermal expansion 618 10 ¢ °F (1053 10 f€ ) was used to anticipate the bridge
superstucture movemeist leading to &.75 in. (19 mmn) expected movement for the first six
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months of monitoring, whictvasclose to the measured displa@tD.71 in.(18 mn). The spot

weldable steel reinforcement strain gages at the interface between the abutment and the approach
slab measured the change in strain of the reinforcement, which was controlled by seasonal
superstructure movements. It was obedrthat in the summesolar radiation influenced the

bridge more significantly thatihe surrounding air by creating a thermal gradient across the width

and depth of the bridge. However, in the winter, the solar radiation placed a smaller effect on the
bridge due to théower angle of the sun itne sky (Lawver et al2000)

Abendroth et al(2007) reported thatiéld monitoring data indicated reasonable correlation
between the change in bridge length and the average bridge temperature. However, the
displacements of the abutments of thE)-ft (33.5m) long, 30-ft (9.1-m) wide, singlespan
prestressg concrete girder IAB were different: almodt dongitudinal displacements for the
superstructure were from the east abutment. Since the soil backfill condition seemed to be the same
for the abutments, it was believed that such differential abutment displacement was attributed to
the 4.25 in(108 mn) decrease in elevation for the east abutment, making the bridge pitched to the
east abutment. The magnitude of these longitudinal movements fell into the lower bound of the
predicted range for a bridge of this length. The change in position of the ababmsists of two

parts: (1) the volume change of the concrete in the pile cap and abutment due to temperature
variations, and (2) rigitbody translation and rotation of the abutment due to the thermal
movements of the superstructure for a skewed lAiBe(droth et al. 200)(

McBride (2009 validatedthe assumption of free of constraint for IAB subjected to thermal
movements. Thermal effects on the superstructure stresses of theiller@rlge in Preston
County, WV were investigated as wellFinite elenent modeling and field monitoring of the
Evansuville Bridge, a thregpan IAB, indicated that full composite behavior was not achieved by
the shear studs. I1ABs are not free to expand and contract fully with changes in temperature due to
the constraints intduced by soil backfill, shear studs, and corrugatedistplace forms. The
temperaturenduced stressesas well as stresses caused by constrained drying shrirdaage,
increase the stress to a level indicating more cracks in the bridge deck.

Thippeswany et al.(2002 conductecnanalytical simulation of five jointless bridges considering
various combinations of primary and secondary loads as well as a field monitoring oftgptmee
177-ft (53.9m) long jointless bridge in West Virginia. The resuiltslicated that temperature
gradientis the majorcontributorto total stresses ibridge superstructure. Concrete cresdpelpful

to reduce induced stresses in the superstructure. Shrinkagegefiese partially.

The changegin temperature not only affect the bridge superstructure as well as the abutments, but
also result in the volumetric changes and displacements of the backfill soil of the embankment that
is behind the abutments.

In each annual (seasonal) cycle of tempge when the temperature increases, the superstructure
expands, pushing the abutments outward to the retained backfill soil; when the weather becomes
colder, the superstructure contracts moving the abutments away from the backfill soil that the
abutmentsetain, leading to the development of void at the interface of abutment and the backfill
soil. Figure 2.3 illustrates the development of void near the abutment due to thermal movements
of the IAB (Arsoy et al. 1999).
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Figure2.3 Void between the abutment and backfill soil due to abutment movement (Arsoy et al.
1999).

Different from the assessment madeHvgfa et al.(2007) that both the abutment translation and
rotationhave nonegligible contributiongo the movement of an abutment and the one stated by
Lawver et al.(2000 that abutment movement primarily is made up of horizontal translations,
Horvath(2000 suggested that the primary component of abutment movement is rotadigrttze
bottom of the abutment.Horvath (2000 also mentioned that there is usually a net inward
movement of the abutments that is away from the retainedasahown in Figure 2.&uch net
displacement igxacerbated when the girders of the superstra@are made dPortlandcement
concrete due to the inherent pesnstruction shrinkage effectH@rvath 2000). The net
displacement is due to thmnlinear soilwedging andcan lead to increasingly large horizontal
earth pressure as much asttheoretical passive statd@rvath2000). Thisbehaviorwas referred

to as fArat c heHorvatlg20Q0). accor di ng to

final position at end of
annual temperature cycle

-

superstructure r\ ‘ I ,’ TRN
| 1 ! 1
I
winter | | " ,' summer
position | f : position
I
\ L
N — o |

Note: Initial abutment position at start of annual temperature cycle
shown by shaded area.

Figure2.4 Abutment movement due to temperature changesvath2000).
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2.1.1.2Temperature files of IABs

Studies on the temperature changes and distribtitidA8s were conducted either with dedicated
experiments or as a part of the field monitoring of IABs.

Emerson(1977) estimated the temperature distribution through the depth of corwrdge decks

and the concrete deck slabs of composite bridge based on empirical methods as well as field data.
The study suggested that temperature differences will always exist in the deck slabs except during
prolonged periods of overcast duringwet westher. The temperature distribution is attributable

to the type of construction, the time of day, the time of year, the section depth, surfacing, and
possibly the weather conditions of the previous one or two days for concrete stritgunes25
illustrates how the environmental factors affect the temperature distribution.

T
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0.3
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Depth (m)

Temperatures controlled
by the weather conditions
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by the shade temperature
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ground beneath the bridge
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Figure2.5 Temperature distribution of a bridge superstructure and controlling environmental
conditions Emersonl977).

Oesterle et al(1999 carried out experiments taddress thermal movements and stresses
includingcreep and shrinkage movementse concept offfective bridge temperaturésdefined

asthe uniform temperature that would lead to the same change in bridge length as the nonlinear
temperature distributionThe considered temperature variations inctuttee effects of annual
(seasonal) variation atie total bridge length and the effects of dalr(daily) variation on the
thermal gradientlt was found that the x¢reme effective temperatures can be effectively
approximated by extreme shade air temperatures. The American Association of State Highway
and Transportation Officials Load and Resistance Factor Design (AASHTO LRFD) specifications
provides a more conservative estimate of extreme temperature gradient compared to experimental
measurementd.estsalsosuggested that environmetépendent creegnd shrinkage of concrete
generally contributes to the relief of thermal stredsgsn average of 22for nonwinter weather

and 30 during winter(Oesterle et al1l999)

In addition, &415.9ft (126.8m) steel integal abutment bridgéhe longest at #ntime)with a 59
skew in Tennessee was instrumented and monitored. The seasorhuraadithermal strain
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changes were small compared to strains correspondihg tesigrallowable stressg©esterle
et al.1999)

According toSoltani andKukreti (1992, Tennessee DOT claimed thhéttemperature cycling of
concrete bridges seemed to reach lower péakn steel bridgesThippeswamy et al(2002
suggested that kilinear gradient wittB0F (16.7€C) atthetop of the deck,5F (2.8C) atthe

bottom ofthe deck, and°F (0°C) atthe bottom of girders for summer conditions and a bilinear
gradient15F (-8.3€C) atthetop ofthedeck,5F (-2.8€) atthebottom ofthedeck, and®°F (0°C)

at the bottom of girders for winter conditions can be used (all temperatures are compared to the
ambient temperaturebendroth et al(2007) found that the measured thermal gradient through
the depth of superstructure for the coldest day was stable and sortii@ recommend thermal
gradient in AASHTO.

2.1.2 Approach Slalbesign Problemsand Mitigation Methods

Just agheapplication of IABshasadvanced, the design and performance of approachrslabs
alsochanged over time. This section providegwew of the prevalent issues that the approach
slals or approach systerage facing, the findings of previous survegs studies, and the potential
mitigation methods$or the problems

2.1.2.1Design Practice of Approach Slabs

Thereareseveralstudiesthat containthe responsesf agency survey(Allen 1985 Kramer and
Sajer 1991 Hoppe 1999 Kunin and Alampalli 2000Greimann et al. 200Q8or synthesize
previously conductedurveys {Wahls 1990Maruri and Petro 20Q%hite et al. 2005Martin and
Kang2013 concerning the design practice and performance of approach slabs.

Allen (1985 found that among the 41 states respogdo the survey34 states use reinforced
approach slabs, and 26 among them rated the performargmodsThe length of reinfored
approach slabs rangigom 10 to 120 fi(3 to 36.6 Mmwith an average &3 ft(10 m). Wahls(1990

reported thathe approach slabs used by most state agencies are of uniform thickness, but some
sections are thicker near the abutment to providwe flexural resistanceHoppe (1999)
synthesized survey responses fr@states regarding the design, maintenance, and settlement
problems of bridge approach slabs. Almost every state DOT utdizesque standardor the

design, construction, and uskbridge approach slabs. The surgdpwedhat71%of respondng

states use mechanical connections between the approach slab and the integral abutment. Half of
the respondents commontyakethe slab lengtl20 ft (6.1 m), with an average thickness1i in.

(0.30 m. Martin and Kang2013 summarizedhe design practice for approach slabsagn21

states. The approach slab length ranges &@nto 60 ft(2 to 18.3 n), with a majority betweeR0

to 30 ft(6.1 to 9.1 nM. The thickness of the approach slab varies féofnto 17 in.(240 to 432

mm), most of which are arouri® in. (305 mn).

The amount of reinforcement varies with the design loads and slab length. Most approach slab
designs have top and bottom miahd ae oneway slabs without intermediate suppfiahls

1990. Martin and Kang2013 found that he longitudinal reinforcement ratio ranges from 9655

to 1.23%among the 21 states in the U.S
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Approach slabareattached rigidly to the abutment with a momamtnection oonly by a pinned
connectionOesterle et al. 1999Similarly, Kunin and Alampall{2000 mentioned threeptions

for the approach slaimtegral abunent interface one uses reinforcement to connect the approach
slab and the deck; another has reinforcing steel connecting the lip or the corbel of the abutment
and the approach slattie lastdoesnot useanycomection.Seoet al.(2002)introduced approach
slab desig practice in Texas, where most bridges have ahuttmentsand the approach slab is
supported by the abutment backwall and the approach backfgimann et al. (2008) conducted
asurvey on the specific practices of the approach slab among 8 stdtesMidwestern United
States. Seven out of the nine states used either horizontal or diagonal cosrstti@en the
approach slab and the abutment. Only lllinois repoattdinsverse cracking problem with the
approach slab.

