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L. INTRODUCTION
1.1, General Background

Long-term structural movement of bridges may have many causes, such as changes in
temperature, movement of foundation or supports, and the application of unexpectedly large
forces. The accurate monitoring of these movements can be a difficult problem primarily
because of the relatively long time period over which the movements occur and the
inadequacy of proper instrumentation and technique. Obtaining a stable reference point. for
the measurements is a significant problem. The importance of obtaining these data has long
been recognized by bridge engineers. In many cases, identifying and understanding the
movements are the first steps in eliminating or solving problems that may affect the service
life of the bridge.

- The long term data must be obtained with great care so that sufficient accuracy is
maintained. A study sponsored by the Towa Department of Transportation (Iowa DOT),
Research Project HR-275, “Long-term Structural Movement” [1], henceforih referred to as
Phase I, addressed the many problems associated with obtaining accurate long term field
data. The study served as the initial phase of developing a data acquisition ahd monitoring
system to detect long term movement of bridges. Two methods were studie.d in Phase F{Lilt
sensing and photogrammetric ﬁechniques) and were shown to be feasible for use in monitoring
long-term structural movement. A number of pei't.inént and useful references were éitéd in
this report. .

Two bridges were identified by the lowa DOT as requiring moéitéring for long-term
structural movement. The Black Hawk Bridge, which spans the Mississippi River in
Lansing, lowa, has been subjected to repeated barge impacts o the main span pier, Pier No. 2,
over the pésL few yeérs. The extent of damage is not precisely known, although some visible
spalling of concrete has occurred at the waterline of the pier. The fowa DOT has been '
monitoring the pier b_y surveying and has had the pier, including the foundation, irnspected by
an outside consulting firm. Concern by the DOT exists with regard to whether any significant
change in pier alignment has already taken place, or will take place, should the‘barge izﬁpacts
continue.

The second bridge identified by the lowa DOT for monitoring is the Karl King Bridge
spanning the Des Moines River in Fort Dodge, fowa. Pier No. 4 is located on a sidehill, which

is underlaid with shale. Possible movement of the shale layer, perhaps from the freeze and



thaw cyele, has apparently caused the observed movement of this pier. Since the late 1970s
iowa DOT personnel have been monitoring the pier ﬁsing surveying techniqueé and
inclinometers. During this time damage has oceurred to the pier footings, and movement of
the pier has caused beam rocker supports to be reset on a number of occasions. Rehabilitation
techniques (ineluding the insertion of drain tiles in the sideslope) have been atterﬁpted to
eliminate further movement, and DOT personnel are continuing to monitor the pier for
movement. In gpite of these efforts, the DOT desired additional monitoring te arrive at more
conclusive results. Anaccurate method of obtaining data is reﬁuireﬂ as the initial step in
determining what measures, if any, will be required to eliminate completely further
problems. ' . ‘ . _ .

Phase II, which is presented in this report, involved the field application of the tilt
sensing method that was recommended in Phase I for monitoring mevement of the Black
Hawk and Karl King Bridges. Data acquisition systems were designed to continuously record
data from tilt sensors that were _mounted on the two suspee! piers at prede_termins;d locations.
Because of past problems with the Karl King Bridge, more attention was focused on
developing a field instrumentation system for a thorgugh investigation of the bridge’s
behavior. Therefore, significant temperature data were recorded 10 study movements related
to temperature variations. The thermocouple data described the temperature distribution on
the cross section of the bridge near Pier No. 4, anda computer medel of a segment of the
bridge was devéloped; the model utilized thig temperature information to study the pier
behavior, The analysis proviﬂed information related to the temperature-related axial
deformations of the superstructure and their possible effects on the movement of the pier,

The data recorded at the Black Hawk Bridge was used in a more “qualitative” form
than that at the Karl King Bridge, with the objective being primarily to measure any
absolute change in pier alignment rather than to study thoroughly the movement related to
temperature variations. The primary task was the d'esign and installation of a telemetry- -,

hased instrumentation system that the Iowa DOT could use for future monitoring of the pier.

1.2, Ohjectives

The objective of Phase L of the study was to determine the feasibility of fieid use for the
tilt sensing system. As a result of the successful completion of Phase I, Phase Il was

undertaken with the overall objective of designing and installing tilt instrumentation and



data acquisition systems for use in monitoring long-term st‘,ructurai movements of field _
bridges. Two bridges in lowa were identified by the Iana DOT bridge personnel for long-term
movement monitoring: the Karl King Bridge in Fort Dodge and the Black Hawk Bridge in
Lansing.

The following specific objectives were established as part of Phage 11 of this study:

o todesign a data acquisition system for tilt sensing equipment utilizing a telephone

 telemelry system. This system utilizes fowa DOT purchased equipment and will be
kept in place at their discretion, for future monitoring.

@ to monitor possible movement of the main span pier, Pier No. 2, at the Black Hawk

Bridge in Lansing and the possible long-term movement of Pier No. 4 on the Karl
King Bridge in Fort Dodge.

® to assess the feasibility, reliability, and aceuracy of the instrumentation system used

in this study.

To meet these objectives, laberatory tests were performed to determine the
temperature sensitivity of the tilt sensors before mounting them in the field. Loecations for
the components of the insirumentation and data acquisition system at the bridge sites were
determined. A finite-element computer model of a portion of the Karl King Bridge was

developed and a detailed analysis was performed to validate the field data.

1.3. Literature Review

The Phase I report [1} included a literature review that covered the following areas
related to monitoring long-term structural mevement: structural engineering applications,
surveying applications, and evaluation of the two applications for field use. Although the
majority of these references are applicable to the work in Phase 11, the material will not be
repeated, but rather the reader is referred to the report in which the literature is summarized
[11. In the time since that report was completed, additional pertinent literature hag been
published, and this information will be briefly described in the following paragraphs. In
addition, literature related to the thermal characteristies of bridge superstructures was
studied to assist in the analytical investigation of thermal movement of the Karl King Bridge.

Shiu et al. [2] monitored long-term thermal and time«_!e;ﬁendent movements of concrete
box girder bridges. Measurements of longitudinal conerete s‘trains, concrete and air

temperatures, and vertical deflections were taken over a period of five years. In conjunction



with the field tests, laboratory tests were conducted to determine time-dependent changes in
concrete material properties such as cfé.ep and shriﬁkage. This information was utilized ina
nonlinear analytical model that attempted to prediet the long-term bridge movement. It was
determined that bridges experience significant seasonal and thermal movement. Also, time-
dependent mevements from creep and shrinkage were significant. .

I Aachen, Federal Republic of Germany, Muller-Rochholz et al. {3] studied the time
history and rate of bridge movements. Two bridges were monitored for that purpose: a 400-m
presiressed concrete box girder, and a 440-m steel box girder. For a period of one year,
horizontal displacements were measured using high reselution transducers, while |
semiconductor thermocouples were used for temperature measurements. Dala were recorded
and interpreted on the site using a microprocessor-supported measuring system.
Temperature induced movements were found to be twice as large in the steel bridge as in the
cencreté structure under identical environmental conditions.

In 1986 tilt sensing equipment was used to monitor movement of the Ladlow Viaduct in
Cincinnati, Ohio [4]'. The viaduét is a hollow barrel, concrete arch bridge 1500 ft long. The
decision to monitor the bridge was made after severe rotation of two of the seven piers was
detected. Sperry tilt sensors were mounted on all piers, including the two critical piers, to
monitor their rotation and any possible vertical settlement.

In 1984 McClure et al. [5] studied the temperature distributien in a post-tensioned,
segnientai concrete box girder bridge. The investigation was partofa rese_arch program that
involved obtaining field measurements on a full scale bridge to assess ils behavior under
various loading conditions. For a period of one year, temperature readings were recorded
from thermocouples placed longitudinally and transversely on the bridge. Dial gages were
used {0 m.easure vertical deflections at midspan of the bridge. Analysis of data showed no
significant lengitudinal temperature variation and little transverée iemperature variation.

Ina Louisiaﬁa study, Gopu and Avent [6] monitored the short and long term
movements at selected deck joints at the Atchafalaya River Bridge. The bridge consists of
nine east- and ten west-approach spans and the river crossing. All instrumentation utilized
was placed on the east approach, which consisted of eight prestressed-concrete girder s’paﬁs
and one plate girder épan. Data from linear variable differential transformers (LVDT) and
thermocouples were recorded using a Hewlett Packard data acquisition system. Survéying
Lechni(iues were also used to.moniﬁor movement of the bridge. It was determined that
thermal movements of bridge joints can be significant, and that those movements are

different for the conerete and steel joints.



Based on an extensive review of theoretical and experimental studies, Kennedy and
Buliman [7] addressed the heat flow probiem in composite bridge structures. They proposed a
realistic and simple one-dimensional temperature distribution. This distribution is linear
across the depth of the concrete deck and uniform through the depth of the steel beam or
girder,

In a current study at ISU, Girton et al. [8] are investigating expansion and contraction
~ characteristics of integral abutment bridées. Their research sought primarily to estaﬁlish the
effects of ambient temperature changes on the expansion and contraction of bridges of
different construction materials, as well as to develop design guidelines for long integral-
abutment bridges. Two integral-abutment bridges were instrumented for this study. The
first wasa 324—ft-leng pres‘tressednconcrete beam bridge in Webster City, lowa, and the
included thermocouples installed at various locations on the cross section and an LVDT for
measurmg change in bndge length. Also, ane pile at each bridge was instrumented with
strain gages. Data were recorded and stored using a data collection system that was msta}ied
at the site.

Ina Virginia study, Baber et al, [9] investigated the behavior of a cable-stayed box
girder bridge, both during construction and subsequently during service. The bridge consists
of a seven-span , continuous, twin precast, segmentally post-tensioned concrete box girder.
The middle five spans are supported by multiple cable stays arranged in a harp configuration
from pylons located at both sides Qf the main span. Precast de_lta-frame assembiies were used
to transfer the cable stay forces to the twin box girders. The study had several specific
objectives: ' ' .

® todetermine live load stresses in the cable stdys

# to evaluate resulting stress in the deck

® toevaluate the performance of the delta frame assemblies

#® {0 obtain thermal gradient data for the box girders, pylons, and cable stays.
Instrumentation used on the bridge consisted of electrical-resistance strain gages, mechanical
strain gages, and thermoconples. The strain gages and thermocouples were installed in
different segments of the deck, pylens, and cable stays. Data were recorded and stored usmg a
dala acquisition system that was installed at the site, A personal computer was used to
download the data at desirable inlervals of time. Preliminary results of the btudy show the

trends in bl idge behavmr to be congistent w1th the stages of constructmn



Roeder [10] ,in a study begun in 1987 and currently in progress at the University of
Washington, is investigating thermal movements of bridges and attempting to develop
methods for estimating these movements. The initial phase of the study eonsisted of a survey
of state DOT's, bridge engineers, and governmental agencies. The survey attempis to
determine different methods of designing for thermal movements in bridges and to identify
an;} unigue problems associated with each. The survey .alsd attempts to isolate specific
bridges, which will be investigated analytically to establish their thermal behavior, -
Preliminary results of ihe study indicate that most bridges are designed assuming uniform
thermal expansion of the bridge deck and ignoring thermal deformation of the piers and
abutn_uepts._ The study also coneludes that movement of bridges can be related to other causes, -

such as traffic leading, and creep and shrinkage of concrete.

1.4. General Testing Program

Phase I1 of this study involved field application of the tilt sensing system for
delermining long-term structural mevement and the development of an analytical model to
verify field data. A brief deseription of the investigation is presented in the following

sections; detailed information will be presented later in the report

1.4.1. Laboratory Testing of Instrinmentatiorn

The laboratory investigation invelved the determination of the Lempe.ra ture sensitivity
of the tilt sensors for field use. A test setup similar to the mounting procedure designed for
field application was used. The tilt sensors were subjected to low temperatures by placement
in a freezer, mounted on a reference monument, and continucus readings taken to develop a
temperature coefficient. These values were compared with the manufacturer’s recommended

coefficient,

1.4.2. Field Testing Program

The field investigation consisted of designing the data acquisition systems for each of
the two bridges and determining the location for placement of the instrumentation. The labor
for the placement of the instrumentation was contracted for with local contractors at each

bridge site with supervision provided by ISU project personnel, A temperature transducer



system was designed for the Karl King Bridge so that an analytical investigation could he
performed Vi;o validate measured movements. Superstructure temperatures of the conerete
deck and steel stringers were monitored near Pier No. 4 to allow prediction of expansion and
contraction characteristics. In addition, temperatures were taken at one location of the pier

" capbeam.

| ~ The data from the Karl King Bridge were downloaded manually at periodic intervals
becéuse of the close proximity of the bridgeto 1ISU. However, the Black H awk‘Bridge was
located at a significant distance, themby-requirin'g the use of a telemetry system to download
data from the gystem. A modem was placed at the test site and data were taken utilizing
components of the existing telemetry system at the office of the Iowa DOT in Ames, lowa. In
addition, surveying measurements were made at both bridges to provide additional
verification of the data obtained from the tilt sensing gystem,

Four tilt sensors were mounted on Pier No. 4 of the Kar! King Bridge: one each op the
east and west face and one each on the north and south face of the capbeam. The bridge is an
eight-span continuous structure consisting of eight composite stringers that are steel-plate
girders., Pier No. 4 is a four-column reinforced-concrete fraﬁe st.'.ructure on spread footings.
In 1970, a 90-ft, three-span concrete slab bridge was added at thé west end of the existing
structure. . |

Two tilt sensors were placed on'the pier of the Black Héwk Bridge, one on each of twa
adjacent and perpendicular faces. The bridge consists.ofa three-spah through truss over the
main channel of the Mississippi River and six spans of asteel étrjng‘er section. The m_on'itm-ed

pier is founded on spread footings and is near the center of the channel.