The stateagencielace the gpansion joint at the fafpavement)end of the approach slab or
betweenthe abutmenand approach slalwhile otherapproach slabeaveno expansion joints.
The type of expansion joirg selected based on durability, movement capacity, easyenance,
resistance to damage frasnowplavs, bridge length, and co#iKunin and Alampalli 200D An
agency survey conducted Maruri and Petro (200%onfirmed thaB1% of the resporaits used
sleeper slabs, 26% did nothing but resting the slab diillfled 30% did bothlt was found that
approach slabs are tied to the abutment for most of the, statesleeper slabs with an expansion
joint are used on the pavement end of the approach(8fvsn and Kang 2013

2.1.2.2Problemswith Approach Slabs

White et al.(2007) summarized the frequent problems of approach systéaserved at bridge
sites in lowa, as shown in Figure ZIthefield studyincluded74 bridges in lowa. At 25%f the
bridges,thirteenof which were 1ABs, severe void development problems were observed. It was
found that void development commonly occurs witline year of bridge approach slab
construction. Severe soil erosion under the approach slab and around thevasdgserved at
abaut 40% of the74 bridges fourteenof whichwere IABs(White et al.2007)
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Figure2.6 Frequent problems with approach system in Iowaite et al.2007).
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One of theeommonproblems that bridge approach syssdace’ regardless aheuse ofapproach

slabsi is the settlementand associated bumpllen (1985 reported that 15 out of 41 states
consideredhesettlement othebridge approach as a major probldrniaud et al(1997) reported

that about 150,000 bridges, 25 percent of all bsdgethe United States ha@prach settlement,
leading to atleast $100 million repacost every year. In Texas, the state that has the highest
number of bridges, 30 percent of bridgaperienced the distress of settlemetuppe(1999 also
reported thathte majority of state DOTs consider bridge approach slab settlement as a serious and
persistent maintenance proble®eo et al. (2002)uggestd that the bump problendue to
settlemenat the end of the bridge costs TeX2a®T $7.0 million each year

Briaud er al. (1997) ranked the factors that cause the bump problem in the order of importance:

1. Compression of the fill materiaHppkins 1969Kramer and Sajer 199Arsoyet al. 1999
Puppala et al. 2009
2. Settlement of the natural soil under the embankmémpKins 1969Wahls 1990. Hopkins
(1969 stated that such settlement can be attribute@)eshear distortion, (b) bearing
capacity failure, (c) compression or coligation of the soll
3. Poor construction practicegng et al. 1998White et al. 2007)White et al. (2007) found
thatthe poor construction practices included poor approach pavement and paving notch
construetion, not using specified backfill materialdaping granular backfill in too thick
of lifts and within the bulking moisture content range, and not placing the approach slab
reinforcement steel as specified in the design.
4. High traffic loads (Laguros et al. 199(eo et al. 2002.enke 2006 Puppala eal. 2009.
Seo et al.(2002 conducted ascaled circular track test with repeated vehicle Joad
concludingthat the bump size is proportional to the number of load cycles onlagog
plot, and soil with higper compaction help reduce the bump effetisnke (2006)
suggested thahe bump problenmcreagswith vehicle weight, vehicle velocity, arte
number of load cycleslowever,Hopkins(1969 stated thatigygestive evidence indicates
that traffic is not a major factor responsible tioe settlement of bridge approachéseld
evaluationconducted byBakeer et al. (20@9 suggested that speed limit and traffic may
not havea significant impact on the perfoance of pilesupported approach slabs.
Poor drainageHoppe 1999Puppala et al. 2009
Poor fill material.
Loss of fill by erosion (Long et al. 1998, White et al 20@dppala et al. 2009
Poor Joints.
Temperature cycle$Sith 1985,James et al. 199Burke 1993, Arsoy et al. 1999, Horvath
2005, White et al. 2005Bakeer et al. 20a5. Smith (1985) claimed thatracking and
bulking at the approach pavement are caused by lateral cyclic movement of the abutment
from thermalmovemeninduced stresses atettbridge decksArsoy et al. (1999) and
Horvath (2005) provide detailed explanations of how IAB thermal movements lead to void
and approach slab distresses, as discussed in section 2.1.1. James et al. (1991) and Burke
(1993) showa potentialrisk of pavemat growth to the damage of approach slabs and
abutments, as discussed in section 1.2.

©oNoO

Figure 2.7 also summarizéhe factors that may contribute to the bump problem (Briaud et al.
1997).
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Figure2.7 Factors that may contribute to the bump problem (Briaud et al. 1997).

In addition, the height dhe embankment can also affect the approach settlement (Laguros et al.
1990).

Puppala et al. (2009nentioned the following faots that are also relevant to the approach
settlement:

1. Abutment type.

2. Age of approach slab (Laguros et al. 1990, Bakeer et al. 2005, Lenke 2006). Bakeer et al.
(2005 inspected approach slabs built in the 1960s, 1970s, 1980s, and 1990s and found that
geneally newer pile and soisupported approach slabs were in better ¢mrdihan the
older ones.

3. Design of approach slabs. The difference in support method for both ends of approach slabs
and insufficient length of approach slabs can resutigdestrution of the approach slabs
(Wahls 1990Briaud et al. 199y

4. Bridge skew lLaguros et al. 199MHoppe and Gomez 199Massif 2002 Abendroth et al.

2007). Horizontal rotations of the abutment were observed, as discussed in section 2.1.1
(Hoppe andsomez 1996Abendroth et al. 2007 Nassif (2002) ampared the performance

of skewed and neskewedapproactslabs under the same truck lazging finite element
analysis The results suggested that tensile stresses on the skewed approach slabs were 20
to 40 percent higher than those onskewed approach slabs.

Long et al. (1998)anducted a visual (drivby) survey during the summer of 1994 on 1,191 bridge
approachs in lllinois to evaluate the differential approach settlen&hpercent of the inspected
appro@hes exhibited a significant differential settlement at the approach embarnug®
interface. Adjacent statesicluding lowa, Wisconsin, Michigan, Ohidndiana, Missouri, and
Kentucky, showed aimilar percentage of approach embankmemtige distresdt was found that,

in lllinois, the differential settlement ocecadattheapproach embankmenabutment interfacet
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the end of the approach slab, oadireak or crack in the approach slabe authordelievedthe
following factors are major causes of differential movement in lllinois: (1) local compression or
erosion of soil at the approach embankrregmitment interface, (2) a broken approach slab, (3)
compression of foundation soils, (4) compression or internal erosion of embankment soils, (5) poor
construction grade control, and (6) areal distortion of foundation soils due to mine subdidence.
was also noted thatractural distress sias cracke@pproach slabs can be caused by excessive
traffic loads (overloads) when traffic volenor weight exceeslthe originally intendedservice
loading. Vertical movement, horizontal movement, and tilting of abutmentsatsmlead to
significant approach distss.

Martin and Kand2013 summarized the structural problems of approach slabs based on reviewed
agency surveys, as shown in Table Xuinin and Alampalli(2000 stated thatransverse or
longitudinal cracking and cracks in asphalt overlays agtioeof approach slalase also common
problems of approach slabehe performance of the approach slabs was found to depend on (1)
the approach slab dimensions, (2) the steel reinforcement, (3) the use of a sleeper slab, (4) the type
of connection betweethe approach slab and the bridy¢hite et al. 2005)

Table2.1 Structural problems and their causasapproach slabdMartin and Kan@2013.

Structural Problem Causes
Poor construction
Corcrete spalling of the approactabl Lack of tie between abutment and

approach slab

Excessive deflection of the approach slab lead

to an unsmooth transition to the bridge Approach slab is not stiff enough

, . ~Approach slab has excessive crackin
Water intrusion of approach slab and/or backfi

material Expansion joints are not properly

maintained

2.1.2.3Mitigation Methods

Based on the problenm®ted abovéor approach slabsariousefforts have been made to improve
thar performance.

Briaud et al. (1997 suggested that settlement calculations and corresponding design
considerations are necessary for bridge approach systentAslppe (1999 recommended to
design the approach slabs wafull width of the roadway and determine the length based on the
expected settlemenSeoet al. (2002) determined the optimum width of the sleeper slab and
support slab to be 1.5 (b ft), based on numerical analysésnew approach slab design wih

m (20 ft) length andB30 mm(13 in.) thicknes was recommended (Se@ét2002). An expansion

joint and a sleeper slab at the approach pavement interémeeecommaded to allow for thermal
expansionBriaud et al. 199/Bakeer et al. 2005. White et al.(2005 suggestedo connect the
approach slab to the abutment angpsart the approach slab on the pavement end vith&mm
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(2in.) sealed joint. A rubber Mdhaped gland joint sealing system was recommef\Wade et al.
2005.

Bowderset al. (2003)nvestigated and evaluated a new approach slab design adollisdonri.

The approach slab was 9(80 ft) long and supported by the bridge abutment and sleeper slab. A
grid of holes vasincluded in the slabs for pressure grouting (mudjacking) after some settlement
wasobserved. However, thegdts showed that sucinew design was not an effective solution.

Martin and Kang(2013 stated that lthough many bridge approach problems are due to
geotechnical issues, appropriate structural design can elongate the service life and reduce
maintenance costs. An anchor banmectionintroduced byGreimann et al. (2008) was believed

to be the most proper solutiemcesuch connectioaccommodatethe rotation of the approach

slab better when differential settlement is a concern, leading to less stress at the interface.

Puprala et al(2009 summarized the ways of improving the performance of approach slabs in the
aspect oembankment foundation and bridge design, which is presented in Table 2.2.
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Table2.2 Mitigation methods for approach settlement

Embankment Soft Foundation Improvement

Design Improvements

Techniques
Excavation and Shallow Soread Footinas
Replacement Foundation P 9
Bridge Deep
Preloading and Foundation Foundation  Driven Piles and
Mechanical Surcharge (more Drilled Shafts
preferred)

Dynamic Compaction

Sand Drains

Prefabricated Drains

Hydraulic

Surcharge Loading

Compressible Elastic Materials

Integral behind Abutment

Abutment

SufficientDrainage

Stone and Lime

Columns
Geopiers

Columns Concrete Injected

Columns

DeepSoil Mixing

Columns

Reinforce

ment Piles

Continuous Flight
Deep Auger (CFA) Cast

Foundations Piles

Driven Piles: Timber
and Concrete Piles

In-situ: Compacted

Geotextiles/ Geogrids

Geosynthetics
Geocells

Mechanically Stabilized Earth (MSE

Wall

Geosynthetic Reinforced Soils

Material ] ) )
Lightweight Fill

Flowable Fill
Grouting

Based on
Maximum Slope
Length of The Slab

> 20 ft.

< 1/200

Slope Sloped Slab in Its
Length Direction

Increase the
Approach . Thickness
Slab Thickness
Ribbed Slab

Width Curb-to-curb

Appropriate
Backfill Material
Support
Sleeper Slab

Pile Bent




2.1.3 Field Monitoring of Approach Slabs
2.1.3.1Rutgers University Study

Researchers at Rutgers University (Nassif et al. 2007) instrumented six approach slabs on the
Doremus Avenue Bridge in Newark, New Jersayd tested them prior to opening to traffic. The
research aimed to recommend new design details based on statgcdagtiongterm monitoring

of approach slabs. The layout of the approach slabs at the Doremus Avenue Bridge is shown in
Figure 28. The slabs were constructed such that they have varying lengths to study the effect of
length of the slab while the thickreewas kept constant at 18 in. The slabs were instrumented with

up to 20 sensors of various types: strain gauges, thermistors, dynamic strain gages, pressure cells,
settlement sensqgrand deformation sensors. The 9@aanels of data &recollected every har

with data loggers. The maximum and minimum values incurred during each hour were also
recorded. More sensors were provided at critical sections identified by pDoFE analysis

(Nassif et al. 2002) and near the abutment, as it had been observadgshat the approach slab
cracking takes places near abutments.
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SA-LN-1 aned 7
(EB) —
EXISTING
DESIGN
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©n e Lane 2
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[(o1)] _— €N
SHOULDER // SHOULDER
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APEROACH / TRANSIJION BRIDGE JPPROACH ITRANE;ITIO'jJ
I T T |
SLABS SLABS
EB: Embedded Beam
SOUTH ABUTMENT —>| CT: Constant Thickness NORTH ABUTMENT

Figure2.8 Layout of approach slabs d¢ime bridge under investigation (Nassif et al. 2007)

The study showed that the approach stadins exhibit a sharp initial decrease that is not recovered
afterward. This strain change is attributed to the shrinkage of concrete. However, after the initial
strain change, subsequent strain changes are observed to be proportional to the temwip@ture
slab. Typical strain and temperature response histories are shown in Fegure 2.
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Figure2.9 Approach slab strain and temperature profile with time (Nassif et al..2007)

Static testing wagerformed on three slabs by placingax truck on the slab at various positions,
traveling in both directions. The strain data obtained from the static testing was used to calibrate
the companion-P FE models.

2.1.3.2lowa State University Study

Researcherat lowa State University instrumented twg@an concrete girder bridges constructed

in 2006 on the lowa Highway 60 bypass in Sheldon, IA (Greimann et al. 2008). The objective of
the study was to evaluate approach slab performancthagtfects of conndmng it integrally to

the bridge. The northbound bridge has a 76 Il in. long precast approach slab, while the
southbound bridge uses a 29ift6 in. long casin-place approach slab. Both instrumented
approach slabs have a 30%kew and 12 in. thickneShe support conditions for the two slabs
differed significantly, with the precast slab supported continuouslyanitbdified subbase used

all along the bottom surface, while the emsplace slab is supported only at the ends, using a
sleeper slab. fle precast approach slab and -Gagilace approach slab are shown in Figuré$ 2.

and 211, respectively. Along with the approach slabs, other structural components, including the
deck and piles, were also instrumented on the two bridges.
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Figure2.11 Plan view of southbounbridge casin-placeapproach slab@reimann et al. 2008)

The strains were collectagsing strain gages installed along the middle of the approach slab
arranged along the skew (northbound) and uniformly distributed in the slab (southbound). These
were then averaged and elagighaviorof the slab was assumed to calculate slab forces. Both
approach slabs showed lotgyrm cyclic variation with each season while also exhibiting smaller
shortterm cyclingbehaviordue to daily temperature variatioas observed in other studies. As
shown in Fgures 212 and 213, the average force in the precast slab was observed to have a clear
proportionaltrend with temperature, but the castplace approach slab showed no clear trend
with average temperature, suggesting that theiogstice approach slatboes not develop any

load related strains. This phenomenon can be a resallaok of restraints to the slab (Greimann

et al. 2008).
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Figure2.13 Southbound bridgeastin-placeslab average force (kips) with respect to slab
temperature (F) (Greimann et al. 2008)

The precast approach slab was instrumented with displacement transducers installed across 5 joints
(abutment to slab, Panel 1 to 2, Panel 2 to 3, Panel, &tw4xpansion joint between Panel 4 and
pavement) along with strain transducers in the stata$ observed that the longitudinal abutment
displacement for the northbound bridge was lower than that of the southbound bridge (Farris 2009).
This phenomenon was attributed to the difference in the length of approach slabs and the resulting
difference n resistance to movement and rotation. However, the transverse abutment displacement
for the northbound bridge was found to be higher (almost double) than that of the southbound
bridge and they were observed to have different trends over the year. T¢wn ria this
phenomenon was not resolved definitively. The displacement transducers also show negligible
relative movement between the panels and between abutment and panels, while the maximum
relative movement at the expansion joint was about 1 in. asnsimoFigure 214 (Farris 2009).

The expansion joint movement range for the-cagtlace slab was found to be slightly higher than

that of the precast slab, bdubth slabgollow similar trends in joint opening with time (Greimann

et al. 2008).
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In another study (Nadderman and Greima2®il0), researchers at lowa State University
instrumented approach slabs on a bridge on U.S. 63, west of Denver, lowa. Tsp#meencrete

girder bridge was 161 ft 40 ft (49 m 12.2 m)

Wi

th a skew

of

2U29652¢

used both precastdmastin-place shoulder sections. The study aimed to evaluate the performance

of approach slabs along wittdetermination of forces that should be considered during the design

of IAB approach slabs. Each approach slab consists of eight {20h8 mm)thick precast
prestressed panels, except at the abutment where the thickness was reduced to 9.5 in. The four
panels at the bridge end of the approach slab are trapezuilal the ones at the pavement end

are rectangular and dolled to the pavement. €mapproach slab was monitored using 32 sensors

(24 strain gages and 8 displacement transducers) to record the variation of strain in the approach
slab along with the relative movement of approach slab joints. The approadimstsisionsand

instrumentatio scheme are shown in Figurd 2.
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Figure2.15 Instrumentation plan used for bridge on U.SnéarDenver, lowa (Nadderman and
Greimann 2010)

The research team defined load strain as the steaised in the concrete by an applied load or
restraints to expansionand calculated it by subtracting the strains caused by thermal
expansion/contraction of the slab from the total strain observed at the sensors. They observed that
as the temperature deases, the load strain observed in the slab increases, such that the load strain
moves towards compressiontire summer season and tension in winter. The load strains vs. time
observed for all the working gaugaseshown in Figure 2.6.

LoadStram (z)

-150 +

12418/08 2/28/09 -t 1014/ 1/22/10 5/2/10

Tune

*ALYAZ A3 A4 A5 AG+B2 -B3 B4 B5 *B4

+C1+C2+C3-C4 C5-C6-D2 D3 -D4+D5

Figure2.16 Load strain with respect to time for instrumented bridge (Nadderman and Greimann
2010)
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The average load strain was calculated by averaging the load strains at each of the working sensors,

which was in turn u=d to calculate the average slab force. This was plotted atjzéresterage
temperature of the slabnd it was observed that the average slab force follows a cyclic pattern.
The change in force in the slab ranged frd66 kips in the summer to 2996 &im the winter
(where tension is negative), showing significant forces applied due to live load and constraints
from the boundary conditionas shown in Figure 2.17

Season Dates Color
Winter 2009 2125t03/21
Spring 322 to6/21

Average Slab Fores (kip)

2000 Summer 62110921 e
-20 0 20 40 &0 €0 100 120 Fall 9/22t0 12/21
Average Temperature CF) Winter 2010 122210 1/19 -
(a) (b)

Figure2.17 (a) Average slab force with respect to average temperature; (b) Legend (Nadderman
and Greimann 2010)

2.1.3.3Penn State Univeity Study

Researchers instrumented 4 |1A&w installech weather station in central Pennsylvaaiad then
monitored the bridges over a period of seven years (from-2002)to record the longerm
behaviorof the IABs. Details of the instrumented bridgare given in Table 2. The study
archives longerm IAB response data and trends for abutment displacement, backfill pressure,
abutment rotation, girder rotation, girder bending moment, girder axial force, pile moment, pile
axial force, and approach blatrains.

Table2.3 Details ofinstrumented bdges (Kim and Laman 2014)

Bridge Girder Integral Abutment height Number of
No. type abutment m (ft-in.) Span lengths Total length m (ft) instruments
109 PennDOT 28 /78° Both 3.5 (116) 26.8 —37.2-37.2 - 26.8 = 128.0 64

(88 — 122 — 122 — B8 = 420)
203 AASHTO V North only south fixed 5.8 (1940) 143 —26.8 — 11.3 =524 (47 — 88 — 37 = 172) 64
211 PennDOT 28/78" Both 4.3 (14-1) 34.7 (114) 64
222 PennDOT 24 /48" Both 4.0 (13-1) 18.9 (62) 48

Forthis study,we can focus on the approach slab strain data and trends. The researchers observed

t hat approach sl ab strain decreases 1 nitial
of creep and shrinkage. This decrease in strain was not recoverexeh@s the time went by

46

y



the compressive strains decreased, as seen especially prominently for Bridge 203, which was
designed and constructed following AASHTO specificationstaaidonly one end of the bridge

with an integral abutment. This phenomenon wagh less pronounced in other bridgegh

both sides having integral abutments. Approach slab strains for the 4 bridges are shown in Figure
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Figure2.18 Approach slab strains near abutment 2: (a) bridge 109; (b) bridge 203; (c) bridge
211; (d) bridge 222 (Kim and Laman 2014)

2.1.3.4University of lllinois Study

The structural response of IAB superstructures and substructures was studied at the University of
llli nois (LaFave et al. 2016, 2017). The field monitoring program included collecting data about:
(a) global bridge movements; (b) pile, deck, girder, and apprslabhstrains; and (c) rotations at
different abutment interface$he superstructure and substure of the Union Pacific Railroad
(UPRR) and Kishwaukee River bridges90 mainline bridgesyvere instrumented with strain
gages on girders and piles, tiltmeters, and displacement transducers. The instrumentation plan used

for the longer bridge in théwgdy is given in Figure 29
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Figure2.19 Instrumentation plan for Kishwaukee River Bridge (LaFave et al. 2017)