1.4.3. Analytical Program

A finite element model of a portion of the bridge superstructure and Pier No. 4 of the
Karl King Bridge was developea for validation of the {ield test data. Superstructure
temperature data from the field were input into the mode! to predict expansion and
contraction displacements and forces. These forces were then applied to the pier model to
predict displacement. Tilt, or angle change, on the pier capbeam from the model was

compared with tilt data obtained in the field.



2. TESTS AND TEST PROCEDURES
2.1. Description of Bridges

The Karl King Bridge is on State Highway 7 aver the Des Moines River in Fort Dodge,
lowa. The bridge was c’pns.trdcted in 1957 as an eight-span, continuous étringer structure.
The steel plate girders are composite with the concrete deck. The total length of the bridge is
5557ft.; thé general layout is illustrated in Figs. 1 through 3. In 1970,.3 90 ff.', three-span
concrete slab bridge was added at the west end of the existing biidge. As mentio.ned
previously, the pier of interest in this study, Pier No. 4, an expansion pier, is skewed 30° with
respect to the superstructure; it is located on the west side of the Des Moines River and is
underlaid with a shale layer. 1t is believed that the instability of this shale layer contributed
to the past observed movement of the pier. Phdtdgfapbs show Pier No. 4, loéking west (Fig.
4a) and east (Fig. 4b). The pier is approximately 27.5 ft in height above the tep-c.)f the footing.

The Black Hawk Bridge is located on State Highway 9 over the Mississippi River in
Lansing, lowa. The bridge consists of six east-approach deck-truss spans and a three-span
through-truss river crossing. The total length of the bridge is 1630 f%; it was completed in
1931, Figure 5 illustrates the general layout of the bridge. The bridge deck is composed of a
steel grid deck on steel stringers. Five of the six east-approach spans consist of deck trusses
spanning 90 ft. eagh; The most easterly and last of the six approach spans is a simply .
supported 46 ft. I-beam span (sé_e Fig. 6). The main span pier, Pier No. 2 (a fixed pier), is also
shown in the figuré. Pier No. 2 was instrﬁmehted and monitored to determine if repeated
barge impacts have affected the a'li.gnment of the pier and the stability of the bridge _
substructure. This pier is éppfa'k'ir'n.a.te‘l' y 821t in heigﬁt' above the top 'Gf'thle fi'oo't'i‘ng"T '

- 2.2, Field Instrumentation
2.2.1. General

2.2.1.1. Structural

The Kar} King Bridge was monitored over a time period of approximately 15 months;
the Black Hawk Bridge over an 11-month peried. This time period was necessary to
determine the general behavior of the bridges and to isolate significant pier movements,

caused by unexpected external sources, from normal movements,
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(a) Roadway (locking east).

PIER #4

(b) Pier No. 4 on sloping hillside (looking south, downstream;.

Fig. 1. Overall view of Karl King Bridge.
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Fig. 2._E1evation of the Karl King Bridge (looking north, upstream).
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(b) Locking east,

g. 4. Photograph of Pier No. 4.
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(a) Schematic layout looking horth, upstieém.~

(b) View from the Towa side looking southeast.

Fig. 5. The Black Hawk Bridge.
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he bridge deck (looking east).

Fig. 6. The Black Hawk bridge. ) {c¢) Cross section from under deck
at Piler NWo. 2.
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Once the study was autherized by the Highway Division of the fowa Department of
Transportation and the lowa Research Board, a visit to both bridge sites was arranged to
detérmine wher:e: to mount monit_éfing’ equipment on the piers. At both b.ri.dgé sites, the
equiﬁmént Was i.ristailed to mbnitqr ﬁier'movement, at right angles to the pier major axes.

The monitoring system in Fort Dodge consisted of four .tiit sensors, a central cbﬁsole
unit, a data logger, an ambient temperature probe, a channel expanding device, and several
tbermocouples In Lans1ng, two tilt sensors were utnhzed aiong thh the conso!e umt datd
logger, and the ambient temperature probe Two thermocoupies were mshdiled to deLermme
the concrete temperature in addltmn a modem anda telephone line were usod to remotely
control the monitoring system. '

The memmrmg systemc; at both brldges were powered by baitery systems. Data were
recovered monthly and reviewed on a regular basis. A detailed dnscmptmn of each component,

of the momtorlng system is provided in a later section in this chapter

2 2.1.2. Surveymg ‘ .

On three dlﬁerent dates Pier N 0. 4 on the Karl ng Brldge and Pier No. 2 on the Black
Hawk Br_xd_ge were monitored using surveymg techniques to measure movement. A method
uti.iizir.lg theodolites, electronic di_s_tance meters (EDM), and levels-referred to as the triple
point method—was used in calculating the structural movement. A discussion on the method
is provided in Ref. {11].

The surveyihg data-taken at the Karl King Bridge on May 18, 1987, June 20, 1987,
and August 24, 1987-provided a check on data obtained with the structural instrumentation.
The data obtained by surveying at the Black Hawk Bridge were taken on May 1, 1987,J Qne
27,1987 and August 22, 1987. A Wild NI2 level wés used to establish elevations of the |
benchmarks, which were estdbhshed on the haseline. An lowa DOT benchmark in the area
served as the reference of the Karl ng sate and on Lhe Black Hawk site a partially buried,
rigid I-beam served as the reference, Angles_fr_om the baseline fo targets placed on Piers No. 4
and No. 2 were measured to the neé.rést 0.1 second using Wild T2 and Kern DKM2
theodolites. Distances were measured between the behchm_arké to the nearest 1 mm using a
Leitz Red 1A EDM. RN
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2.2.2. Instrument Descriptioﬁ .

| 2.2.2.1: Tilt Sensing System

A Sperry tilt sensing system was utilized for monitd'riﬁg rotational moﬁfeme_nt of the _
piers on ea'éh bridge. The system _consisté of a central console unit (Fig. 7a), and a tilt sensor
and ;nounting platé (Fig. 7). The system was utilized in this project primarily because of its
use of gravity as an dbsolute form of reference From an earlier study at ISU {1}, the system
was found to be stable and rehable with a minimum sensitivity to environmental effects. The
mountlng procedure is simple and can éasily i_)e accnmp.hshe‘d. Figure 8 shows the tilt sensor
and the vertical mounting plate, which is used to attach the sensor to a structural member.
The tilt sensors have a range of :£20 arc min with an accuracy of 0.003 are min. 7

The tilt sensors are connected to the central console umt which can momtor ap to eight
individual sensors. The console provides electrical power to the sensors and serves as a data
soures and also transmlts the electrical sxgnals from the Sensors to the micrologger where the

data are stored. Six- volt battery power was ised to operate the censole unit at both br:dges

2 2.2.2, Temperature Transducers _ _ _

- A Campbell S{_:xentxﬁc Model 107 teraperature probe wés used to _meas'ure"ambignt; _
temperature. The probe incorporates a thermistor in a Watéf resistant tube with standard 10
ft. leads. 1t provides an accuracy of £0.4° ¥ over the range of -26° F to 118°F.

Copper-constantan Type T thermocouples were installed at various locations to
determine temperaturés in the concrete slab and steel stringers. The thermocouple is a
thermoelectric device with a circular cross section of approximately 1-in. diameter that
provides accurate Lemperature measurement by measuring the vollage difference between
the points of contact of two dissimilar metals joined together. The thermocouples were
connected to the micrologger to obtain temperature measurements at desirable time

inlervals. .

2.2.2.3. Micrologger

The Campbell Scientific Model 21X data logger was used for data storage in the fieid
{see Fig. 9). The micrologger can operate in a temperature range of -56°F te +150°F, and 0 to
90% relative humidity. Its small size and ability to operate in harsh environments made the
micrologger advantageous for remote operation. The micrologger allows input through 16
analog channels. An additional 32-input channel can be added through the AM32 channel

expander. The micrologger has the capability of initiating measurements, performing a wide
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Tilt sensing equipment: (a) power source, (b) recorder, and
(¢) tilt sensor and mounting plate
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Details of tilt sensor mounting to.thé plate: (a) pivot'hole,
(b) brass mounting pad, and (c) alignment mechanism
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Fig. 9. Campbell Scientific micrologger.
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range of processing operations, and storing 19,328 data values. Eight alkaline D cells were
used Lo operate the micrologger.

Data stored in the micrologger can be retrieved either manuaily, using a Model RC35
cassette recorder and appropriate interface devices as was used in For{ Dodge, or remately

through a modem link as was used in Lansing.

2.2.2.4 Modem o
Because of relatively long distance aﬁd cost of travel to the Lansing bridge, we linked a
Universal Data Systems Model 212 ALP modem to & telephone line to the micrologger. The
modem allowed programming, monitoring of the micrologger, and retrieval of data on a
| regular basis. Communication with the microlegger was accomplished using a
microcomputer located at the Jowa DOT in Aﬁes and appropriate Campbell'Scientific

telecommunication software packages,

2.2.3. Laboratory.Setu p for Tilt Sensor Tests

Experiments were conducted on the Sperry tilt sensors prior to their installation on the
bridge pier at Fort Dodge in order to confirm the temperatu‘re cc;efﬁ'cie'nb sta'téd by the l
manufacturer. The tests were performed in the ISU Structural Research Laboratory to
simplify observation. The tilt sensor under study was mounted to a massive block of concrete
located on the laboratory floor. A sécond tilt sensor was mounted adjacent to the “test” sensor
to serve as a reference. With this setup, adjﬁstments could be made for any unwanted
movement oceurring on the block. The experiment was intended to be a stati¢ test and
movement was to be avoided.

The tilt sensor to be tested was mounted on a mounting plate and placed in a freezer for
24 hours preéeding the test. It was then removed from the freezer, fastened to the concrete
block, leveled, and allowed to return to room temperature, which was approximately 65° F.
‘Monitoring continued for approximately 1 1/2 _hm'xrs. after initial placement of the sensor. The

Appendix contains a summary of the test results.

2.2.4. Field Setup

2.2.4.1. Fort Dodge
Structural-The tayout of the instrumentation used on Pier No. 4 is shown in Fig. 10.

Phe Lilt sensors were mounted on both of the main axes of the pier capbeam fo provide
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(b) Phétograph.

Instrumentation layout on the Karl King Bridge.
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redundancy in the measurements. The four tilt sensors were placed approximately 28 fi,
above ground level. St&el cover plates 10in. x 11 1/2in,, painted white (ig. 11), were used to
protect the tilt sensors from vandals and to provide addztmndl protection from the
environment, These cover plates were attached to the pier using 1/2 in: ccncrete anchors. All
tilt sensors were zeroed on J anuary 3, 198’7 and the monn;ormg pmcess was started on
January 7, 1987. _ _

The data acqﬁiéition system, which consisted of the gﬁentfai_consoié unit, micrologger,
and channel expander, was pl:aced inside a 24 in.x24in. x 8in. watertight steel enclosure
(Fig. 12). The enclosure was mounted on top of the pier 9 ft. from f;he north end of the
capbeam. The tilt sensor cables were placed inside a 3/4-in. rigid conduit, which connected
the four tilt sensors with the enclosure. o ‘

As mentioned previouS§ y, thermocouples were utilized for'tempefahure measurements.
Two thermocouples were embedded 3 in. into the concrete in the_\;icinit_y of the north and east
tilt sensors. The superstructure was also instruinent_;ed with thermocouples to study the
effects of expansion and contraction eycles on the pier, Sinée the l.it.era‘tur‘e siudy of the
thermal characteristics of bridge superstructures sholwe'd that the temperature remains
essentially constant transversely [5,7], we installed thérmocoupies atonly ihree locations on
the cross section. Nine thermocouples were embedded in the concrete slab, ahd three were
mounted on the bottom side of the top flange of the steel stringers. Figufe 10 shows the
location of the supers_t:ructuré thermocouplrés. The installation of the thermocouples and the
rigid conduit was conducted by Paul Electric Supply Co. of Fort Dodge, fowa.

Surveying-As previously mentioned, a triple point method of surveying was used to
monitor Pier No. 4 on three different dates. Each date’s observation averaged approximately
2 hours of leveling, 2 hours of EDM baseline measurement, and 3 hours of theodolite angle
measurement. Measurements began at approximately 9:00 a.m, and ended at 4:00 p.m. The
field setup consisted of a baseline made up of three benchmarks, which were located
approximately 90 ft. upsiope from Pier No. 4. Each benchmark consisted of a 3-ft-deep, 6-in.-
diameter concrete cylinder with brass cap and nail tip fnarked to represent the station. Four
targets, Ty, Tg, T3, and Ty, were painted on the pier and a nail was driven at the center Lo
represent the point on target, as shown in Fig. 13. The elevations of the benchmarks were
established by level loops run from a nearby partially buried and rigid I-beam in the vieinily.
The leveling misclosure was less than 0,01 ft. Angular observations that were taken to the
pier targets were rejected il any direetion difference from the mean was greater than three

times the computer standard error.
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2 2,42, LaIISmg B .

Structuml—-An overall view oi' Pier No, 2 loakmg east is shown in Fig. 14, The two tilt
sensors were mounted at the top ofthe north and west sides of the pier and can be seen along
with the enclosure in the upper left of the pier (see Fig. 13) The console, mlcroiogger and
modem were placad inside a water-tight steel enciosure s:mliar to that used in Fort Dodge (as
shown in Fi zg 15). Two thermocoupies were embedded 3 in. into the concrete adjacent to the
north and west tilt sensors, respectively. The installation of all the instrumentation on this
bridge was conducted by Cue Electric of Webster City, Iowa L

A teléphone line was installed along the side of the bridge and connected to the modem
inside the enclosure. Although the enclosure protected the equipment from environmental

| effects, the modem and telephone line connection apparently provided a pathway for
lightning strikes to enter and damage the modem and miicrologger. On a number of occasions,

the modem and micrologger were damaged and had to be sent to the manufacturer for repair.