Displacement transducer data showed that the change in length of the joints followedteehea

with respect to the temperature of the slab, as seen in Fi@xeThe approach slatbansition

slab interface showed the largest displacement magnitudes, as expected, as it is the location of the
expansion joint where relative displacementsiatended to occur. The data can be observed to
follow distinct lines with almost the same slope but a significant shift, which happened after a full
year of data collection. This was attributed to the bridge overcoming some resistance and thus
closing thejoint to a new permanent displacement. The other end of the slab (at the abutment)
showed a much lower magnitude of relative displacement, which was expected due to reinforcing
steel continuity across this construction joint.
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Figure2.20 Kishwaukee River Bridge displacement transducer data (LaFave et al. 2017)

The strain developed in the approach slab was observed to be highly correlated to the temperature
variation, which follows the findings of previogtudies covered in this chapter. The variation of
strain with change in temperatussshown in Figure 21.
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Figure2.21 Variation of approach slab gauge strain and temperature with tirtteefor
KishwaukeeRiver Bridge(LaFave et al. 2017)

The slab was assumed to be in the elastgame andusing the recorded strairtbe load related

stresses were calculated for theraagh slab. The stress was observed to follow a different trend

for the first four months of data collectiomhis was attributed to the construction activity. In
subsequent months, the data followed a linear trendangttange in temperature. Howevere th

slope of the stress vs. temperature plot decreased after each summer. The decrease in slope
signified the approach slab becoming less constrained, likely due to soil settlement causing a
friction reduction beneath the slab (LaFave et al. 2017). FigRPsBows the stress calculated in

the slab with respect to the slab temperature.

Table 2.4 summarizes the related field monitoring studies. The research affiliation, year of

publication, site conditions, means of monitoring, and significant resulfsareled as essential
information.
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Figure2.22 Kishwaukee River Bridge approach slab stress with respect to change in temperature
(LaFave et al. 2017)

Table2.4 Summary ofield monitoringstudies

Research Site
r Year o Monitoring Approach Important Resul
G oup ear o ditions onitoring Approac portant Results
Location
20 sensors of various N . .
) i An initial drop in strains
types: strain gauges,
. : ) observed, caused by
Six approach thermistors, dynamic :
Rutgers : . shrinkage
. : slabs with strain gauges, pressure
University )
. 2007 varying cells, settlement sensor - .
(Nassif et al. . After the initial drop, strain
lengths and  and deformation sensot . .
2007). o is proportional to the
skew angles placed in critical areas.
temperature
Data collected for a yee
Precast Embedded strain gages Along with the longterm .
) cycle, stress developed in
approach placed in the approach
: . the slabs also follows shert
lowa State slab: 77 ft slab along with deck .
; . ) term cycles, attributed to
University long and piles. L :
. friction ratcheting.
(Greimann et
al. 2008) and Cast in place Displacement . .
(Nadderman 2008 slab: 30 ft transducers placed at Nggllglble movement n
A _joint on the abutment side
and long each joint in the precas
. and between the panels of
Greimann slab. the precast slab. Expansiol
2010). Skew for P - EXP

joint movements were
highly related to
temperature, with a

both Data collected for a
the slabs: 30° year.
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maximum magnitude of
about 1 in.

Precast
approach slak
constructed
using 8 12 in
2010 precast panel:
and one 9.5
in one with a
skew of about
2029065

Embedded strain gages
placed towards the
boundaries of the slab.

Displacement
transducers placed at
each corner of the slab.

The load causedyb
restraints was defined and
observed to be tensile in
Winter and compressive in
the Summer season.

Average Slab force was
defined and observed to
have long and shorterm
cycles.

Pennsylvania
State
University
(Kim and
Laman 2014)

Fourbridges
2014 of different
specifications

Instrumented the bridge
to find abutment
displacement, backfill
pressure, abutment
rotation, girder rotation,
girder bending moment
girder axial force, pile
moment, pile axial
force, and approach sla
strains.

Data colected for 7
years.

An initial increase in
compressive strain was
observed.

For the IAB approach slab,
the strain follows the
change in temperature and
does not recover the initial
change.

However, for the bridge
with one end fixed instead
of integral, the compressivt
strain was recovered by the
end of 7 years.

University of
lllinois
Urbana
Champaign
(LaFave et al.
2016, 2017)

30ft approach
2017 slab with a
skew of 30°

6 embedded strain gag:
placed uniformly in the
slab.

4 displacement
transducers at each
corner of the slab.

The change in length of the
joints at the ends of the
approach slab follows a
linear trend with respect to
the temperature of the slab

Strain highly dependent on
temperature.

The slope of strain vs.
temperature decreases ear
summer, caused by the
removal of some restraint
due to possiblsettlement

51



2.1.4 Numerical Modelling of Approach Slabs
2.1.4.1Rutgers University Study

Nassif et al(2007) aimed to find the possible causes of cracking, the location of cracks, and factors
influencing crack development in approach and transition slabsDAr®del was developed using
typical NJ specifications with the approach slab shaped like a parallelogram with a length(@fG25 ft

m) and a width of 12 f{3.66 m) The transition slab is modeled as a trapezoid with a smaller base of
30 ft(9.14 m)and awidth of 12 ft(3.66 m) The reinforced concrete slab is modeled using ariode

reduced integration shell element (S4R). The soil underneath the approach and transition slab is
modeled using Spring 1 type elements (linear elastic springs with cosisffaeiss) and the boundary
condition at abutment and approach slab are taken as simply supported, as shown inZ3giline 2.

soil was assumed to be silty medium dense sand with stiffn€s83s kip/in/irt (25000kN/m/m?).

Figure 224 shows the planiew of the spring elements in the FE model.

e g/ (

()

Figure2.23 Theapproach slab witedge springs for sedtructure interactiofNassif et al. 2007

Figure2.24 Plan view of he spring elements representing-sbilicture interactiofNassif et al.
2007).

The slab was subjected to multiples of-Bi&bridge design truck loading, which has three axles and

a Gross Vehicle Weight of Rps (320.27 kN) If the truck enters from pavement to bridge, the
required load for first cracking is 1.66 times the-2{Bdesign truck, but it increases to 4.3 times the
design truck load if the truck exits the bridge. It was foundaliaicker slab hips increase the

strength of the slab, so a heavier load is required to crack the approach slab. Additionally, since the
slab is skewed, the distribution of the axle loads is unéMs: pinned connection at the edgehu
approach slab prevents any da&m@ment along the edge, increasing the strength in this region.

The effects of skew angle were also examined in the study. For the same loading conditions and at the

same location, a skewed approach slab has higher tensile stresses than a strdtginasiabric study
for skewed slabs showed that 1) increasing the concrete compressive strength increases the cracking
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load capacity, but not very efficiently; 2) increasing the steel reinforcement yielding stress or area has
no effect on neither crackingdd capacity nor the stresses in the critical elements; 3) increasing the
thickness of approach slab is an effective way to improve the cracking load capacity.

2.1.4.2L ouisiana State University Study

The study conducted by researchers at Louisiana State Uty\€}ai et al. 2005) focused on théd3

finite element analysis of approach slaber this study 20, 40, and 60 .1, 12.19, and 18.29 m)

long approach slabs were studied. The width of the slab is @2.t9 m) A sleeper slab, which
provides aradditional transition to the roadway pavement, as shown in FigRgi&.used in this

model to minimize the possibility of differential settlement at the approachradabvay interface.

The dimension of the embankment and natural soil L5, W2, and Hieteamined through a finite
element analysjgarticularly to reduce the sensitivity of the approach slab analysis to these parameters.
For the sensitivity analysis, two truckloads on two lanes and slatwsight were applied to the
approach slakand \alues of L5, W2and H5 (see Figure 2.18) were found so that the effect of these
parameters is minimized in the system.

g

L2/2

L1 LG
kiricdoe 54 opprooach =slok ‘ gteleper slok
Qk)utmemt. 5% %5
- L3 embonkment LZL-—-LI
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L& noturol soil
A
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Wz b &t N
T . 3

Figure2.25 Elevation and section view of the abutmedai(et al. 200%

The 3D finite element model was developeas shown in Figure 26. Eightnode hexahedron
elements (ANSYS Solid 45) were used to form the finite element mesh. A contact and target pair
surface elemenwvasused to help simulate the real interaction between sldtsaih The dead load

(DL) was applied first, and the dead load and live load were applied together. It was reported that the
deflections and internal moments tife beam, and reaction of the beam at the sleeper beam
corresponding to maximum moment increagth the increase of the embankment settlement. The
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boundary condition of the slab changes from Afu
Figure 2.7 shows the distribution of the coefficient for maximum bending moments in the slab.

Figure2.26 Typical finite element mesh (Cai et al. 2005)
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Figure2.27 Design equations based on parametric st@dy €t al. 200p

2.1.4.3University ofMissouriColumbia Study

The study conducted by the researchershatUniversity of MissoudColumbia focused on the
development of equations for the uniaxial and biaxial bending behavior of a slab on elastic soil support.
The washout of soil, which is isnilar to void development, was considered in the research. The
approach slab was modeled as a 3825 ft (11.58 m 7.62 m)plate and discretized into 0.5 ft
0.5ft(0.15m 0.15 m)elements. Figure 28shows the approach slab model. &simplysupported

edge, bending moment perpendicular to the edge and displadsmerd; for a soil supported edge,
bending moment and shear are zero; for corner nodes, the twisting moment is zero.
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Soil Support

381t

Traffic

A
A

25 ft
Figure2.28 Plan view of he approach slab model (Ma 2011)

Lane load, design trucknd design tandem in AASHTO specification were used. Two tandem loads
were applied because there were two lanes in the slab (Ma 2011). Two kinds of soil washout were
considered: strip washout simulating a strip through the width of the slab and ciradhow
simulating localized voids, which have been observed at many approach slab sites. It was concluded
that the finite difference method could effectively analyze the behaviahefapproach slab with
unsymmetrical cases and washouts. The uniaxialibgrablutions are generally more conservative
when compared to biaxial bending. Finite element analysis of approach slabs was conducted in the
study using SAP 2000.