‘Surveying-The triple point method of surveying was also used in monitoring Pier No. 2
on three different dates. Each date’s observations averaged 2 hours of leveling, 2 hours of
EDM baseline measurement, and 5 1/2 hours of theodolite angle measurement. Operations
began about 7:00 a.m. and ended about 4:30 p.m. each day. The field setup consisted of a
basgeline made up of three benchmarks located approximately midway between the railroad
tracks (which are south of the river) and the river embankment on the lowa side of the river.
Each benchmark consisted of a concrele cylinder with brass cap and nail tip mark to represent
the station. Four targets, Ty, Ty, T3, and T4, were painted on the pier as shown in Fig. 15. The
elevations of the benchmarks were established by a level loop run from a nearby partially
buried, rigid i-beam. 'I‘he leveling misclosure was less than 0.01 ft. Angular observations
that were taken of the pier targeis were rejected if any direction difference from the mean was

greater than three times the computed standard error.



INSTRUMENTATION
ENCLOSURE

NORTH TILT
SENSOR

WEST TILT
SENSOR

N (upstream)
(-—o—w—n—-—-—w

Fig. 13. Schematic layout of Pier No. 2.

4

Fig. 14. Pier Ne. 2 (looking east).

8¢



Fig.-

15

29

. Instrumentation inside steel enclosure.
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3. ANALYTICALMODELS
3.1, Intreduction

Twe {inite element models idealizing Pier No. 4 and a portion of the superstructure of
the Karl King bridge were developed utilizing lowa State University’s version of ANSYS [14].
ANSYSis a large-scale, genera! purpose finite-element program capable of solving sevefaf

‘classes of engineering problems. The superstructure model idealized the span between Piers
No. 4 and 5 {a total length of 153 ft) (see Fzg 168). Temperature data, obtained from the
superstructure thermocouples in the field, were used in the model to determine expansion and
contraetion displacements and resulting longitudinal forces in the superstructure, Pier No. 5,
a fixed pier regarding expansion and coniraction, was assumed to be fixed against translation
in the superstraclure model.

' The pier model idealized Pier No. 4, including the foundation, which consisted of spread
footings on underlaid shale. Longitudinal forces obiained from the superstructure model
were applied to the pier to predict rotations of the pier capbeam for comparison with the field
¢ilt data.

The actual movement of the superéﬁructure and pier is quite complex, and the
simulation of their behavior must be made with a great degree of care. For this reason, a
range of solutions was desired, which would represent upper and lower Iim_if;s of_‘ movement,
This required ranges of values to be selected for the parameters used in the computer
simulation. Two important parameters in the analysis of the pier movement are the
magnitude of force in the superstructure, which is dependent upon the restraint of
lengitudinal movement at the pier, and the Foundatibn condition of the pier footing. Each
parameter is discussed in following sections with rationale for the range of parameter values

selected.

3.2. Superstructure Model

As mentioned previously, the superstructure consists of eight composite steel-plate
girders. Typicaily, the eross-sectional properties of each girder vary throughout its length.
For purposes of analysis, Pier No. 5, a fized pier, was ide_éliz‘edas restrained against
longitudinal translation. Pier No. 4, an expansion pler, was iczealized as partially resirained

against longitudinal translation, since the pier bearing devices were assumed o transfer at
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least a portion of the longitudinal forces from the superstructure to the pier capbeam. Ideally,
the expansion bearigg devices are assumed to allow free movement of the suﬁérstructure
aeross the top of the pier capbeam.,

Consistent with the literature contained in the literature review related to the thermal
characteristics of bridge superstructures {5,71, the following assumptions were utilized in
modeling the superstructure:

1. all longitudinal elements of the superstructure experience the same temperature

variation
all cross-gectional elements experience the same temperature variation
the temperature is constant across the depth of the steel stringers

temperature varies linearly through the depth of the concrete slab

321 Description of Model Elements

The mode! was constructed by establishing a matrix of nodes connected by elements
containing the properties of the superstructure. BEach node contained six degrees of {reedom,
three translations and three rotations. Three types of élements were selected from the
ANSYS element library to model the superstrueture: three-dimensional beam elements,
quadrilatera! shell elements, and uniaxial tension and compression spring elements.

Figure 17 shows a schematic of & portion of the superstructure model.

The three-dimensional beam elements were used to model the steel stringers and
diaphragms. The modulus of elasticity, Poisson’s ratio, and coefficient of thermal expansion
of the stringers and diaphragms were taken as 29,000,000 psi, 0.3, and 0:0000065 in /in./°F,
respectively, Quadrilateral shell elements were used to model the concrete deck. The
modulus of elasticity, Poisson’s ratio, and coefficient of thermal expansion of the concrete deck
were assigned values of 3,372,000 psi, 0.2, and 0.0000055 in./in./°F, respeciively. The
thickness of the concrete deck was assumed to be 7 in. Values corresponding to the actual
cross-sectional properties of the plate girders and diaphragms were used in the model.
Uniaxial tension and compression spring elements were used to provide partial restraint
against longitudinal translation of the superstructure at the Pier No. 4 end of the
superstructure {shown in Fig, 18). The springs simulated realistic conditions of restraint that
can practically eccur, Beﬁding and torsion were not considered, and only axial forces were

accounted for.
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Fig. 17. Schematic view of elements in superstructure computer
.model.
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Fig. 18. ©Expansion bearing illustrating longitudinal forces
transferred through bearing device.
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An important parameter in the idealization of the superstructure model was the
condition of restraint against longitudinal movement ai Pier No. 4. The magnitude of the
axial force developed in the superstructure is directly related to the magnitude of this
restraint. Theoretically, the expansion-pier bearing devices allow only the transfer of
longitudinal superstructure forces at the pier capbeam that are a funetion of the 7
superstructure dead load, radius of the bearing pin and rocker, and coefficient of friction (see
Fig. 18). These forces are constant over time,'regardless of temperature differentials, and
- oceur due to the superstructure expansion or contraction. Equation (1) is tyﬁically uged Lo

calculate these forces:
F = (P)( )(1) | )
u R .

where .

P = superstructure dead load

1 = coefficient of friction of steel = 0.25

r = radius of bearing pin '

R = radius of rocker

Realistically, expansion bearing devices seldom function as described above. In many
cases the devices may restrict, or at least hartialiy restrict, rotation and subsequently cause
horizontal forces to be transferred to the top of the pier from the axial forces developed in Lthe
longitudinally restrained superstructure. The magnitude of these forees is not constant over
time, but rather is dependeht on the change in temperature and the amount of end restraint
created by the bearings. If the expansion bearing devices are assumed to be completely

- restrained against longitudinal movement, as in fixed bearings, the resistance against

longitudinal movement of the superstructure would come from the flexural stiffness of the
pier to which the longitudinal forces are transferred. In the analytical model of the
superstructure this pier flexural stiffness was used to quantify the magnitude of the axial
spring stiffness used to simulate longitudinal regtraint. The tolal flexural stifiness of Pier
No. 4, in the longitudinal direction of the superstructure, was calculated as 220 kipsfin.
However, to assign stiffness values to each of the eight steel stringers in the model, it was
assumed that only a portion of the total pier stiffness was effective in resisting the .
longitudinal moevement of the superstructure. Therefore, each stringer was assigned an axial

spring stiffiess value of 50 kips/in. To account for the uncertainty of the amount of restraint
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pravided by the bearing devices, the spring stiffness was varied over a range of 30 to 90
kipsfin. Little sensitivity was noted as the maximum difference in the caleulated

displacements over this range was 2.8%.

3.2.2. Model Assembly and Verification

The beam elements were placed at the elevation of the centroid of the steel stringers.
Nodes were established along each stringer at each diaphragm connection, and at locations of
cross-sectiqnal-pmperty changes, as shown in Fig. 19. |

The quadrilateral shell elements were placed at the elevation of the centroid of the
conérete deck. The model aésumed linear elastic behavier of the concrete deck [12}. The
concrete deck was divided into eight unequal parts along the bridge length. Longitudinal
divisions, established at locations where the cross-sectional properties of the steel stringers
change, were symmetrical about the midspan of the model. Transverse divisions were made
such that one shell element existed between adjacent stringers. Figure 20 shows the
configuration of the quadrilateral shell elements. The spring elements were connected to
both the beam and quadrilateral shell elements at the end of Pier No. 4 on the model. The
beam elements were rigidly linked to the shell elements through master-slave node
relationships (see Fig. 21). _

Verification of the superstructur'e model was accomplished by %’eleasing the pa'rjtial'
restraint at Pier No. 4 against longitudinal translation and replacing the ﬁniaxial spring
elemeﬁts by simulated roller supports. A temperature change of 74° F was applied to the steel
stringers and the diaphragmé. The conerete slab was subjecﬁed to a linear tempefature
gradient of 79.2° F at the top and 77.3° Fat the bottom. Displacements of the steel stringers at
Pier No. 4 were caleulated and compared with the deformations obtained using the expansion
formula (Eq. 2): &

8=al AT (2)

where
a = coefficient of thermal expansion/contraction
L = length of medel span
AT = temperature change
Both methods indicated a deformation of 0.883 inches in the 153 fi span.
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Fig. 21. Computer model detail illustrating connectivity
‘ of deck to stringers.
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3.3. Pier Model

The pier model simulated Pier No. 4, iﬁclhding the foundation {see Fig. 22). As
mentioned previcusly, this pier is located on a hillside underlaid with shale. Because of the
geometric irregularities of the pier, and the uncertainty of the foundation stability, the
following simplifications were made:

1. the concrete collars placed for maintenance purpeses at the bottem of the north

' and south eolumns were ignored

the columns were idealized as nonprismaﬁc concrete members

the noiches at the top of the pler capbeam were eliminated

nonprismatic conerete members were used to model the pier capbeam with
shallower members at the location of the arches o

- 8. elastic springs were attached to the footings to simulate foundation support

3.3.1. Description of Model Elements

Three-dimensional beam elements were used to mode? the columns, footings,
diéphragms, and pier capbeam. The modulus of elasticity and Poisgon’s ratio of these
e]emenis were assigned values of 3,372,000 psi and 0.2, respectively. '

Uniaxial tension and eompression elements were used to simulate an elastic
foundation condition. These springs allowed only axial forces and ignored bending or torsion
effects. Five springs were symmetrically spaced along the two major axes of each footing (see
Fig. 23). Anaxial spring constant representing the stiffness of the soil was based upon the
modulus of subgrade reaction. It was mentioned earlier that an important parameter in
deseribing the pier foundation behavior was the soil condition beneath the footing. The shale,
which underlaid the footings of Pier No. 4, was assumed to be uniformly distributed across the
whole footing area. Soil profiles from soil borings on construction plans showed that the shale
layer was significantly deep in this region. The profiles showed layers of soil that were
described as soft, medium hard, and medium hard te hard shale. The upper layers in the
boring nearest Pier No. 4 also showed relatively thin layers (1 to 3 ft) of stiff siity clay.
Although the shaleisa densely packed clay and silt material, and relatively stiff compared to
other soil types, the material still exhibits properties that may be simulated as an elastic

supporting material.
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The elastic springs that were used Lo idealize the supporting soil were assigned axial
siiffnesses based on an assumed range of magnitude of the modulus of subgrade reaction for
shale material. The modulus of subgrade reaction describes the ratic between the unit soil
pressure and thie corresponding settlement. Based on the moduli, the axial spring stiffness
was caleculated by multiplying the modulus of subgrade reaction by the contributary area
assigned Lo each 9pring. The range of values selected for the subgrade reaction wag 3000 to
6000 k/M3 for a lower limit and 300,000 k/ft3 for an upper {imit [13] Based on these values,
the spring stiffnesses assigned were 2000 k/in. and 200,000 k/in. in addition Lo these ranges
of values {(which represent the range of very flexible to very stiff shales), a value which
represents the possibilily ofa pocket of soft material, such agelay, in the shale, was
considered. Since no eores were taken in the actuai footing areas, this was a realistic
possibility. The stiffness value assigned Lo the footing springs to simulate this condition was
400 k/in.
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4. TEST RESULTS AND ANALYSIS
4.1. Reduction of Tik Data to Linear Displacements

In the following sections, field data are presented in units of arc min of tilt as they were
recorded by Lhe instrumentation. In order t6 quantify the pier tilt in terms of a linear
displacement of the pier, assumptions must be made regarding the overall local movement
hehavior of the pier. Two conditions of movement of the pier were considered: rigid bedy rota-
tion in a vertical plane and flexural deformation caused by curvature of the pier. These two
condilions represented upper and lower ranges of possible linear digplacement, respectively,
of the pier. The rigid body assumption was applied by assuming the pier was pinned and free
i,e rotate at the footing. The application of simple triogonometric relationships allowed cal-
culation of the linear displacement at any point on the pier. The pier curvature assumption
was applied by assuming that the pier was completely fixed against rotation at the footing
and by applying prineiples of structural analysis for flexural curvature. Calculation of the -
linear displacement at the top of the pier at the tilt sensor location could then be made.

Based on the above assumptions, ranges of linear displacements of the piers at the tilt
sensor location for 1 are minute of tilt are given in Table 1. This coefficient ig assumed tobe
linear and therefore may be applied to any other tiit reading by proportion. The upper limit
values for both bridges, which are based on rigid body rotation (0,10 in, for Karl King pier and
0.27 in. for Black Hawk pier), may be most applicable in cases where the alignment of the pier
would change due to a foundation settlement. The lower limit values may be most applicable
for cases of direct application of forces, such as those due to expansion or contraction of the
superstructure, Since the pier behaves as a flexural member resisting load. '

As mentioned previcusly, the tilt senser readings provided information regarding the
vertical al_ignment of the surface to which they were attached. Hence, the Lili sensof i"eading
at any given time represented the angular position of the pier capbeam with respect to.graw
ily. Any type of pure ﬂranslationai movement of the pier was not registered by the Lilt
sensors. The only way Lo record a movement of this type is by direct linear measurément {from
some stable reference point to a point on the pier. We believe that the stability of this
reference point would be at least as questionable as the conversion of measured tilt to linear
displacement. Gravily, on the other hand, serves as a very stable reference point. Thereisa
tradeoff between accepting the advantage of a stable reference point versus a direct linear-

displacemeni measurement. The research team believes that the assumption used fo convert
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Table 1. Correction coefficients for converting measured tilt readings to linear
displacements. : o
Pier No. 4 Pier No. 2
KarlKing Blackhawk
Linear Displacement (in.) Linear Displacement (in.}
Measured Tilt — ! = m——
(arc min) East-West | North-South East-West § North-South

0.07-0.10* | 0.01-0.10% 0.16-0.27* 0.03-0.27*

*Based on agsumption of rigid body rotation.

No'te:i Linear displacements shown in table eorrespond to the location of the tilt sensors on
the pier.

the tilt data to actual linear displacements is based on sound principles. These principles,
when used in interpreting tilt data and taking into account the limitations in the conversion

process, may provide accurate records of bridge movement.

4.2. Karl King Bridge

4.2.1. Structural

The"insballé'tiori of equipmént was completed in Deceinber of 1986 and the tilt sensors
were zeroed on January 3, 1987. The data recording process was started on January 7, 1987,
and continued through April of 1988, As mentioned previously, data on the pier were col-
lected from thé four tilt sensors mounted on the pier capbeam (see Fig. 10), two thermocouples
embédded into the concrete near the north and east tilt sensors, and _the'ambient temperature
probe. Allof the tilt data, accumulated throughout the duration of the project, were based on
the initial reference established on J anuary 3, 1987. .

As shdwn in Fig. 10, the north and south tilt sensors are on opposite faces of the
capbeam, and the east and west sengors also occupy opposite faces. The sensors were désigned
so that a clockwise rotation (of the sensors) represented a positive magnitude of tilt. There-
fore, the oriéntat_ien of the pairs of sensors (north-south énd east-west) caused a magnitudé of
recorded {ilt that was equal in magnimde, but opposité in sign (assuming, of course, that the

pier moved as a unit equally in north-south and east-west directions). Inorder toallow a
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clearer comparison between the pairs of sensors, the tilt readings that are presented in the
tables and graphs following have been assigned the same sign to indicale movement in a
common direction. Actually, the south and west tilt-sensor readings represent recorded ﬁeld
magnitude, but are negative algebraic values.

Based on the location of ihe tilt sensors on the capbeam shown in Fig. 10, the north-
south sengors provide data regarding movement of the pier in an east-west direction; the east-
wesl sensors provide data regarding north-south movement, Discussion of movement in this
section will also be referenced to the superstructure, as well as to the pier. Note that a skew
between the pief and the superstructure made it necessary to convert a pier movementto a
longitudinal stringer movement based on the skew geometry, In general, the superstructure
lengitudinal movement corresponded primarily to a movement in the easi-west direction
{(north-south tilt readings); the transverse movement refers to a north-south direction (east-
west tilt readings). _

The superstructure thermocouples were installed in March 1987 and data recording
started on April 15, 1987. The micrologger was progran{med to record all data on an hourly
basis. Due to storage limitations, the micrologger allowed retention of dala in final storage
for approximately 30 days before writeover occurred. Therefore, a trip to the bridge location
was scheduled every four weeks to dowhioad the micrologger manually, using a computer
cassette recorder and necessary interface devices, and to replace the batteries of the central
console unit for the tilt sensors. On a number of occasions, weather conditions dictated déléy~
ing the trip, which resulted in losing parts of the data. In addition, componenht failure of .the

| console unit émd the micrologger caused the loss of data during June, part of J uly,. and August
of 1987. However, since the position of the tilt sensors was not altered during the mc_mithing
period, the loss of data did not disturb the reference established for readings of the tili sensors,

and the continuity of the monitoring process was maintained.

4.2.2. Daily Behavior

Readings of the four tilt sensors were plotted on a daily basis. Close examination of
these daily graphs and the ambient temperature records revealed a close correlation between
the readings of the north and south tilt sensors and of ambient temperatures. These sensor
readings correspond {0 4 pier movement that has its major component in the longitudinal
direction of the bridge superstructure, or in the longitudinal direction of the bridge stringers.

A few arbitrarily selected plots are presented for discussion. Figure 24 represents the
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readings of the north and south tilt sensors, as well as ambient temperatures, on March 20,
1987. The tilt data indicated that the pier capbeam experienced a rotation toward the east
during the early morning hours. Between rriidmoming and midafternoon, as the ambient

te mperaturé increased, the pier again experienced a larger rotation-this time toward the
west, As noted in the figure, the readings of the north and south tilt sensors were consistently
different by approximately 0.50 arc min throughou't the day. Thisdifference imphied that,
throughout the day, the capbeam at the south end of the pier was positioned more toward the
west than was the north end. Figure 25 represents the readings of the north and south tilt
sensors and of the ambient temperatures on May 15, 1987. The graphs follow the same
general behavior indicated in Fig. 24; however, the magnitude of the westward rotation was
larger than that illustrated in Fig. 24, and the difference between the readings of the north
and south tilt sensors increased to approximately 0.8 arc minute. Note that the maximum
change in temperature recorded on March 20 was 20° F, while the maximum recorded on
May 15 was 36°F.

Figure 26 shows a plot of the north and south tilt sensors, as well as ambient tempera-
tures for January 21, 1987. The trend of the movement following the ambient temperatures is
again illustrated. It is interesting to note that in this graph the north and south tilt readings
did not differ as significantly, as shown in Figs. 24 and 25. Reasons for this will be discussed
in detail in a later section. The maximum change in temperature recorded on this day was
15°F. ' _

To contrast the above behavior, we noticed that on days where the ambient tempera-
ture remained essentially constant, the pier experienced very littie change in position in the
east-west direction. A typical example iliustrating this is shown in Pig. 27, which represents

‘the readings of the north and south tilt sensors and of ambient temperatures on April 14,
1987. The maximum change in termperature on that day was 2°F.. |

Figures 28 through 31 illustrate the corresponding readirigs of the east and west tilt
sensors and of the ambient temperatures for the same four days just presented. These
readings indicate movement with a major component corresponding primarily to the
trénsverse diréctien of the superstructure. The figures indicate that the pier experienced
very little rotation in the north-south direction, despite the relatively large temperature
changes recorded on some of the days. '

Further examination of daily graphs of tilt sensor readings for other days over the
duration of the projeet indicated that the pier consistently followed the general behavior dis-

cussed above. That ig, the pier experienced a variable magnitude of rotation in the east-west
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direction proportional to the corresponding, maximum daily temperature differentials and
negligible rotations in the north-south direction. The position of the south end of the pier cap-
heam was consistently more westerly than the north end only beginning in mid-March. Prior
to this time very small differences between north and south readings were noted. The magni-
tude of the differential rotation between the northland south ends on a daily basis incfeased

' grédﬁaliy toa fnaximum of 0.80 arc min in May 1987 and remained constant thereafter. This
effect is illustrated in a later section on the seasonal behavior of the bridge, where it will be

discussed in greater detail. ‘

As the plots indicatie, the daily behavior of the movement of the pier in the
superstructure longitudinal direction was directly related to daily temperature variations.
The field temperature data were reviewed to provide a basic understanding of the relation
between this moverﬁent and temperatures, Asshown in Fig. 10, in addition to ambient
temperature, data were obtained for both the steel and conerete near Pier No. 4. Typical
temperature data are presented along with a brief discussion of the general trends noted in
the data. No attempt was made to provide an in-depth study of the localized effects of
ternperalures on the overall movement of Pier No. 4. The data in the tables are presénted to
provide both an overview of temperature effecis and a summary of the daily temperature

‘variations that were found in reviewing the temperature data during the monitoring period.
For the objectives in this gtudy, the general behavior of the pier, however, lmight still be |
described as being ly dependent on femperature, regardless of whether cor
being made with superstructure steel, concrete, or ambient temperature.

The temperature field data typically showed that changes in bridge temperature
lagged behind changes in ambient temperature, and that thi\s lag was different relative to the
concrete and steel in the superstructure. Table 2 lists a set of typical daily data illustrating
the differences betwe.en the supersirueture steel and concrete temperatures snd ambient
temperaturés_for two arbitrarily selected days when the ranges in tern;)'eré.ture were
significant. The days represented in this table were characterized as being mostly sunny.
The tabulated temperatures for superstructure steel and concrete represented the average
temperatures on the cross section of the bridge. As indicateé in the table, the conerete and
steel temperatures were generally higher than ambient temperatures in the early morning
and late evening hours, but less than ambient temperatures in ihe middle of the day. This
imptlied that the extremes of ambient temperature during the course of a day are greater than
those for the concrete and steel superstructure. Table 3 summarizes temperatures on a day in

which the range of ambient temperatures was small. That day was mostly cloudy throughout
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Table 2. Comparison of ambient temperatures and average concrete and bteei
temperatures for May 9 and September 7, 1987.
Average .
Time Ambient Concrete Average Steel
Date (hour) Temperature, °F | Temperature, °F | Temperature, °F
4 60.4 65.3 704 .
6 58.5 64.0 87.8 .
8 - 63.9 63.3 65.6
10 75.8 66.0 67.6
noon 808 - 706 73.3
2 85.6 742 78.6
4 87.9 71.3 83.2
6 86.5 79.5 86.1
8 819 83.0 86.8
10 16.4 79.2 85.3
_ midnight 2.6 76.7 82.5
9.7-1987 2 61.8 69.0 70.3
4 60.5 68.4 686 - |
6 59.9 67.8 67.2
8 60.0 67.4 65.8
10 67.0 67.8 66.7
noon 72.9 68.7 70.0
2 76.7 69.8 3.9
4 67.3 70.3 75.1
6 72.3 70.6 . 75.8
8 68.1 70.3 - 75.8
10 | 65.5 69.8 74.4 .
midnight 62.1 68.9 1.5
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Table 3. Comparison of ambient temperatures and average conerete and steel
temperatures for May 24, 1987.
. Average .
Time Ambient Concrete Average Steel
Date thour) Temperature, °F { Temperature, °F { Temperature, °F

4 - 56.7 59.9 62.5
6 54.8 59.0 61.1
8 53.8 58.4 . B89
10 _ 54,3 58.6 . BTb
noon 53.9 - 582 ~ b6.6
2 546 - 58.4 56.4
4 53.3 58.1 56.1
8 54.9 57.9 56.1
8 55.9 517 ‘ 56.4
10 56.1 574 . ~ bB.b
midnight 54.0 . 56.8 . 56.0

the day. Asshown, there was a different qverail behavior between the three
te mperatures—cbncrete, steel, and ambient. The temperature differences were relatively
cénstam throughout the day, and the ambient temperatures were lower at all times.
Additional typical localized temperature data are provided for general consideration in
Tables 4 and 5. Shown is a summary of temperature data across the width of the bridge near:
Pier No. 4 at various hours throughout the day. April 27, 1987, was arbitrarily sélectad as
one date for the aata, which are shown in Table 5. These data are typical for most of the other
days that were monitored during the spring, summer, and early fé.il seasons. Asshownin the
table, from midnight to noon the concrete slab temperatures were very similar. The differ-
ences beeame greater through the afternoon, sometimes approachi;ng 10°, until equalizing -
again toward late evening. The temperatures in the top of the slab on the south side of the
bridge deck tended te be lower than those on the central and north sides. The temperatures in
the bottom of the slab tended to be more similar throughout the day at the nqg‘th, south, and

central portions of the deck. In contrast, the temperaturés of the steel superstructiire were



Table 4. Com_parison of temperature data for April-27, 1987.

Temperatures, °F

CDay | game vortn | comter | South NorthSlab |  CenterSlab | SouthSlab
Stringer | Stringer Stringer Top _Bottom 1 o ) Bottom Top | Bottom

4.27-1987 2 T3 1 727 1 731 | 771 | 744 | T 763 | 783 | 754
4 687 | 684 69.2 73.0 9.9 72.8 | 722 5.2 1 72.0

8 64.6 4.9 64.3 68.3 5.4 68.1 67.2 70.3 ] 66.9

8 60.9 61.7 60.8 3.8 61.7 63.7 63.4 663 | 635 |

10 60.3 61.2 59.7 62.2 60.4 61.7 1.0 63.0 61.2

‘noon 62.3 63.3 61.5 656 | 622 64.7 62.9 623 | 617

| 2 j 65.0 - 66.0 64.3 612 85.7 704} 673 64.1 | 638

4 67.8 68.6 67.3 76.8 69.6 756 | 719 67.2 | 66.6

6 68.8 9.2 8.3 78.9 71.6 782 | 745 | 701 | 685

8 68.6 68.9 8.5 76.9 71.7 76.8 74.4 7.2 69.2

10 66.5 67.5 67.1 723 | 694 729 | 721 | 70.8 68.6

midnight 652 65.6 65.8 67.9 87.3 68.7 89.1 | 69.3 | 675

09



Table 5. Comparison of temperature data for January 28 1988

Temperatures, °F
Day &i’ﬁ) B . Conter | South North Slab CenterSlab [~ South Slab
Stringer Stringer Stringer Top | Bottom Top Bottom Top Bottom
4 15.4 15.1 15.7 16.6 165 15.7 15.8 157 | 157
6 153 15.1 159 | 156 15.9 15.1 15.4 159 | 159
8 18.1 15.9 18.1 15.0 16.1 14.7 153 | 181 18.1
10 19.1 197 21.8 16.0 18.6 15.5 168 “{ 217 | 21.8
noon 923.5 24.7 28.0 19.6 22.7 18.2 20.0 219 t 281
2 27.4 28.4 318 23.9 26.6 21.9 235 318 | 319
4 29.0° 29.5 827 27.2 28.7 25.4 26.3 32.7 | 32.8
5 29.2 29.5 32.6 | 281 29.2 266 § 278 32.6 32.6
6 29.2 29.2 31.7 | 2858 204 | 274 27.9 31.7 | 817
8 . 29.0 28.7 311 | 293 29.6 28.2 285 | 811 | 3L
10 929.4 - 29.0 31.4 29.1 29.8 28.4 28.8 313 ] 314
midnight 29.7 29.3 31.6 | 287 29.8 28.3 31.6 | 316

28.9

19
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much more uniform from north to south on the bridge deck varying by no more than one Lo
t;wo degrees throughout the day. ‘

From these data it appears that the large dlﬂ'erences in temperatures on top of the slab
acress the deck width were related to the intensity of the sunlight on the roadway. During the
heat of the day, the north side of the hndge deck was subject to direct sunhght whereas the
south s;de inthe region of the thermocouples was partially shielded by the bridge parapet
shadow. 'I'he bottom of the slab temperature differences were smaller due to their position
away from‘dir.ect sunlight. This was' true also for the steel.superstrueﬁ,ure which'was shielded
by the roadway slab These trends are apparently re!ated to hhe retention and dissipation
characteristics of steel and conerete. _

Table 5, which shows data for January 28 1988, illustrates a typlca] contrast in daily
temperat;ure data between ddys in summer and winter. As was shown in Table 5, the d anuary
data also indicate that the concrete temperatures are warmer than the szeei superbtructure
temperatures. These differences are not as great as these typically noted in the summer. The
Ijemperature differences across the wiﬂtﬁ of the roadway are not as extrerﬁé ‘for the January
data as for the April data. The tendency noted in spring, sumrher, and early fafl of north-side
ternperatures being warmer was not found to occur typically during the winter. As shown in
Table 5 for both the steel and concrete slab temperatures the south side is warmer, the
Iargest differences oceurring durmg late afterncon. It was noted from revxewmg temperature
data during the winter months that thxs trend of the south side being warmer than the north
side only occurred about 50% of the time. It was not obvious from consideration of thedata
why this occurred. It is also inieresfing to note that typically in the winter, there is very little
. difference between the top and bottom slab temperatures.