Thiagarajan et a(2010) used B FE analysis to come up with structural solutions f@ragach slabs

for typical approach slab specificationstlive state of Missouri. The typical approach slab in the state

of Missouri is 25 f{(7.62 m)long, 12 in(304.8 mm)hick. The total width of the slab model was 38 ft
(11.58 m) including 212 ft (2-3.66 m)lanes, 4 ft{1.22 m)wide inside shoulder, and 10(R.05 m)

wide outside shoulder. Simple support, slab on grade, and washout boundary conditions were
considered. No sleeper beam with full slab on grade support was also considered. Figsiens.2

the detailed boundary conditions of all models.
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Case | Span | Depth ‘ File Name Support Conditions
SET 1 - Std Missouri BAS
1| 25 | 12 |BAS-25-12-558 55~ Standard Missouri BAS e
2 | 25 | 12 [BAS-25-12-ES-25-18.4 if;if;ﬁ:‘;)‘ﬁgg s I3 333 332
3 25 12" |BAS-25-12-ES-21.25-18.4 55 with linear springs over 85% L D_ISL% IIIIII =D
4 | 25 | 12" [BAS-25-12-ES-1875-184 (S5 withlinear springs over 9% L. S, T E T ILT T LA
5 | 25 | 12 |BAS-25-12-ES-25-184-N5 |without sleeper slab A= 33352
SET 2 - Missouri Modified BAS
1 | 25 | 12 |MODBAS-25-12-555 Modified BAS for Missouri =
2 | 25 | 12" [MODBAS-25-12-ES-25-18.4 ifth"f:‘:ﬁ“;:rl;‘j’;’;gs Rk I I LI I3
3| 25 | 12 |MODBAS-25-12:B5-21 25-18S5 withnear springs over 8% L. & IILTLTIL L 22
4 | 25 | 12* [MODBAS-25-12-85-18.75-18SS with lnear springs over 75% L S S 2T T I T T ID
5 | 25 | 12 [MODBAS-25-12-ES-25-18 4-Nwithout sleeper slab Az=T3s3I353
SET 3 - Idaho BAS
1| 20 | 12* |D-BAS-20-12-555 55- Standard Missouri BAS =
2 | 200 | 12 |ID-BAS-20-12-ES-20-184 jf;;iﬁ“;:’gﬁ:fs gEEnt FESS S 3 33 332
3 | 20 | 12' |D-BAS-20-12-B5-17-184  |SS withlnear springs over 85% L & FF X T ¥ 3% T 38
4 | 20 | 12* |D-BAS-20-12-ES-15-184  |SS with linear springs over 75% L L S22 222
5 | 200 | 12 [ID-BAS-20-12-ES-20-18 4-NS|without sleeper slab AZZIIIIII

S838-Simply Supported Slab

A very poor soil condition with subgrade modulus of 18/#H/in? (2.89 kN/m/n?) wasselected. The
loading of the model was based on AASHTO LRFD specifications. The design truck with three axles
andagross weight of 72 kip820.27 kN)was considered along with the design lane load. The tandem
load was also considered along with taed load. The design truck was 6 ft wide, and the distance
betweerthefront axle and middle axle was 14(#27 m) The distance between the middle axle and
the rear axle was considered as 141f27 m)as the span dheapproach slab modeled was eitké

ft (6.1)or 25 ft(7.62 m) The loading has been applied in stepith three design trucks entering the
slab at the slapavement end and then traversing the slab. Fig@@shows the location of critical

loads with simply supported boundary corutis.
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Figure2.30 Load locations for maximum bending momensimply supported slab

It was reported that the maximum deflection at the centah&®tandard Missouri approach slab is
0.63in. for thesimply supported cas@hereas the maximum deflection of modified Missouri approach

slab is 0.68n (16 mm) It can be found that Idahoasb

def

ecti

on

wa S

found

supported condition. The maximum deflection value for slab on gradegiiten percentage of voids
was observed to be Oii3(7.62 mm) The maximum moment fahe simply supported condition was
observed to & 134.5Xipsi/ft (598.37 kNm/m) for the standard ME@AS. In contrastthe maximum
moment forthe slab on grade option was found to be 6iEs@/ft (280.91 kNn/m). For all the
models, the rebar bottom and rebar top stresses are observed to beweuthan the yield limits of

the reinforcement. The values for concrete and rebar stresses for slab on grade conditions seemed to

be lower than that of simplgupported conditiam

In all, the discussed prior relevant work carried out by other resgasapsis summarized in Table

2.5 with locations, year of publication, approach slab conditions, modeling approach, and important

results included.
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Table2.5 Summary of analytical studies

Research
Group Year Conditions Modeling Approach Important Results
Location
, Increasing the thickness of the slak
Eightnode and reinforcement reduces the
Louisiana 20, 40, and 60 hexahedromlements cracking in the slab
State ft approach in ANSYS were g '
University 2005 slabs modeled used. : -
(Cai et al. with a width of Contact target pair ;gig;ig;;bgﬁg sga(;):cggn VI\l/g;tO
2005) 40 ft. used to model soil g
) . recommended for better performan
structure interaction.
than a flat slab.
S4R elements were  The load required to induce a crack
used to model the  is 2.5 times higher if the truck is
slab in ABAQUS. leaving the bridge than when the
truck is entering from the pavemeni
Approach Slab Soil structure of the bridge.
Rutgers ; .
Uni . modeled as a interaction modeled
niversity o : .
. 2007 parallelogram using linear elastic ~ Skewed approach slabs have highe
(Nassif et al. . : . ; .
2007) of dimensions  spring elements. tensile stress than straight slabs.
25 ft 12 ft.
Loading is done Increasing the slab thickness was
using HS20 truck identified as the most effective way
load, applied inthe  to reduce cracking.
middle of the lane
: Simple support, slab For all themodels, the rebar bottom
Typical
on grade, and and rebar top stresses are observe
approach slabs hout bound b h han the vield limi
used in washout boundary e much lower than the yield limits
: , conditions were of the reinforcement.
Missouri used. :
2010 (20 to 25 ft studied.
: Deflection of the slab in simply
long with low o i .
Loading is done supported conditions is about 0.63
skew) . X .
. : using the HE93 while that in case of slab on grade
University of . . .
Mi : design truck. condition becomes 0.3 in.
issourt .
Columbia The approach slab is
(Thiagamjan modeled as a 38 ft
et al. 2010 Focuseql on 25 ft plate in _ _
and developing SAP2000. A span of 20 ft with a thickness of
(Ma 2011) uniaxial and 12 in was recommended to be
biaxial bending The ends of the slab optimal design configuration.
behavior of were assumed to be
2011 . . .
slab on elastic simply supported, Pretensioned precast approach sla
soil support. and soil support was with transverse ties were
assumed to be recanmended.
Soil washout  continuous.

also considerec

Loading done using
the HL-93 truck.
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2.2 Agency Survey and Crack Survey

To gain the mosturrentunderstanding of theelevantapproach slalbehavior design, and
construction practiceat the starof the present study, the research team conductetionvide
transportatioragency surveyKey responses are summarized below

Only lllinois, Nebraska, and Vermont have used precast andnepkice approach slabs in both
conventional bridges and IABs.eXas has used castplace and precast approach slabs in
conventional bridgebutdid not comment on the type of approach slab used in the 1% of bridges
that are 1ABs in Texas. Out of these four states that have used precast approach slabs, only
Vermontdid not haveanyissues with approach slab cracking. However, pavement cracking at the
end of the approach slabgsll present in Vermont.

lllinois, Missouri, North DakotaNew Jerseyand lowa indicated that approach slab cracking is

an issue in theistate andhat theyhave instrumented or studied approach sldibe survey
indicated thab0% or more of bridgeis lllinois, Missouri, and New Jersey exhibit approach slab
cracking. Oklahoma, Nebraska, Michigan, Nevada, Delaware, Texas, Minnesota, anddfidiana
indicated cracking as a primary issue, thdy have not instrumented or studied approach slabs.
Ohio, Lousiana, and Wisconsin did not indicate approach slab cracking as a primary problem, but
approach slab cracking ssill present.

There are no major patterasrossmany states thatvould clearly relatebridge parameters and
approach slab cracking. Designs bridges in one state may be prone to cracks, whereas cracking
may not be present in another state usirsgeminglysimilar design. For example, aside from

South Dakota, Alabama, and Montana, all the other states that have used sleeper slabs as the
support type fothetransitiodpavement end of the approach slab have had problems with approach
slab cracking. However, one clear pattern across states with approach slabs that are at least 30 feet
in lengthis that theyhave issues with approach slab &mag. An increase in reinforcement is the

most common method amotite states to minimize cracks in approach slabs.

The structural drawings aralailable field inspectiophotos of approach slab cracking for 46
lllinois Tollway bridges were studied taentify cracking patterns and bridge design and
construction parameters that may influence approach slab crackieggenerdy observed
patterns are as follows:

1. For skew less than 30mainline bridge approach slabs have cracks near the corners and
shoutlers, whereas crossroad bridge approach slabs have cracks in the travel lanes that
propagate in the direction of tfif

2. For skew of 36and greater many diagonal crackextend out of the obtuse corners and
acrossthe acute corns of approach slatiravel lanes and shoulderand other cracks
originate from both the expansion and construction jgnatsghly perpendicular to those
joints).

The severity of cracking for ¢hinspected approach sladtsa particular bridgean be categorized
as follows:
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1 Severe: therareon average 3 or more cracks per approach slab;
1 Moderate: there are on average 1 or 2 cracks per approach slab;
1 Uncracked: there amo cracks.

By looking @ design and construction parameters among these different categories of bridge
approach slabg terms of cracking, it is found that skew o\f°, stage construction,and
presence of wingwalls may Wieked tosevere cracking on approach slabs of mainline bridges.
Even so, nearly half of all surveyed mainline bridges had uncracked approach slabs, Whereas a
mainline bridgeswith greater thar6°skew had severe approach slab cracgirFor crossroad
bridges, seere cracking was observed more frequently at IABs and approach slabs witralisn

More details of the@ransportatioragency survey and field inspecti@rack surveyran be found
in AppendixA andAppendixB, respectively.
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3 Bridge Descriptiorand Instrumentatiobetails

The details of the two instrumented bridf@sthe present researds well as the data acquisition
method,are presented ithis chapter. The instrumentati@mploys manyensorswhich areall
discussed in detail in the folving sections.

3.1 Instrumented Bridge Approach Slabs

Approach slabs at two mainline IABs dhinois Route 390in Itasca, IL, were instrumented for
long-term strain and global movement monitoring. The Eastb®ast (EBW) approach slab of
thelllinois Route 39(Bridge over Arlington Heights Road and Eastbodast (EBE) approach
slab of thdllinois Route 39(ridge over Prosgct Avenue were chosen. Details of the bridge and
approach slab geometry are givemable 3.1

Table3.1 Bridge and approach slab details

Parameter Arlington Heights Road Prospect Avaue

Spans 1294 10 124606103 ® ( West
Total Length 13-B&o 227 ®

Width 10861 0 at apprVar i elsO 06 6t86g0 6 7 6
Abutment Skew 10e406220660 16963200

Approach Slab Type Castin-place Precast

App. Slab Thickness 15 0 160

App. SlabLength 3060 306

Expansion Joint 30 opening at 2.50 opening at
Support at Exp. Joint Pile bent under the slab Pile bent under the slab

The geometry of the precast EBapproach slab of th#inois Route 390Bridge over Prospect
Avenue is similar to the EBV approach slab of thilinois Route 390Bridge over Arlington
Heights in terms of width, skew magnitude, and thickness. The support under the slab at the
expansion joint is a pile bent, which is widely apglia the mainline bridge approach slabs in
lllinois. The fabrication of the precast slab began in April 2017, allowing the research team to
install all the embedded strain gages.

In addition to the geometric similarities between the approach slabs at Prospect Avenue and at
Arlington Heights Road, several bridge parameters were taken into consideration in selecting a
bridge with castn-place approach slabs for instrumentation. Kég reasons why this structure

was preferred over the other candidate28 over 190 (structure number 605), were that the
approach slabs at Arlington Heights were not staged constructed slabs and the construction
schedule for the EBlinois Route 390Bridge over Arlington Heights Road was more favorable

for the research group to install all sensors in the slab. Moreover, thinBB Route 39Bridge

over Arlington Heights Road was connected in series to thdllEBis Route 390Bridge over
Prospect Avenyevhere both structures will experience similar loading conditions. Furthermore,
the support of the H23 approach slab at the expansion joint is anagmbr footing rather than an
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approach bent, making a direct comparison between precast aimttglaste slabs difficult. Lastly,

the IL-23 Bridge is a crossroad bridge where the width and loading conditions differ more from
the EB lllinois Route 390Bridge over Prospect than the EBinois Route 390Bridge over
Arlington Heights Road.

The EBW approach slab of thidinois Route 390Bridge over Arlington Heights Rogdastin-

place was selected for instrumentation; the location of the slab is highlighteéidure 3.1. This
approach slab consists of seven sections: North Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3
(L3), Gore (G), Ramp (R), and South Shoulder (SS). Concrete for all sections of theaslab
poured integrally.
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Figure3.1 Instrumented EBN approach slab at Arlington Heights Road (é¢agplace)

The EBE approach slab of tH#inois Route 39@ridge over Prospect Avenygrecastwas also
selected for instrumentation; the location of glab is highlighted in Figure 3.2. The approach
slab consists of SectionsNorth Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3 (L3), and South
Shoulder (SS). The slalas constructed witHive precast concrete sections connected with tie
bars alonghe longitudinal jointsas shown in Figure 3.3
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Figure3.2 Instrumented EHE approach slab at Prospect Avenue (precast)
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Figure3.3 Longitudinal joint of EBE approach slab at Prospect Avenue (precast)
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There is a granular subbase under both instrumented approach slabs between the abutment support
andpile bent, as shown in Figure 3.4. The granular subbase of thm-qdate slab is 4 inches

thick, whereas the thickness of that fioe precast slab is uncertain on the design drawing. Note

that after placement of the precast slab sections, groutianjsatere employed under the slab in

order to fill the potential gaps between the slab and subbase.

(a) Arlington Heights Road (ca$h-place)

30°-0"" PRECAST BRIDGE APPROACH SLAB

Dxx )| Oex (E) 3
— \ bxx (€) / Fbx,‘ ) o

¢’ | S . " g GO ¢
TL —= d (E)
a
J, I \ H .

\ \_ ™ GRANULAR SUBBASE, BPECIAL
GRANULAR BACKFILL FOR STRUCTUR

REINFORCEMENT BARS AS SHOWN |_
IN ABUTMENT PLANS =

(b) Prospect Avenue (precast)

Figure3.4 Longitudinalcrosssectiors of instrumented approach slabs

3.2 Instrumentation Goals

The instrumentation aims to develop an understanding of global approach slab behavior, which
includes the stresses developed in the slab f@relift positions, as well as global approach slab
movementMoreover, the field monitoring can also validate the numerical approach slab models.

The strain in the concrete slab is onégh@fmost significant concerns in the study because it relates

to the live loads applied to the slab and the thermal stresses developed in the slab due to its thermal
deformation and restraints. Embedded gages dditeerately distributed in each lane/panel of the

slab at different locations. Each embedded gage can prtividconcrete strain in one direction

and the temperature. A temperature compensation beam was utilized to measure the coefficient of
thermal expansion for each slab.
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Thermal expansion or contraction of each component of the bridge structure, suetdaskth
abutment, and approach slab, will produce volumetric changes and lead to an overall approach
slab displacement in the longitudinal direction. The global movement is accommodated by the
expansion joint between the approach slab and transition Blaplacement transducers or
Acrackmet er so p lappcoact slab and appreachastednsttion slabtinterfaces

help measure these overall movements. Note that since there is no fixed reference point selected
for the bridge and slab, thmeasurements are the relative displacement between the two ends of
the displacement transducer.

3.3 Equipment Description

Based on the performance of similar instruments (from Geokon, Inc.) used in a previous IAB
project (LaFave et al. 2016), all instrumeatsl data acquisition equipment in this project were
procured from Geokon, Inc. as well. The basic specifications of the instruments used, such as
model number, range, resolution, and accuracy, are tabulated in Table 3.

Table3.2 Basic specifications of the instruments

Instrument Name Model Range Resolution Accuracy
Number

\C/;'S;t'”g Wire (VW) Strain 5, 3000 1.0 g0 +-05%

Displacement Transducer 4420 +/-6 0 0.025% +/- 0.1%

Displacement Transducer 4420 +/-3 0 0.025% +/- 0.1%

Datalogger 86001 N/A 0.001 Hz RMS +/ 0.013%

Multiplexer 803216 Can connect _16 instruments  wi

temperature reading
Multiplexer 803232 Can connect 32 instruments withc

temperaturgeading

3.4 Instrumentation Layout
3.4.1 Gage Orientations

The embedded gages were installedhieedifferent configuration§ namely, longitudinal top

(T), longitudinal bottom (B), and transverse top (R). A longitudinal top gage is installed at the top
mat of reinforcement under a longitudinal reinforcing bar; a longitudinal bottom gage is installed
atthe bottom mat of reinforcement above a longitudinal reinforcing bar; a transverse top gage is
installed at the top mat of reinforcement under a top transverse rebar. In thidigeuggssible
combinations of the configurations described above wekatserious locations, as indicated in
Figure 35.
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- 2 longitudinal (TB), 1 transverse (F
- 2 longitudinal (TB)

1 longitudinal (T), 1 transverse (R)
- 1 longitudinal (T)

- 1transverse (R)

ovoox

Figure3.5 Symbol of gage location combinations

A star combination includes one top longitudinal gage, one bottom longitudinal gage, and a
transverse gage at the top. There is one top longitudinal gage and one bottom longitudinal gage in

a pentagoncombination. Thesquareconfiguration consists of a top lomgdinal gage and a
transverse gage. Thangleindicates the installation of one longitudinal top gagestly, a cicle

means there is onlyteansverse gagé&igure 3.4 shows the cresectional views for each of the

four gage combination®ote that he first four combinations are the ways in which gages were
installed, but the additional circle is a resultlee longitudinal top (T) gagevhich is LE3-1T at

Prospect Avenue (precast)r om a A TRO ¢ o mhng.frigurei3.6 showathédregsn ct i o
sectional view for each of the five gage combinations.

* Combination (3 Gages)

| _ Z [
“

Longitudinal Direction Transverse Direction

O Combination (2 Gages) D Combination (1 Gage)
— m—
/.A N
cone fa e o= <~ 7 . " a4
P—
Longitudinal Direction Longitudinal Direction

[ Combination (2 Gages)

Longitudinal Direction Transverse Direction

O Combination (1 Gage)

Transverse Directi;m
Figure3.6 Gage configuratiomombinations
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3.4.2 Sensor Locations

Forty-three vibrating wire embedded strain gages from Geokon Inc. were installedEB-the
approach slab on the bridge over Arlington Heights Road. The layout of the gages is shown in
Figure 37. Strain gages were placed along two longitudinal linekenNS and SS sections and

one longitudinal line in the L1, L2, L3, G, and R sections. The longitudinal lines in each section
were at approximatelgitherthe third points or the middle point of the section width. For each
longitudinal line, the gages wepkaced approximately at the quarter points along the length of the
slab, numbered from 1 tq Beginning from the west side of the slab to the east side of the slab. A
displacement transducer was installed at each corner of the approach slab (4 antbthf,data
acquisition instruments were mounted on two postthe north side of the slab.

Similarly, for the approach slab at the bridge over Prospect Ayéorig-four vibrating wire
embedded strain gages from Geokon Inc. were used to monitassirde slab. These were used

in all 5 panels of the approach slab, and the layout of the geglesvn in Figure 3.6. Strain gages

were placed along two longitudinal lines in the NS and SS panels and one longitudinal line in the
L1, L2, and L3 sectionsThe longitudinal lines in each section were at either approximately the
third points or the middle point of the section width. For each longitudinal line, the gages were
placed approximately at the ¥/points along the slab length, numbered from 1,tbegjinning

from the west side of the slab to the east side of the slab. A displacement transducer was installed
at each corner of thepproach slab.

In addition, the selection of certain sensors to read tempeiatnagleto measure the temperature

in as wide a range of the slab plan as possible, in conjunction with several top and bottom pairs at
thesame plan locations to monitor the temperature difference in the slab thickness difidation
north and south displacement transducers at the abutmerif $ie slab were selected to measure

the temperature outside the concrete (assuméldeasnbient temperature on both sides of the
slab). All sensors selected to record temperature data are highligtitesthlid symbols and names

in Figures 37. Note that to keep the annotatis in Figure 3.7 (a) and (b) as similar site plas

of thetwo slabs are nainthe same scale. The sgari thetwo slabs are both about 30 feet.
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Figure3.7 Instrumentation plan for approach sat(a) Arlington Heights Road(b) Prospect

Avenue.