As mentioned previously, Figs. 24 to 27 show that the tilt readings “echo” the ambient
temperature dafe. During the early and late parts of the dey, the sensitivity between the tilt
* dataand teinperature appeared to be less than during the middle part of the day when temp-

- ératures typieally increased more rapidly. From these data, the rate of change of pier mov'e-.
ment due to change in temperature was computed On the basis of the assumptions that the _
pier movement also represented the superstructure movement at the pier and that Pier No. 5,
a fixed pier, was the reference point about which expansion and contraction of the super-
structure occurred, a coefficient of expansion and contraction of the euperstructure could be
approximated. To illustrate, Fig. 24 has been divided into four time periods correspoeding to
apparent differences in rate of change of tilt related to change in temperature:

midnight-6 a.m., 6 a.m.—6 p.m., 6 p.m.-midnight, and over the whole 24-hr period. The
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change in pier tilt was corrected to a pief linear displacement, based on discussion in
- Section 4.1, and a coefficient of expansion and contraction of the superstructure for each of the
T_our time periods was determined by the following calculation.

Midnight-6 a.m,

o .,:Amz Coine i ' (3)
.L X .Atemp -
whep |
Ay =  chéange in tiit sensor reading
Cup = correction/1 are minute, for linear displacement
L = span lengﬁh between fixed Pier No. 5 and expansion Pier No. 4
= 1531t |
Aiemp . = change in°F, in ambient temperatures

. ' in.
{(1.7arc min}( 07 . )

arcmin

. . l”_6 in.
= : =6.48x107% =
153/t X 12 X 1°F o

7 ¥

This coefficient is larger than an expected design value of approximately 6 X 10-6
in/in/°F. Table 6 provides a summary of the calculated ceefﬁci_ents for the other three time
]Se.riods, as well as data for the other three days représented in Figs. 24 t0 27. Asshown, the
coefﬁcients were very similar, and in all cases slightly larger than the expected design values..
A number of poséib!e reasons exist for these differences, including incorrect assumptions in
the ca.lcuiation‘ of the coeﬁicieht from the field tilt data, such as the assumption that the fixed -
Pier No. b is actually fixed ag.aiﬁst longitudinal movement. However, an important
impliéaﬁion from the data was that the tilt readings of the pier were a result of forces

. iransferred from superstructure expansion and contraction.

4.2.3. Monthly Behavior

When the tilt data were viewed over a longer time period than dail'y,‘ it was noted that,

the movement was temperature dependent. The monthly data indicated that the pier -
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Table 6.  Calculated temperature -expansioh and contraction coefficients based on daily
ambient temperatures, ‘ '

_ Témperatur_e Coefficient, a
(10-6in./in./°F)

24 hr

Déy ‘ 1 Midnight-6 a.m. 6a.m.-6pm, 6 p.m.-Midnight Period

3-20-1987
5-15-1987 6.62. 8.37 3.5 6.50
1-21-1987 ‘ 0.485 - 83 N 3.19 ©4.80

4-14-1987 2,58 { . o8 2.57 I 580

continued t,t_) follow the daily pattern of movement discussed in Section 4.2.2. In other words,
thé pier consistently rotated toward the east during the early morning hours and then
graduaily rotated tbward the west in thé afternoon. Typically, on a given day the pier
capbeam reached the farthest eéstward, position around 6:00 a.m. and the farthest westward
posiﬁon around 6:00 p.m. The magnitude of the rotation that the pier experienced between
6:008.m. and 6:00 p.m. varied from day to day, depending on the corresponding changé in
ambient temperatures. Therefore, the readings of the north and south tilt sensors at 6:00 a.m.
and 6:00 p.m. were considered as representative of the eastward and westward bounds for
movemérit of the pier. These readings were plotted ona monthly basis to show the variation
in the position of the pier. A few arioitriirily selected plots are presented for discussion,
Figures 32 and 33 represent the reading's of the north and soulh tilt sensors an_d of the
ambient temperatures during Jaﬁu_ary 1987 at 6:00 &.m. and 6:00 p_ni., reSpéctivei y. Note the
. ¢lose correlation between the pier tilt and the ambient temperature, as had been suggested by
reviewing the daily data, An eaétward rotation followed a decrease in temperature, while a .
westward fotati'on followed an increase in temperature with magnitudes of rotation p‘rdpdr- ‘
tional to the corresponding changes in ambient temperature. For the greater part of the
month, the position of the pier was easterly with respect to its original position at the |
beginning of the monitoring period. However, during the last week the pier began a net
rotation toward the wést beyond its original position. The net rotation that the pier exper-
ienced from the beginning to the end of the month was appmxim.ately 1.40 arc min toward the

west. Figures 34 and 35 represent the readings of the east and west tilt sensors during
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January 1987 at 6:00 a.m. “and 6:00 p.m., respectively. It is apparent that the rotation of the
pier in the north—south dlrectzon was neghg;ble .

Flgures 36 and 37 represem; the maximum range of readings of the north and south tilt ‘
sensors and of ambient temperatures, respectively, during May 1987. The pier moved more in |
its &aii y rotations in May than in January. This effect was directly related to the larger duaily
changes in ambient temperatures in May than in January, We also noted that the position of
' the pier was westerly with respect to its-original‘position throughout the month. The net. |

rotation of the pier fr_om the beginning to the end of the month was approximately 0.43 arc
min. However, the net rotation of the pier from the end of January tothe end of May was 3.40
arc min toward the west, which indicated a sigﬁiﬁcant wesﬁward shift in the position of the
pier. This was related to the higher mean Lerbperatures in Ma y than in January.

Flgures 38 and 39 represent. the readings of the north and south ult sensors and of
ambmnt temperatures durmg October 1987. The graphs mdlcate that throughout the month,

the pos1t10n of the pier was easterly with respect to its original posxtmn. The net rotation of
the pier during the montﬁ was 2.30 arc min toward the east, while the net rotation of the pier
between May and October was 5.30 arc min toward the east. The net movement of Lthe pier |
between January and Octobér was 0.90 arc min toward the west. These net movements from
month to month again follow the rise and fall of the seasonal ambiénf temperatures.

Figures 4@ through 43 illustrate the readmgs of the east and west till sensors,
respectively, during May 1987 and October 1987, They show that the net rotation of the pier
in the north-south direction was negligible.

The monthly data clearly show that the pier movement in the east-west direction is
temperature dependent. Data alse indicate the general longer term expansion and
contraction characteristics of the superstructﬁre were similar to those over a shorter time
frarﬁe. In other words, net movement occurred toward the east during colder weather
(conduction) and toward the west-during warmer weather (expansion). To provide insight
into the magnitude of long term movements of the bridge superstructure, a coefficient of
expansion and contraction was :Iip_proximated over each month.by consideri;zg the net change '
in movement versus the net change in temperature. Coefficients caleulated for the three

- months illustrated in Figs. 32, 36, and 38 are shown in Table 7. As shown, coefficients ranged _
in magnitude from 3 X 10-6in/in./F to 7 X 10-6 in./in./’F. These values were very sensitive .
to the data used and should only be used to provide an overall trend of movement. They do

provide further:evidence that the movements illustrated in the .graphs are principally related

to temperature expansion and contraction effects and that for a general assessment of long
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term behavior, the coefficient of expansion and contraction for materials may be considered to

be essentially linear.

Table7. ~ Calculated temperature expansion and contraction coefficients based on
monthly ambient temperatures.

Temperature Coefficient, a

{10-6 in /in./°F)
Based on Maximum Based on Minimum
Month Temperatures Temperatures
. .r 198 s . Y Ee—
May 1987 3.0 4.8
COctober 1987 3.7 2.0

4.2.4. Seasonal Behavior

The discussion of the monthly behavior of the pier, presented in Section 4.2.3, indicated
that the net monthly rotation of the pier capbeam varied in magnitude and direction
th roug.hout the monitoring period. In order to study the long term behavior of the pier and
identify any general trends in long term movement, the accumulated tilt and ambient
temperature data were plotted over the duration of the monitoring period. Figure 44
represents the readings of the north and south tilt sensdrs at 6:00 a.m. and 6:00 p.m. during
the period from January 1987 to the end of March 1988. The corresponding ambient
temperatures are also shown. As mentioned previously, componeny failure of the console unit
and micrologger on a number of occasions resulted in the loss of all data for most of the
summer of 1987; this is represenied in the figures as regions where no data are plotted.

As iilustra;ted in an earlier presentation of data, and shown in Fig.' 44, the north-south
tilt data consistently showed close correlation with ambient temperatures and magnitudes of
the daily rotations of the pier were proportional to the corresponding changes in ambient
temperatures. The position of the pier, with respect to its original position, varied from
season to season throughout the duration of the monitoring. period. For the greater part of the

winter of 1987 the position of the pier was easterly. Starting at mid-March and continuing
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through the end of May, the position of the pier gradually shifted toward the West; beyond its ‘
original position. During the summer of 1987, the comﬁlete behavior of the pier was not clear
because of the loss of data. By the beginning of September, the pier had shifted eastward -
approaching its original position. During the greater part of the fall of 1987 and continuing
through the winter of 1988, the position of the pier was easterly with respect to its original
position. However, toward the end of March 1988, the pier again shifted westward closer to
its original pos_i"eion. The net rotation that the pier experienced during the period from
January 1987 to March 1988 was a'ppro'ximate}y 0.80 arc min. loward the west.

' Although the net éhahge in the ;iosition of the pier over the duration of the project could
be described as relative"ly_small, the net seasonal rotatibns, from one season to the next, that
the pier experienced were of greater signiﬁc_ahce. This behavior appears to be attributable to
the seasonal chahges in the mean ambiernt temperai;ure.

of partiéuiar interest. in studying the data illustrated in Fig. 44 are the relative
differences between the readings of the north and éouth tilt sensors. Discussion';')resented in
earlier sections suggested that from January to mid-March 1987 no differences existed.
However, from March 1987 until the end of the monitoring period, a relatively constant
difference between north and south tilt existed. This figure clearly illustrates the more
westerly position of the south Si&e of the ;;ier from mid-March 1987 until the end of the
monitoi_ing period in March 1988, The discrepancy of approximately 0.8 are min
corresponded to a linear displacément at the top of the pier of approximately 0.05 to 0.08 in. A
possible explanation related to this long term coﬁdition is presented below. _

Perhaps significantly, the relative differences in tilt between the north and south end
of the pier occurred from January to mid-March. The rate of change in the tilt difference -
eventually feveled in May én&, as noted in Fig. 44, became constant in maénitude for the
remainder of the monitoring period. The data suggested that the cause of the change in tilt
between March and May was a permanent moveinent at one side of the pier. This }l:tossibiiihy‘
ig supported by the fact that the difference betweeﬁ the pier tilts remained constant af terthe
initial buildup from March té May of 1987. This effect may have been caused by a slip 6!,,' the
foundation on the south side of the pier in an eastward direction, or down Lhe slope. This
argument is given validif;y when looking at the'time period over which the change
occurred-from March to May. Tt is possible that this time ﬁeriod corresponded to a change of
soil conditions due to seasonal changes in lemperature; that is, it is possible that a freeze and

thaw cycle in progress‘during this time period led to a foundation slip.
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Although the above discussion is based upon conjuncture, the analytical models
(discussed in the next section) provided reasonably accurate predictions of changes in pier tilt
in the field, considering a range of realistic soil parameters for subgrade reaction. As noted in
the analytical comparisons, the correlation of field and analytical data provides some
justification for believing the soil foundation properties changed during changes in season.