3.4.3 Naming Convention for Sensors

The nami

ng convention for

number n the layoutlongitudinal position (column number in the layelity R/ B. 0
NS-1-3T means the embedded gage located in the north shoulder, on the first longitudinal line
(row 1), in the third longitudinal position (column, @nd attached to thtep mat of reinforcement

in the longitudinal direction (as shown in Figureg)3The displacement transducers were named

For

according to the direction of the corner where they are instétiémived by CM (forcrackmetey.

Thus, the displacement transduegrthe northeast corner of the slab is represented as NE CM.

Tables 34 and 35 detail all the sensors used in the dagplace and precast slabs, respectively.

Table3.3 Instrument details for cast-place slab(Arlington Heights Road)

Location InstrumentID  Type Remarks
NE CM Crackmeter \':'Vzwperature data recorded
NW CM Crackmeter
NS-1-1T VW strain gage

North NS-1-1B VW strain gage
NS-1-1R VW strain gage

Shoulder Temperature data recorded
NS-1-2T VW strain gage P
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NS-1-2B VW strain gage \':'Vee“]perature data recorded
NS-1-3T VW strain gage
NS-1-3B VW strain gage
NS-1-4T VW strain gage
NS-1-4B VW strain gage
NS-1-4R VW strain gage
NS-2-3T VW strain gage
L1317 VW strain gage \':'V(zrlrperature data recorded
L1-3-2T VW strain gage
Lane 1 L1-3-2B VW strain gage
1 1-33T VW strain gage \':'Vtzr"nperature data recorded
L2417 VW strain gage \':'Vtzr"nperature data recorded
L2-4-1R VW strain gage
Lane 2  L2-4-2T VW strain gage
L2-4-2B VW strain gage
L2-4-3T VW strain gage
L2-4-3R VW strain gage
. Temperature data recorded
L3-5.1T VW strain gage well
L3-5-1B VW strain gage
L3-5-2T VW strain gage
Lane 3 VW strain gage Temperature data recorded
L3-5-2B 9ag® el
. Temperature data recorded
| 3-5.3T VW strain gage well
L3-5-3B VW strain gage
. Temperature data recorded
Core G-6-2T VW strain gage well
G-6-2B VW strain gage
G-6-2R VW strain gage
. Temperature data recorded
R-71T VW strain gage well
R-7-1R VW strain gage
Ram R-7-2T VW strain gage
P R-7-2B VW strain gage
, Temperature data recorded
R.7-3T VW strain gage well
R-7-3R VW strain gage
SS8-1T VW strain gage
South SSO-1T VW strain gage
Shoulder SS9-1B VW strain gage
SS9-1R VW strain gage
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SS9-2T

VW strain gage
VW strain gage

Temperature data recorded

SS9-2B well
SS9-3T VW strain gage
SS9-3B VW strain gage
SS9-3R VW strain gage
Crackmeter Temperature data recorded
SE CM well
SW CM Crackmeter
Near Temperature data recorded
North Temp Beam VW strain gage P
well
Shoulder
Table3.4 Instrumentdetails for precast slalProspect Avenue)
Location Instrument ID Type Description
NE CM Crackmeter
NW CM Crackmeter \':'ve(;rlrperature data recorded
NS-1-1T VW strain gage
NS-1-1B VW strain gage
NS-1-1R VW strain gage
NS-1-2T VW strain gage
NS-1-2B VW strain gage
NS-1-3T VW strain gage
NS-1-3B VW strain gage
NS-1-3R VW strain gage
North NS-2-1T VW strain gage \'Irve;rlrperature data recorded
Shoulder Temperature data recorded
NS-2-1B VW strain gage well P
NS-2-2T VW strain gage
NS-2-3T VW strain gage
NS-2-4T VW strain gage \'Irve;rlrperature data recorded
NS-2-4B VW strain gage \'Irve;rlrperature data recorded
NS-2-4R VW strain gage
L1-3-1T VW strain gage Malfunctloned, no dat:
available
L1-3-1R VW strain gage
Lane 1 Temperature data recorded
L1-34T VW strain gage well P
L1-3-4R VW strain gage
Lane 2 | 2-4-9T VW strain gage Temperature data recorded
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Temperature data recorded

L2-4-2B VW strain gage well
L2-4-4T VW strain gage
L2-4-4B VW strain gage
. Temperature data recorded
L3-5.1T VW strain gage well
Lane 3 L3-5-1R VW strain gage
L3-5-3T VW strain gage
L3-5-3R VW strain gage

VW strain gage Temperature data recorded

SS6-1T well
SS6-1B VW strain gage \':'V(;rlrperature data recorded
SS6-2T VW strain gage
SS6-3T VW strain gage
SS64T VW strain gage \Tvirlrperature data recorded
SS6-4B VW strain gage \'J'vzrlrperature data recorded
South  ooliT VW strain gage
Shoulder S>/-1B VW strain gage
SS7-1R VW strain gage
SS7-2T VW strain gage
SS7-2B VW strain gage
SS7-3T VW strain gage
SS7-3B VW strain gage
SS7-4T VW strain gage
SS7-4B VW strain gage
SS7-4R VW strain gage
SE CM Crackmeter
Crackmeter Temperature data recorded
SW CM well
Near
North Temp Beam VW strain gage Temperature data recorded
well
Shoulder

3.5 Installation Details

3.5.1 Temperature Beam

Two temperature compensation beams were fabricated bsdges were constructed, as shown

in Figure 38. The 6 in. x6 in. x30 in. beams have a longitudinal bottom #8 bar, similar to the
reinforcement used in the slabs. The temperature beams were cast with an embedded strain sensor
mounted on the reinforcemteio record the strain and temperature of the beam. These beams were
used to estimate the coefficient of thermal expansidotsf slabs
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() (b)

Figure3.8 (a) Temperature beam with embedded gageramdorcement bargb) the
temperature compensation beams being cast.

3.5.2 Strain Gagénstallation

Both castin-place and precast approach slabs were instrumented with embedded strain gages
having top, bottom, and transverse orientations, as indicated uneR3§ (a), which shows an
instance in a precast sectiofo placethe gages in the desired positioai, the gageswere
mounted with the help of stackable chairs from Polylok Inc., as shown in Figu(b)3which

was taken from the cast-place apprach slabNote that thezip tie tails seemn Figure 3.9 (b)
wereeliminated and disposeaf before the concrete pour.

(b)

Figure3.9 (a) Plastic chairs used in all three gage locations aiMprecast)(b) Plastic chairs
used in all three gage locationd\#&-1-4 (precast).

3.5.3 Displacement Transducers

Four displacement transducers were installed on eadgebi one at every corner. These
displacement transducers were designed to be installed -atapild of the approach slab, ideally
using groutable anchors on both ends of the sensor. One end should be mounted onto the approach
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slab, whereas the other esttbuld be mounted onto the transition slab or the abutment, which was
achieved at most of the locations. Cover plates were used to keep these sensors from any physical
damage, as shown in Figurd.@. A gap between the two plates allows them to moveyfreih

respect to one another as the slab expands or contracts. However, due to the actual condition of
each corner of the slabs, the following modifications were made:

1 At the North side of the approach slab for the Arlington Heights Road badgsgular
Tollway asphalt shoulder was constructed the other side othe expansion joint
Therefore, the displacement transducer (6 in. range) at the northwest end was anchored to
the slaband the pile bent.

1 At the southwest corner of the slab for Arlington dgtes Road Bridge, the approach slab
was not accessible for instrumentation. Therefore, the displacement transducer was
anchored at the barrier of the approach slab and moment slab.

(a) (b)

Figure3.10(a) Installation of NW displacement transducer (Arlington Heights Road); (b) Cover
plates of NW displacement transducer (Arlington Heights Road).

3.5.4 Data Collection and Transmission

A datalogger, tw multiplexers, and a solar panel were installed on posts at each bridge, using the
same installation plan for both slabs. Two multiplexers were mounted below the datalogger, which
was under the solar panel. The terminal boxes were mounted on threeqgbiddes by 6 in.
pressurdreated lumber, as shown in Figur& B.The solar panel was installed at the top of one
post, with the tilt of the panel set to be approximately equal to the latitude at the loabbah (

41.9% in order to yield the maximumadar energy throughout the year. The temperature
compensation beam was placed on top of gravel between the posts at each bridge. All wires were
connected to two multiplexers based on the selection of certain sensors to also provide temperature
readings. Te modem for remote communication was installed in the datalogger box, as shown in
Figures 312
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Data logger box

(a) (b)

Figure3.11 (a) The multiplexer, datalogger, solar panel and temperature beam at Arlington
Heights Roadcastin-place); (b)The multiplexeranddatalogger at Prospect Aven{oeecast).

Datalogger

(b)

Figure3.12 (a) Inside of datalogger after modem was installed at Arlington Heights Roa€ (cast
in-place) (b) Inside of datalogger after the modem was installd®f@spect Avenuéorecast).
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4 Field Monitoring Results
4.1 ApproachSlab Temperature

Strains in an IAB approach slab can be affected by temperature change in the slab (LaFave et al.
2016), and so temperatures in both monitored slabs were recorded at igafy@ilocations

(including 2 crackmeters), where sensors with both strain and temperature gaging capabilities were
installed. Temperatures were also recorded at strain gages placed in the supplementary beams

|l ocated at both brrdgese(bebhesoned to as At emp

As a reference for the temperatures in the slab and ambient temperature near the bridges, data from
the NOAA weather database were collected as well. The specific statltmGsh i cago OO6Har
International Airport station, of which thatitude is 41.96019; the longitude #87.93162; and

the elevation is 201.8 m. It is located approximately 4 miles from the bridges, as shown in Figure

4.1.

@

o)

Figure4.1 Location of monitored bridges andiClt ago OO6 Har e I nternational
station

The data indicate that temperatures obtained from the sensors generally share similar trends with
thedrypul b temperature r eadi ng sbulbteroperaturehiccusu@ly Ha r e
thought of as being the measured air temperatigures 4.2 ad 4.3 present the differences

bet ween each set of 16 t emp e rreatlings, éor Arliegiod i n g s
Heights Road and Prospect Avenue, respectively. There are a few gaps with no data in both Figures
4.2 and 4.3; during these periodgiofe, data collection was interrupted for either all (misti@in

and temperature) channels or just the channels that collect temperature readings. Since the
temperature is such a significant factor in this study, estimated temperature data will be used
replace those missing data, as discussed in detail later in this chapter.