Figure 44 also suggests an interesting trend between the pier movement and ambient
temperatures. 1f the north-south pier tilés are superimposed with ambient temperatures for
the duration of the monitoring period, two ait?erent trends are noted. From January 1987
~ until the end of July 1987, nerth and south tilt sensor readings “tracked” the températuré
readings identically. From September 1987 to March 1988, however, there was a “shift” of
the north-south tilt readings from temperature, so that the two plots would not identically
track each other, The changes in the tilt and temperature records were nearly identical;
however, in generél, the nerth-south tilt readings during September 1987 to March 1988
suggested an eastward shift of the pier from where it would identicaily track temperature. Of
course, the loss of some data in the summer of 1987 is regrettable, as some indication of how
this shift occurre& may have been obvious. |

As a result of the above-mentioned occﬁrrence, a sﬁrict interpretation of the long-term
field data suggested that a permanent shift, or movement, of the pier odcurréd bhetween July

1987 and September 1987. Since the tilt readings were apparently more easterly than
temperature data implied, this could suggest a slip of the foundation occurred toward the west
or up the slope. The apparent shift of axes of the tilt and temperature graphs cbrresponded o
appmximéteiy 1{0 2 arc min of movement. Based.on assumptions presented earlier, this
corresﬁonded to a linear displacement of approximately 0.07 to 0.2 in. of permanent.
thovement near the top of the piér or at the foundation, |

From review of the same long-term data, another, less significant, shift in axes
‘between tilt readings and temperature was seen to occur beﬁween September 1987 and March
1988. During this Lime period, it was noted that the tilt readings were more westerly than
temperatures would indicate. This offset is approximately 0.5 to 1 arc min, which corrésponds
to approximately 0.035 to 0.07 in. This possible permanent shift suggested that during this
Lime period, the foundation woﬁld have had to move down the élope.

Figure 45 shows long term plots of tiit and ambient temperatures for the east and west
sensors, respectively. Note that no noticeable movement occurred over the time spgh in

which the movement was monitored.



80

1

N WEST TILT SENSOR.

TILT MAGNITUDE, arc min.:
h s
<
4
It
:
1

=10 X ) 1 I A & 2 1, 'y A 1 £ .'l s 2 I 1 i P | £ :
10 20 3¢ 40 50 60 70 80 90 100 110 120 13C 140 150 150 170 180 120 200 £10 220
' ' DAYS o :
1987 , '
j JANUARY ) FEBRUARY, o MARCH APRIL i, MAY JaJUNE . JULY AUGYST.
~ EAST TILT SENSOR
=
= 5
o .
s N _
w ey g iy =
8710 g AR
=
g5
]
a1
= -5 ‘
-10 e, Il 1 1 I " 3 1 L 1 £ i 1 1 1 I oot I L. 1 1
10 20 3¢ 40 50 60 70 B8O 90 100 110120 130 140 150 160 170 180 190 200 21C 220
. . - DAYS
| JANUARY | FEBRUARY, ~MARCH _,_  MAY . OUNE . - JulY _ . AUGUST
100 AMBIENT TEMPERATURES -
ou.. 80F -~
. gob 6:00 p.m.
L ! 4
= L AL
% 40p NS .
2 og0f WS 600 a.m
& >
= 7 ‘
-201 . PR td ok it Il 1 1 L X i x PN Y I S}
20 40 60 80 100 126 140 160 V180 200 4y,
DAYS '

1987 JANUARY _ FEBRUARY . MARCH APRIL . MAY | JUNE LY AUGUST

* A

Fig. 45. Readings of west and east tilt sensors of ambient
temperatures at 6:00 a.m. 6:00 p.m. from January

1987 to March 1988.



81

10
WEST TILT SENSOR
< 5}
£
&
gy
.:“‘:f‘ } o U S T e |
pom] L E
2 ]
7
£ S
= 5
p I
-6 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
DAYS
198
__,qSEPTEﬂBER_J_ OCTORER _JI__MOVEMBER . DECEMBER _,  JAKUARY | FEBRUARY ., MARCH
A0 :
EAST TILT SENSOR
£ 5k
1=
g .
= N
Lt E = S
% } . — - — e e
gs
=
o -sp
-
”10 i3 1 L i A I. 1L 'S 1 | 1 L - 1 X - k. —, 1 !. 1. 4
230 240 250 260 270 280 290 300 310 320 330 340 250 360 370 380 330 400 410 420 430 440 450
DAYS _
19
SEPTEMBL OCTCBER NOVEMBER | DECEMBER '!?%\JRNUARY -l FEimUAR‘L,r MARCH
100 :
. AMBIENT TEMPERATURES
@ 80 6:00 p.m. '
W 60f
-
b 40
=
& 20F
é 6:00 a.m, N g
: 0 T Xy
"2{.} Fy A i i i A 1 I SV I 3 A X Fi ¥ 4 i A, i
240 260 280 300 320 340 360 380 400 420 440
DAYS )
8 .
ESEPTEMBER__'L‘ QCTOBER ! NOVEMBER__‘!_BECEMBER L JAKUARY _’JAFEBRUARY le MARCH
Fig. 45 (cont.)



82

The typical movements ﬁoteti over both the short term and long term imply that the
exﬁansion bearings at Pier No. 4 were not functioning as intended. it appeared that the
increase in the mean ambient teémperatures between the winter and spring causeﬂ expansion
| of the bridge superstructure. Depénding on the magnitude of restraint provided by the o
bearing devices, horizontal' forces wére developed and transmitted to the pier capbeam that
caused the net westward rotation measured at the pier. In contrast, the net eastward rotation |
that the pier experienced between the spring and fall was caused by a corresponding decrease

in the mean ambient temperature.

4.2.5. Results of the Analytical Models

As diScﬁssed in Section 3, the analytical models wére déveleped to validate the amount
‘ éf movement that eccurred in the field and to Iirnvide an explanation as to the general
behavior of the pier. The analytical models were used to calculate the pier rotationasa
function of temperature at various intervals of time. As previously mentioned, the
superstructure medel utilized thermocouple, temperature field data to assess the longitudinal
thermal forces induced in the composite steel stringers during various time periods. These
forces were then applied to the pier model te determine the corresponding rotations and linear
displacements of the pier capbeam. ’

Based upon the agsumptions incorporated into the superstructure and substructure
models (which were discussed in Section 3), comparisons were made with field data, These
comparisons were made over short and long time periods. As mentioned previously, because
of the uncertainty of the soil behavior, the axial springs were assigned a range of stiffness of
2000 to 200,000 k/in., simulating the possibility of very flexible to very stiff shale. Thus,
rotations of the pier capbeam, calculated by using these spring stiffness vaiues, represented
possible upper and lower limits of movement of the pier on shale. In addition, rotations were
caleutated using a relatively small value of the spring stiffness, 400 klih., which represented
pc?ssible the possibi)ity of a pocket of soft material in the shale, Results of both of the short

and Iong term comparisons are presented in the following sections.
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In order to verify the daily pattern of movement of the pier discussed in Section 4.2.2,

we calculated changes in tilts of the pier capbeam over four short time periods. Each period

consisted of three consecutive days selected arbitrarily. The data presented here are

répresentamivé of comparisens for other data that were collected. Changes in tilt were

caleulated at 6: 00 2.m, and 6:00 p.m. whlch represented the eastward and westward bounds

for daily movement of the pier. The first companson period presented was from May 4 to

May 6, 1987. Changes in rotation were referenced to midnight on May 3, 1987. Probable

changes'of piér tilt and the measured changés in field tilts are presented in Table 8.

Table 8.  Comparison of changes in tilt between field resulis and analytical model for
- May 4 to May 6, 1987,
Change in Rotations of Pier (arc min.)
Model Field
k=400 } k= 2000 k = 200,000 | North | South
Date Time kfin, kfin. Side Side

k/in,

-1. 3

-G.90

:_ a. 0
6:00 p.m. 3.22 1.45 0.99 397 410
5-5-1987 6:00 a.m. -1.60 -0.73 046 | -0.97] -1.02
6:00 p.m. 3.92 1.78 1.21 4.1 5.00
5-6-1987 6:00 a.m. -0.54 -0.24 015 | 0521 -0.39
6:00 p.m. 8.20. 3.72 255 567 | 622
N()teé.: Changes in rotations are referenced to midnight on 5-3- 1987 {assumed tilt of

0.00).

Positive change in tilt implies westward movement, negative eastward

movement.

As shown in the table, the magnitude of change in pier rotations showed good

agreement with the model ranges of tilt established for the econditions of flexible shale
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(k = 2000 k/in.) and pockets of soft clay (k = 400 k/in.). In addition, the model results showed
that t‘he pier capbeam rotated west\'evarld on a daily basis between 6:00 a.m. and 6:00 p.m.,
which was consistent with the field resu]ts _ |
A second companson from chber 2010 Oct.ober 22, 1987, with changes i in pier rota txon.
referenced to midnight on October 19, 1987, is shown in Table 8. The table lmphes that the
' pet rotations of the pier capbeam showed a close correlation with the ranges of probable tilt
estdblished for flexible tk = Zﬂﬁﬂ_k/in.) and very stiff (k = 200,000 k/in.) shale. The effects
i‘llustratgd in Tables‘s and 9 possibly suggest thata d'iﬁ'er_enée in foundation soil canditiohs
existed between Mayl and Octpobér; thatis, the soil exhibited more flexible characteristics
_ during May, resdlt'in_g in relatively a .largef magnitude of‘rotatian. The relatively small net
rététions measured and predicted during October may be related to the existence of a stiffer

soil condition than existed in May.

Table 9. Companson of changes in tilt between field results and analytical model for
' October 20 to October 22, 1987.

Change in Rotations of Pier (arc min.)
Model o Field

‘ , k=400 | k=2000 | k=200,000 § North | South

Date Time kfin. . kfin, kfin. Side Side
10-20-1987 | 6:00a.m. 241 ]  -1.09 -0.74 0.71 | -0.67
6:00 p.m. -2.18 -0.99 0.68 -0.30 [ -0.36 |

10-21-1987 | 6:00am. | -6.62 -2.56 . -1.74 1751 -1.68
ol eoppm | o062} 029 | 020 085 | 015
10-22-1987 | 6:00am. 183 | 083 -0.56 023 | -0.29
6:00 p.m. 2.85 1.29 . 0.89 2281 2.17]

Notes: Changes in rotations are referenced to midnight on 10-19-1987 (assumed tilt of
0.00).

Positive change in tilt implies westward movement, negative eastward
movement.
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Table 10 shows a comparison of data between the model and field results for the period

from February 20 to March 20, 1988, As shown, the changes in pier rotation of the pier

capbeam compared closely with the ranges of probable tilt established for flexible (k = 2000

k/in.) and very stiff (k = 200,000 k/in) shale. The results shown in the table are similar to

those shown in Table 8 for late October and suggeéted relatively stiff soil conditions dyring

February and March.

Table 10.

Comparison of changes in tilt between field resuits and analytical model for
February 1988 to March 1988,

Change in Rotation of Pier (arc min)

N otés:

Model : Fie#d
: k=400 | k= 2000 k = 200,000 | North | South
Date | Time (/in.) (k/in.) (kfin.) Side Side
6p.m. -0.31 -0.14 -0.09 612] -0.17
221 | 6am -0.83 -0.38 -0.20 086 ] -0.56
6p.m. 7.60 344 | 238 o227 257
222 | Bam 8.05 3.64 . 256 2.37 2.68
6p.m. 8.49 3.84 2.65 2991 321
318 § 6am. 3.94 1.78 120 1.40 1.70
pm. | 9.69 4.39 3.03 4.11 417
3.19 | 6am. 4.66 2.11 146 1 44 175
6pm. 11.83 5.36 3.69 4,46 4.89
3-20 | 6am, 6.26 2.84 196 ) 179 2.18
C6pm. | 1393 6.31 434 5351  5.72
Changes in rotation ar_é referenced to 6a.m., Feb, 20, 1987 (assumed tilt of

-0.00).

Positive change in tilt implies westward movement, negative eastward
movement.
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1t sheuld be noted that the mode! results shown do not indicate differential rotations
between the north an_d south ends of the pier capbeam, This is due to the assumption ljsed in
the analytical model of constant temperature across the superstructure in the transverse
direction. | .

A summary of the forces developed in the superstructure between Piers No. 4 and No. 5
is shown in Table 11. The data shown correspond to the data shown in Tables 8 and 9. These
forces represent axial forces in the superstruciure caused by the restraint of longitudinal
'me;«wement, whiéh is caused by the assumed nonfunctiening expansion joints at Pier No. 4.
Note that the forces ranged from 2 to 10 kips émd repfesented tension-and compression values.
The specific significance of these forces has not been addressed in this study, but they
certainly need further consideration regarding their effect on the design adequacy of the

superstructure', as well as their effect on the bearing connection details.

4.2.5.2. Long Term Movement

* The anal ytical models were used to characterize the seasonal behavior of the pier. For
this purp'ose., net rotations of the pier were established over two periods. The first period
selected was from April 2710 OEtober 22,1987, Tilts were calculated at 6:.00 a.m. and 6:60
p.m. and referenced to midnight on April 26, 1987, The actual measured field {ilt of 1.51 arc.
min was used as the reference, Therefore, the trumbers in the table represent actual tilt
values as referenced to January 3, 1987, and not just changes in tilt as were presented in the
tables in Section 4.2.5.1. The results are presented in Table 12, where a close correlation is
shown between the model results and the field rotations. Both show that the pier experienced
an eas‘tward net rotation between the spring and the fall seasons. The magnitude of pier
rotations in April compared well with the mode] results established for softer soil conditions.
Hov‘vevetl, over the period from April to October, the pier net rotations compared better with
the model r.anges of rotations for stiffer soil conditions. This effect possibly sugge’éts further
support for the argument that the soil conditions changed from season to season and is
consistent with data presented in the previous section on short term movement. J

Worthy of note in comparing model results from April to October with field resulisis

that interpretation of the field data over this period indicated that th(lz pogition of the pier was
more easterly than temperature data indicated. Since the analytical model results were
based only on temperature data, it was expected that the model results would show a more

westerly pier position than field data suggested; this is consistent with the inLerpretation of
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Superstructure axial forces as calculated ft;om analytical model.
Axial Forces (Ibs)

South Cénter North |

Date Time Siringer Stringers Stringer
6:00 p.m. 3977 3915 3974
5-5-1987 6:00 a.m. -1989 -1958 T -1992
6:00 p.m. 4861 4780 4872
5-6-1987 6:00 a.m. -663 -658 -662
6:00 p.m. 10,164 10,008 10,179

. 6:00 p.m. _ -2708 -2666 . -2710
10-21-1987 6:00 a.m. -6960 -6857 -6967
6:00 p.m. 713 - 166 (i
10—22-1987 6:00 a.m. -2264 + -2231 -2267
' 6:00 p.m. 3536 3478 3543

Notes: -implies tensile forces.
+ implies compressive forces.
May data referenced to 5-3-1987 midnight.
October data referenced to 10-19-1987 midnight.

tﬁe'dependenc y of field tilt to ambient temperature. As Table 12 shows, however, the model
results were actually quite similar to the field data. Possibly these inconsistencies resulted
because of incorrect characterization of modeling parameters. Of course, soil modeling
appeared to have a signiﬁcaﬁt effect on the pier behavior. Even\stiffer soil properties would
have provided more consistent long-term comparison results. Another possible reason for the
discrepancy noted between the field results and expected mode! results could be due to
nonlinear temperature effects on expansion and contraction of the superstructure. The model
assumed a linear relation existed. |

| A second long term comparison was made for October 20, 1987, to February 22, 1988.
As in the previous table, rotations were calculated at 6:00 a.m. and 6:00 p.m. and referenced

Lo midnight on April 26, 1987. Results shown in Table 13 show that the field tilt data
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Table 12. - Comparison of tilt readings between fié}d results and analytical mode! for April
1987 to October 1988, | '

Magnitude of Tilt Reading on Pier (arc min) -

Model ' Field

k=400 | k=2000 | k=200,000 { North | South

Date ~ Time  kfin. - kfin. kfin.- Side Side
4527-197 1 6o0am | 384 | 001 | o016 | -0.95
| 6:00 p.m. 4,99 3.09 260 271 | 229
4281987 | 6:00a.m. 7.58 -2.61 o -138 | 218 274
‘ 6:00 p.m. 2.18 1.81 170 1 3781 395
4-29-1987 | 6:00am. 284 § . -0.46 0.15 -0.55 | -0.43
6:00 p.m. 3.25 - 2.30 1.75 477§ 464

1521 | 6.07 372 ) -424) 425

10201987 | 6:00am.
6:00p.m. | -14.98 -5.96 364 | -3837 -3.94
10-21-1987 | 6:00am. | -18.42 752 -3.96 518} -5.20
' 6:00 p.m. -13.42 -5.26 313 | 257 -285
10-22-1987 | 6:00a.m. -14.63 -5.80 353 376 | .3.88
1 6:.00pm, -9.95 -3.68 185 | -1.24] -140

Note: Alltilt readings are referenced to midnight April 26, 1987 (til{ reading = 1.51 arc
min).

Positive reading of tilt implies westward movement, negative eastward movement.

compared more favorably with the stiffer shale results (k = 200,000 k/in.). Note that the
difference between field tilt and model tilt for the stiff shale was approximately 1.5t0 2 arc
min during February. Overall, the model tilts suggested a more easterly position of the pier "
than did field data. This trend of & more eastward position of the model relative Lo the field
results is consistent with the comparisons noted in Table 12 for April to October. Reasons for
the same discrepaney between model and field results in Table 13 are possibly the same as
given for Table 12 results. As before, stiffer soil properties would have caused better

correlation betweéen the model and field data.
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Table 13.  Comparison of tilt readings between field results and analytical model for
October 1987 to February 1988.
Magnitude of Tilt Reading or Pier {(arc min}
Field
k = 400 k = 200,000 | North
Date Time k/in. kfin. Side

10201987 | 6:00am. | 1521 | T 342 . | 424
6:00 p.m. -14.98 -3.64 -3.83
10-21-1987 | 6:00am. -18.42 -3.96 5,18
- 6:00 p.m. -13.42 -3.13 -2.58
10-22-1987 6:00a.m. -14.63 -3.563 -3.76
6:00 p.m. -9.95 - .1.65 1,25

2201987 |

6:00am |

AT

6:00 p.m. -24.80 -6.70 -4.89

 2-21-1987 6:00 a.m. -25.30 681 5.63
6:00 p.m. -16.90 -4.23 -2.50

2-22-1987 | - 6:00a.m. -16.45 -4.06 -2.41
6:00 p.m. -16.01 396 T8

Note:  All tilt readings are referenced to midnight April 26 , 1987 (tilt reading'= 1.51 '

arc min),

Positive reading of tilt implies westward movement, negative eastward

movement.

Note from Table 13 the rate of net change in movement of the pier from October to

February. Recall that from interpretation of the field results during this time period (actually

from September 1987 to March 1988), which were discussed in Section 4.2 4, there was an

apparent “offset” of field tilt from temperature 0.5 to 1 arc min toward the west. Note that the

net change in field tilt in Table 13 suggests the pier was moving more westerly than the

model predicted. Actually, the differences in net change in movement between field and

model results were approximately 1.5 arc min from October to February. This effect was

larger than field data indicated, but the trend in direction of movement was consistent.
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4.2.5_.3. Interpretatioh of Analytical Model Resuits

, Based on the results of the short and long term comparisons of analytical and field
data, we drew a number of conclusions. ’i‘he analytical model studies provided further
evidence'that_the three major eomponents affecting the measured pier movement in the field
include: supperting soil eehditions, expansion-bearing translational restralni,, and
superstructure temperature changes. ‘A strict inserpretation of the ﬁeld data showed that,
over both short and long time periods, the eier response in the east.~west directien was
te mperature dependent In contrast the nerth south pier movement was msxgmi‘icant and
unrelated to temperature For the east-west response of the pier to be temperature dependent
unphed that t,he superstmcture was transmitting longitudinal forees in proportion to the
superstructure temperature changes For this to happen, the expansion beanngs had to
creaf.e a restraint condition against longitudinal t.raasiatmn of the superstructure. I the
expansion bearings were functioning pre'perly, a canstant longitudinal foree from the
sup.erstruetur_e, independent, of magaitades of changes in temperature, would be acting.
Caleuiahions i:ndicated' that this force, based on (Eq. 2) shown in Section 3, was much too small
to have caused the pier tilts that were monitored.

In summary, short term and long term model results, which eonsldered ranges of
reaiistlc soil foundation characteristics, as well as the incorporation of superstructure
temperature data, helped to support the hypot.heses presented for the observed field data. The
analytlcal and field data suggested that most of the movement the pier experienced during
the monitoring period was a result of the forces applied to the superstructure due to
temperature changes and was recoverable from season to season. A permanent movement of
the whole pier appeared to have occurred during the summer of 1987, which may have been
. caused by a sliding of the footings up'the slope. In addition, from September 1987 to March
198_8; it-appeared that a small permanent mevefneat occurred that might have been caused by
m‘o\'.fement. of the footings down the slope. No signifieant movement was recorded in the |

nerth»south direction.

4.2.6. Surveying

A summary of the reduced data from the three previously mentioned surveys is shown
in Table 14.
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Table 14. Summary of surveying data for Karl King Bridge.

Change in Measured Movement
from May 18, 1987, to June 20, 1987

Target

Ax
(in.)

Az
(in.)

-0.0228

-0.5520

-0.0612

-0:1560

Target

-0.0024

Change in Measured Movement
from May 18, 1987, to August 24, 1987

01080

| Ax
(in.)

Ty 0.0744 0.3696 0.1920
Ty 0.2148 0.2076 -0.0840
-y, -0.2184 -0.8170 -0.4080
N
+x
Til T3 +y

(TOWARD WEST)

As shown in the table, the changes in movement from May to June were relatively
small, but more significant from May to August. The x, y, and z coordinates correspond to
movements described, respectively, as parallel to the plane of the pier, perpendicular to the

plane of the pier, and vertical. The y-coordinate movement corresponds to the movement in
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the east-west direction. The data show that the movement was primarily toward the east or
toward the river. The magnitude of movement was very small, making it difficult to draw
conclusions regarding a trend in movement. The daﬁa suggested that the magnitude of
movement during this period would be appmxi.mately 0.1 in. west at the top of the pier. An
approximate angI'e of tilt is calculated ag 1.3 and 1.9 are min, respectively, toward the east
and toward the west for the north and south sides of the pier. The field tilt data (no data exist |
for June 20, 1987) suggested that the tilt was slightly toward the west during this time period.
Th_e survey data suggested that the south side of the pier had displaced more westerly than
had the horth side of the pier and that fhe tilg dﬂ'f‘erence was apprcximz‘ate] y0.5arcmin. Itis
worth noting that field tilt data had indicated that (from March 1987 until May 1987) a trend
of a more westérfy position of the sou’ih end 61‘ the pier had developed and the difference in.tilL
angle was approximately 0.8 are min. .

The trend of relative y-coordinate movement of the north and south sides of the pier
continued from the period of May to August. The general displacement near the top of the
pier was 0.9 in, toward the east on the north side and 0.4 in, west on the south side of the pier.
The approximate tilt of the north and south sides of the pier based on the survey d,al.a. was 2.3
atc min and 3.0 arc min westward, respectively. No data were avai.lab!e from field tilt
measuremeﬁts on this day for comparison. The relative difference in tilt between the north
and south sides of the pier was consistént, however, with the field tilt noted during this time
period.

Clearly, the magnitude of movement noted in Table 14 was greater for the eaét-west
direction movement of the pier, consistent with tilt sensor data. Transverse movements of the
pier (in the north-south direction), represented by the x-coordinates, were relatively small for
the period from May to June, and it is difficuit to draw conclusions. From the period of May to
August, the transverse movement was more significant than the tilt sensor data indicated, In
general, the tilt is toward the north at an angle of approximately 1.5 are miﬁ,

Surveying data, which represent the vertical movement of the pier, as represented by
the z-coordinates, suggested that relatively large vertical movernents occurred during both of
the time periods represented in Table 13. ‘The data showed large discrepancies between pairs
of targets on the same pier column, which made the data appear questionable. The axial
changes in length denoted by targets Tg and T3 in Table 14 indicate an axial deformation of
approximately 0.40 in,; no data in a similar format existed from the tilt sensor

instrumentation for comparison.
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A summary of the data in Table 14, when compared with tilt data over a similar time
- framie, indicates that the direction of movement was similar. However, the magnitude of
movement for the pier was quite different, and the data suggest that the survey data were not

as accurate and sensitive as.the data from the tilt sensors.

4.3. Black Hawk Bridge

4.3.1. Structurai

installation of the equipment on the bridge was completed on March 15, 1987, The tilt
sensors were zeroed on the same day. Data recording began on April 2, 1987, and continued
through February of 1988. Data from the two tilt sensors, the ambient temperature probe,
and the two thermocouples wererecorded on an hourly basis. All of the tilt data, accumulated
throughout the duration of the project, were based on the initial reference established on
March 15, 1987, . ‘ ' |

As shown in Fig. 13, the north tilt sensor will monitor movement in an east-west
direction, and the west tilt sensor movement in the north-south direction. The recorded north
tilt corresponds to longitudinal movement relative to the bridge superstructure, and the west |
tilt readings to transverse movement relative to the superstructure.

As mentioned previously, since the bridge was located at a significant distance from
ISU, a modem was placed at the test site and data were retrieved via an existing telemetry
system using some equipment at the lowa DOT in Ames. However, failure of some
comporients of the monitoring system intei'rupted the data- recording and retrieval process on
a number of occasions. The modem link apparently provided a pathway for lightning strikes,
which caused electrical damage to the modem and microlegger. Inaddition, the central
consele unit for the tilt sensors failed once due to apparent innist’ure effects. These effects
resulted in the loss of all data during December of 1987 and January and February-of 1988,

Uniike'the study conducted for the Karl King Bridge, in which & more thorough
understandi.ng of the general response of the bridge was required to discuss the possible |
movement of Piér No. 4, the Black Hawk Bridge study was more qualitati\-re than
quantitative. The reason for investigating long term movement of this bridge v#as caused by
concern over possible effects from accidental barge impacts of the main span, Pier No. 2,
Another reason for conducting a more qualitative study was that the superstructure of the -

Black Hawk Bridge, being a through-truss floor-beam stringer system, is much more complex
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than the superstructure system of the Karl King Bridge, making interpretation of limited
data a much more difficult task. The primary intent, then, of this portion of the study was to
continuously monitor Pier No. 2 with tilt sensors to determine if a possible barge impact

caused any significant realignment of the pier.

4.3.2. Interpretation of Test Results

The tilt data accumulated between April and the end of November 1987 were reviewed
and evaluated to determine_a.ny«.absolute change in pier alighment. Readings of the north and
west tilt sensors were plotted on a daily basis to study the daily behavior of the pier and ‘
identify any general trends in rq_aver{aeht. A few arbitrarily selected plots are presented for
discuséiqn. Figure 46 represents the readings of the north and west till sensors on April 23,
1987, as well ag the ambien_t temperatures. Asshown in the figure, the pier remained
essentially stationary throughout the day. The maximum change in temperature during the
day was 22°F, varying from 43° F to 65°F. The north tilt-sensor reading, which indicates
east-west movement (longitudinal direction of the bridge superstructure), generally followed
the ambient témperature. A slight movement toward the west was indicated at the time of
the day in which the ambient temperature reached a maximum. The response of the west Lilt
sensor, which indieates n_orth-éouth movement (transverse direction-of the bridge
superstructure), was not affected as significantly by the change in temperature. Figure 47
represents the readings of the north and west tilt sensors on May 36, 1987, and of the ambient
temperatures; they indicated that the north end of ihe pier rotated approximately 0.30 arc
min westward during the course of the day. The rotation of the pier in the north-south
direction, however, was negligible. The ma-ximur_n change in temperature during the day was
20°F, varying from 61° F to 81° F. The observed increase in the westerly position of the north
end of the pier was attributed to expansion of the superstructure. The change in the north tilt
sensor reading again followed the ambient temperature. Figure 52 48 readings of the north -
and west 1ilt sensors onJuly 27, 1987, and of the ambient temperaturés. As shown in the
figure., the pier-experienced negligible changes in rotation. Temperat‘ures ranged between
60° F and 79° F during the day. Again, the north tilt-sensor readings generally followed the
changes in ambient temperatures throughout the day. Worthy of mention is that the position
of the pier was more westward than was indicated in Figs. 46 and 47. The trend of movement, - 7
of the pier from April to July was an increasing westerly movement, indicating that the

observed westerly shift noted in Fig. 48 was possibly due to seasonal effects of temperature on
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the bridge superstructure. Note that during the time period from April to July, the shift in
the transverse position of the pier, as defined by the west tilt sensor, was less significant than
the movement in the longitudinal direction of the pier. The trend shown by the north tilt
sensors in Figs. 46 te 48 is that the Jongitudinal movement of the pier was not very sensitive

" to the ambient temperatures. Although the movement generally followed the ambient
temperatures, it is much less sensitive than was noted on the Karl King Bridge Pier No, 4. It
is perhaps significant to again mention that Pier No. 4 was designed as an expansion pier and
Pier N 0. 2 as a fixed pier for superstructure expansion and contraction.