For the casin-place approach slab at Arlington Heights Road, the temperaturddbgamr e c or d e d
temperature did not track well with the data obtained by other sensors from rdaghbry to

Marchof 2018, as it was accidentaltyried in the ground. However, after the beam was uncovered,

its temperature reading started to again track well with the other sensors (as well as with ambient
temperature).
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To better learn how frequdntthe various magnitudes of temperature difference occur, the
estimated probability density function of such differences for each sensor at the two monitored
slabsis shown in Figires 4.4 and 4.5. These distributions are obtained solely from valid data (not
including any missing / replacement data). For embedded gages in the slabs, most of the difference
remains in the range of #10 F, with a slight (less than 3 F) positive biksr temperatures
measured from crackmeters and the temperature beams, the difference is more densely distributed
around O F, which is attributed to more direct exposure to the air and solar radiation.
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In-plane spatial variation of temperature is relatively small; the coefficients of correlation for
temperatures measured at the same vertical position (T or B) are generally greater than 0.98,
suggesting strong agement of the temperature trends from these two differpositioned sets

of gages with respect to time.

However, the temperatures from top gages were observed to change more drastically when the
ambient environmental conditions changetivo instance are shown in Figures 4.6 and 4.7,

which present the time history of all measured temperatures from embedded gages at the
instrumented approach slabs from 12:00 PM on 10/29/2017 to 12:00 PM on 10/30/2017. The
higher temperature position through the shibkness alternated during the day. Generally, the
temperatures at top gages get higher than the bottom ones in the afternoon. Hence, the temperatures
measured from top gages appear to be more sensitive to ambient conditions such as solar radiation,
wind, andprecipitation.

50

0] 45

50

L2 1T-Temp
454 45

Figure4.6 Temperature history from noomo Figure4.7 Temperature history from noon
10/29/2017 to noonrol0/30/2017 (Arlington on 10/29/2017 to noonrol0/30/2017
Heights Road) (Prospect Avenue)

To compare the top and bottom gage temperatures, the difference in temperature between the top
and bottom gages at the same plan locatiamsbe used. A positive difference in temperature
means the measured temperature is higher at the top gage than at the bottom, and vice versa for a
negative difference. If the temperature variation through the thickness of the slab is investigated
by compuing the topbottom temperature difference vs. time (in the range from 12:00 AM to 11:59
PM), the trends ofhetemperature difference between top and bottom gages during a day can be
obtained, as shown in Figures 4.8 and 4.9, where the lines represageavef temperature
difference. The shaded areas behind the lines are the regions within £ standard deviations.

It can be observed that the temperature difference for mogbotbpm gage pairs in the

instrumented slabs exhibits similar trends durindag i top gages generally measure higher
temperatures than bottom gages from 12:00 PM to 8:00 PM. Magnitudes of the standard deviations
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are comparable to the averages due to the fact that sublottopn temperature differences can
vary significantly in diferent weather conditions or seasons. The upper and lower bounds of the
enveloped areas can be employed as waseé temperature gradients in the numerical modeling
of these approach slabs, which will be discusagst in thisreport.
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Figure4.8 Top-bottom temperature difference trend (Arlington Heights Road)
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Figure4.9 Top-bottom temperature difference trend (Prospect Avenue)
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Due to high similarities among embedded gage temperatures in the same vertical position (T or B)
and apparent difference between top and bottom gage temperatures, average slab temperatures for
top and bottom gages, which are denohed faguhn
calculated respectively by averaging all valid gage temperature readings from the same vertical
positions, as shown in Figures 4.10 and 4.11. The gaps in the time history plots reflect the missing
data due to data collection interrigpts. For both monitored slabs, top average temperature tracks
bottom average temperature during most of the time when there are valid readings. Nevertheless,
the top average temperature is more likely to be the local maxima and minima among the two
avera@ temperatures.

As representative variables, average top and bottom temperatures for embedded gages are used in
many ways. For example, they provide a simplified manner to develop a regression relationship
bet ween sensor t emper & tationedata, ehacd can lgesutilizechtd get h e C
estimated temperatures as an alternative to those missing temperature data. Moreover, average top
and bottom temperatures are simple but reasonable metrics to find the timestamps of hottest and
coldest weather.
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Figure4.10 Top and bottom average temperature time history (Arlington Heights Road)
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Figure4.11 Top and bottom average temperature time history (Progpectue)

As indicated by the gaps in Figures 4.10 and 4.11, there are time periods when there were no valid
temperature readings, especially for the instrumented slab at Prospect Avewesger,lack of
temperature readings from Prospect Avenue does not necessdiiate there were no data
collected at all. In fact, for many of the time windows when there were no temperature readings,
there were stable strain readings from most of the embedded gages, as well as the crackmeters.
The mix of missing temperaturesdamalid gage strain or displacement readings emphasizes the
need to recover dse missing temperatures since relationships between temperature and
strains/stresseas well as displacemengse importantn this study.

The missing top and bottom temperat readings arestimatedoy a regression model between

the top or bottom average t emper atlluemperatured t he
precipitation, relative humidity, wind speed, visibility, and station pressure. The regression model

is trained by all valid temperature readings collected from the embedded gages. In comparison to
Figures 4.2 and 4.3, Figures 2.4nd 4.B are the temperature time histories with the estimated
temperature readings included for time periods where tenupenaeasurements are missing.
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Figure4.12 Time history of temperatures widstimated temperatudatafilling gaps(Arlington

Heights Road)
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Figure4.13 Time history of temperatures widstimated temperatudatafilling gaps(Prospect

Avenue)

4.2 Coefficient of Thermal Expansion

The coefficient of thermal expansion was calculated using the strain and temperature readings
obtaned from the temperature beams for both brid§les.strainvas plotted against temperature

and the slopes of the plots were calculated, which gives the thermal expeaosfficient. The
coefficientestimatedising the temperature beam data frarington Heights Road and Prospect
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Avenueis 11 O U / (§k€ details in Appendix DIhese results agree reasonably well with the
commonyaccepted thermal expansion coefficient of

4.3 Approach Slab Strains

Strain readings for all slab geg were collected every 10 minutes for most of the monitoring
program. This interval was decreased to 2 and 3 minutes during static load testing and then restored
after completion of those tests. The raw data that were obtained weg@uetsed to estete

the change in strain with respect to a reference time, which is 12:00 AM 10/30/2017, due to thermal
effects as well as live loads and restraints caused by boundary conditions. The main reason such
reference time is selected is that stable data cale@tbm both instrumented slabs started shortly
before the reference time. Figured4land 415 prove that the micratrain readings from the
embedded gages were stable at the reference time for both monitored slabs. Strain in this report
refers to strain the longitudinal direction unless stated otherwise.
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Figure4.14 Raw dataesponséistory from 12 Figure4.15 Raw dataesponsdiistory from

hours before to 12 hours after the referenc 12 hours before to 12 hours after the
time (Arlington Heights Road) reference time (Prospect Avenue)

Reliable data were collected from the approach slab at Arlington Heights Road, with several
exceptions: 1) channell-3-2B worked well until July 2018, after which no data were collected;

2) channelR-7-2T stopped recording readings in January 2019; 3halhnels were interrupted
from mid-November 2019 to January 2020 due to an issitie the solar panel; 4) there are
occasional outliers @ many channels for bositrain/displacement and temperature readings and
these outliers were removed through fihgr The raw micrestrain readings from all embedded
gages without the apparent outliers are shown in Figa& 4.

For Prospect Avenue, data collection was interrupted for about a month during the summer season
of 2018 due to a damaged circuit board ia tlata acquisition system, which was replaced. The
channel ofL1-3-1T stopped collecting strain and temperature data during data collection, while
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the sensor a6S6-4B only provided temperature datBhe raw micrestrain readings from

embedded gageseashown in Figure 47.
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Figure4.16 Raw data time history from
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4.3.1 Actual Strains
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Figure4.17 Raw data time history from
embedded gages (Prospect Avenue)

Actual strain is defined as the strain (unit change in length) observed in the slab due to all the

effects in the slab. The actual strains were calculated from the raw data of the gages using the

formulabelow:

where:

Y

Y O

“y

Ro is the initial (reference) strain gage reading;
R1is the current strain gage reading;
B is the batch gage factor supplied by Geokon;
Tois the initial (reference) temperature;
T1is the currentemperature; and

Cii

This correction to get actual strain from raw measured strain accounts for the change in length of

S

the coeffici

ent

of

Y O

t her mal

expansi

the vibrating wire within the strain gagghis strain represents a valtiat would be obtained by
an instrument attached to the concrete surface. For example:

1
T

In a case where there is no external load or restaint,will be the unrestrained
thermal expansion/contraction of the slab.

In a case where there is no exterloald and the slab is restrained between rigid

blocks,escwawill be zero.
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4.3.1.1 Lanewise variation of actual strains

The actual strain change for both the g¢agtlace (Arlington Heights Road) and precast (Prospect
Avenue) slab was observed to be closely affected by the change in temperature, as the strain
variations in both slabs in general track proportionally withpgerature change, which can be
readily observed irrigures 4.18 and 419, respectively All the magnitudes reflect the relative
change compared to the fixed reference time, which means everything starts as zero at the reference
time.

Tensile strain is repsented as positive, whitlscompressive strain is presethi@s negative in the
figures.The actuaktrain was observed to become more compressive as the temperature decreased,
and vice versa. This trend was consistent for top longitudinal, bottom Idmgituand transverse

gages. Magnitudes of actual strain change at most of the corresponding locations were observed
to be similar for the two approach slabs. The actual strain change in all panels/sections have similar
ranges of magnitude for each instemted approach slab, with the exception of the sensor located

at SS9-3R (Figure 418 (g)) at Arlington Heights Road, which showed a sudden jump in strain
change shortly after the reference time. No evidence of physical phenomenon was observed to
cause sut a change in strain at this location, and thus the change may be attributed to initial
spurious readings. From Figurd8(b), it can also be observed that the gaty&-2B at Arlington

Heights Roadnalfunctionedduring the summer of 2018 with a largecdease in actual strain and
stopped recording data afterward, as highlighted in the figure. In addition, one exception in the
range of strain change at Prospect Avenue is dig#-2B, which is more tensile than the other
gages in the slab, as shown iguiie 419 (a).

Plots of individual actual strain change time history for all embedded gages at both instrumented
slabs are included in the appendix.

Figure 418 (a) Arlington Heights Road, North Shoulder
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