Fagure 49, representing data for November 4, 1987, indicates that the north end of the
pler rotated approximately 1.50 arc min in the north-south direction. The temperature
changed from 46° F to 59° F. The observed eastward movement during the day was not
entirély unlike daily movement noted on other days. However, the relativel y large ehange in
daily rotation of t.he west tilt sensor was atypical, This will be discussed in greater detail
later. ‘ ‘ .

Further exami.nation of the majority of the daily plots of tilt sensor readings followed
similar patterns of movement of the pier noted by the previous graphs. The magnitude of
daily changes in rotations of the pier in the east-west direction and north-south direction were
relatively small. It is interesting to note that, unlike Pier No. 4 on the Karl King Bridge, Pier
No. 2 on the Black Hawk Bridge exhibited much greater sensiiivity to wind and bridge traffic
loads. The research team, during periods of equipment‘. maintenance, observed changes in tilt
thai the equxpment wWas registermg 1t was nat uncommon on the Black Hawk Bridge to see
changes of tilt approaching a tenth of an arc mihute during the passage of heavy vehicles, and
on one particularty windy day, changes in readings of a similar magnitude were noted. The
changes in tilt readings noted on ihe Karl King Bridge were not even discernible under
similar conditions. The implication of these observations was that the daily roLaLioﬁs of the
pier illustrated in the plots of tilt can be partlj; attributed to ternperature changes or to
applied loads such as traffic and wind. It should also be mentioned that since movement of the
south am{;i east ends of the pier were not monitored, it was not certain leether the pier rotated
as a unit in the east-west and north-south directions, or experienced differential rotation of
one end with respect to the other,

To determine possible long term changes in pier alignment, the tilt data were
evaluated over the duration of the project. Readings of the north and west til{ sensors for
arbitrarily selected days are p!otted in Figs. 50 and 51, along with ambient temperatures.

The tilt readings represent the maximum and minimum readings for the day for which they
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are plotted. The temperature data correspond to the time at which the maximum and
minimum readings of the north tilt sensors were recorded. Therefore, in some cases, these
temperatures do not truly represent the absolute maximum or minimum ambient
temperatures for the day. The temperature data accurately reflect the maximum
temperatures, but in many cases, the actual minimum ambient temperature maybe 5°to
18° F lower than shown in the figure, The data provide an approximate representation of the
position of the pier in the east-west and north-south direciion‘s asa fi unction of temperature.
Readings of tﬁe north tilt sensors showed that during April the position of the north
- end of the pier was westward with respect'to the reference established on March 15, 1987.
However, the magnitude of this westward rotation was relatively smail and did not exceed
0.50 are min. The north end of thg_pier continued to rotate further v?estward duriﬁg the
summer until the énd of July. The net rotation of the north end of the pier between the
beginning of the monitoring period and the end of July was approximately 1.50 arc min
westward. As noted in Fig. 50, this observed movement corresponded fairly well with the
ambieni temperatures over the same time period; the net températures increased from April
to July, Begihnipg July 31 and continuing into August 1 the north end of the pier started
shifting position in a relatively dramatic manner. This sudden change in pier alignment was
‘ atypicaf and perhaps suggested thai atypical external effects oceurred. It is worth noting that
the east tilt sensor remained stable during this time, as noted in Fig. 51. To higlﬂight this
occurrence, a plot of north and west tilt readings and ambient temperatures is shown in
Figs. 52 and 53.- Note that beginning at épprd_ximately midnight on July 30, the north sensor
readings began increasing gradually and in a very typical manner, indiéatinga westward
movement. The west tilt-sensor readings remained constant throughout the day, again in a
manner typical of previous daily data. Barly on August 1 the north tilt readings were again
behaving very typically, until near 9 a.m. At this time, the north sensor readings changed
suddenly over a period of approximately 4 hrs. The total change in tilt was approximately
3 arc min and indicated an easterly movement {toward the Wisconsin side of the bridge). Thé
tilt eorresponded to an approximate linear displacement at the top of the pier or at the
foundation of 0.50 to 0.75 in. Note from Fig. 53 that the west tilt-sensor reading remained
constant during this time.
The possibility that the significant change in tilt noted over the 4-hr period wés caused
by a barge impact must be considered. Based on the direction of tilt toward the east, a barge
impact would have had a significant westward or eastward component, This, of course,

assumes that the barge force would cause a translation or rotation of the pier fooling. It
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- is curious that the west tilt sensor recorded no change in tilt during this period. However, the
pier foundation is much more stable regarding rotation in this direction than in the direction
denoted by the north tilt-sensor readings. Another question to be addressed in assuming that
I_aargé impact could have caused the tilt is how the impact force and pier movement are

‘ rela‘te'd. The cﬁange in north tilt-sensor reading oceurred over a 4-hr period, which seemed
like a long time for reestablishing the stability of the pier after an impact. Of courge, it seems
possible that the reaj damage done by bafgé impacts is an eventual undermining of the pier
footing. Any external cause that created relatively large local disturbances of the foundation
material would create a less stable foundation condition, This perhaps explains the relatively
long period (4 hr) before the pier tilt readings stabilized. It should be mentioned that an
underwater inspection of Pier No. 2 in November 1985 by American Bridge [15] had indicated
no apparent undermining of the foundation.

After the pier tilted suddenly, an eastward rotation of the pier continued for the first
three weeks of August. Consistent with previous data, easteriy movement followed somewhat
cooler temperatures. (The first three weeks of August 1988 were unseasonably t;o_bl for the
most part, with high temperatures in ﬁhe 80° F range). The generai iimvemént'of__ the pier
based on north tilt-sensor readings became somewhat more erratic from early August until
the end of the monitoring period than what had occurred from April to August. This was
possibly due to the corresponding unusual and erratic pattern of ambient temperaturéé .
during this time perio&. Warm temperatures during the last week of August had the effect of
causing the pier to move westerly, until temperatures began to cool at the beginning of
September. At this time and through the end of September, the pier began an eastward
movement. Unusually warm days during Gctober, and én even warmer Nove_mb'er, caused
the pier to begin moving westerly again. | '

" Incontrast to the movement denoted by the north tilt-sensor readings, it is mterest.mg
to note (as shown in Fig. 51) that the west tili-sensor readings remained essentially constant
throughout the pericd from March to the end of September. There was a slight southwapd
movement of approximatély 0.2 are min during late July. The position of the pier remained
constant until the end of September. At this time, until the end of the monitoring period in
November, the movement was very erratic. ‘Dufing this time'period, aﬁ interesting behavior |
was noted by both the north and west tilt sensors. Contrary to behavior exhibited eaﬂier in
the mdnitoring period, both the north and west sensor readings became very dependent upon
ambient temperature. The west and north readings “"echoed” each other, as well as the

temperature. This is noted in Pigs. 54 and 55, which represent data, respectively, for
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October 12 and 13, 1987. The dependence of north tilt to ambient temperature was
approximately two times as great on a daily basis, as was noted earlier. The west sensor
dependency on temperature was considerably greatér than noted inearlier data. The
research team questioned the reliability of these data, in light of the bridge’s previous
movemént tendencies. A concern existed as to whether a problem with the sensors or
moﬁimring equipmeﬁt existed. From pfior experience with equipment problems, and from
consultation with technical support staff from the equipment manufacturers, the research
teain could not conclude definitively that the sensors and équipment were funcﬁoning
improperly. This left the possibility of moisture problems with the tilt sensors as the only
possible equipment-related explanation for this behavior. Daily data readings during the
time period were most affected on days when evening temperatures dropped below, dr near
freezing, and tﬁé following daytime temperatures increased significantly. The implication

. was that these conditions led to condenéation on the tilt sensors, which affected the output,
signal, It would have required removal of the sensors from the pier and subsequent testing to
ha\{e concluded that they were the source o_f the pqssible problem. This would have caused us
o lose our initial Iéﬁgdterm reference point for méasurement. Since nb other problems such
as this were encountered with the other tilt sensors, after consultation with supporting
technical staff, the team concluded that the probability of this being a source of error was
small. Figure 56, where data are plotted for October 26, 1987, illustrates the time when the
tilt readings stabilized. Still, the north and west sensors continued to “echo” each oﬁher’s tile
readings.

Reasons for the erratic behavior noted from October through November are not,
obvious, It may be possible that the complexity of expansion and contraction movements from
temperature changes for this type of structure were partly responsible. Perhaps the
combination of unusugl} y warm.day time temperatures and normally cool evening
temperatures were directly related to the movements. The only way to be certain of this
possible explanation is to obtain significantly more data than presented here (perhaps over'a.
few years) so that a clear pattern of long term behavior may be determined. Another possi‘bfe
explanation could be provided in knowing the actual condition of the pier foundation. If any
undermining had eccurred, it eould make the pier less stable, and forces transmitted to the
pier from superstructure expansion or contraction could be more significant. Still, it is
puzzling that the west sensor {indicating movement of the pier transversely to the bridge
span} would seemingly be affected by forces in a direction perpendieular to the direction of

movement, Although the graphs in Fig. 51 show dramatic changes in west sensor tilt’
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readings after October 1987, the magnitude of this movement in terms of linear displaéement
at the top of the pier are from 0.10 to 0. 16 in. over an approximately 1 mo, period. On a daily
basis, these tilts indicate movements of approximately 0.05 in. or less.

In summary, the tilt data showed that the movement in the east-west direction was
temperature dependent, indicating that the superstructure expansion and co.ntrar;tio'n
apparently had an effect on the behavior of the pier. In contrast, the pier movement in the
north-south direction was primarily independent of temperature except during the
moniioring period after October 1987, _ '

it app_éared that a possible barge impaet, with a major easterly or westerly component
of foree, oecurred during the first part of August 1987, No other unusual movement in the
east-west direction accurred during the monitoring peried. An atypicél and relatively
significant movement was noted toward the end of October 1987 for movement to the south.
All gther movement in the norﬁh»south direction wasg insignificant during the monitoring

period.

4.3.3. Surveying

Table 15 provides a summary of the surveying data téken’ on the three dates previously
mentioned. Asshown in the table, the changes in movement from May to June were’
relatively significant. Thex,y,and z coordinates corresponded to movements described,
resﬁecti vely, as transverse to the bridge span, longitudinal to the bridge span, and vertical.
The y-coordinate data correspohded toa direction longitudinal to the bridge superstrﬂcture.
The movement from May to June was toward the west; the top of the pier was about 07 in.
more westerly in June than in May. This trend in movement was consistent with the tilt data
over the same time period. An approximate angle of tilt of the pier based on the surveying
data is 2 arc min, which compared very favorably with the tilt data for this time period.

'Fhe time period from May to August 1987, also shown in Table 14, shows smafler '
movement than from May to June. The y-coordinate data suggested that the top of the pier
was approximately 0.4 in. west of the initial position in May. Note that the position of the
lower target on the south end of the pier, target T3, moved approximately 0.2 in. toward the
east. The north side af the pier, represented by target T4, had moved very little. An _
approximate tilt angle of the pier based on these data suggested that the pier was tilted 1.5
arc.min toward the west. This compared poorly with the measured field tilk of 2.5 are min -

toward the east, as shown in Fig. 50. FromJune until August, the data suggested the pier top



Table 15. Summary of surveying data for Black Hawk Bridge.
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Target

Change in Measured Movement
froma May 1, 1987 to June 27, 1987

Ax
(in.)

Ay
(in)

Az
(in.)

0.9084

0.5000

0.4800

0.1452

0.0828

0.8160

Change in Measured Movement
from May 18, 1987 to August 24, 1987

Ax
(in.)

Ay
{in.)

Az
{in))

Ty 0.2472 ©0.3960 0.0960
Ty -0.2280 -0.2052 0.2400
0.1044 0.0720 0.336

moved more easterly, approximately 0.3 in. The bottom ‘targéts also suggested that from June

5 J

+2

L.

4y
- (TOWARD WEST)

to August the bottom part of the pier moved 0.3 in. toward the east. This net eastward
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mov_emeht of the pier of 0.3 in. was consistent with the prediction of probable movement based
on the field tiltdata. ' N

The x-coordinate data in Table 15 showed that the pier moved approximately 6.5 in.
south from May to June, rotating toward the south at an angle of approximately 0.5 to 3.5 arc
mih depending on which pair of targets were used for the caleulation. The field tilt data
indicated thatonly a few tenths of an arc minute of rotation toward the south occurred during
hhé same lime i:eried. From May to August, the data implied that an even smaller rotation
toward the south occurred than in the earlier per’iodw above. This calculated angle
corr‘es;v)onded‘t,o 0 to 2 are min, depending on the pair.of targets used in the calculation. This
compared to the measured ﬁeld tilt of approximatel_j 0.2 arc min from sensor data,

Relatively signiﬁcah‘t vertical displacements of the pier cceurred from May to June. _
These displaéement's are denoted by the z-coordinate in Table 15. The data showed a vertical
displacement of approximately 0.5 in. upward. From May to August, the data showed vertical
displacements of approximately 0.1 10 0.2 in. No comparable data was sbtained from field
data for comparigen.

In summary, comparison of the surveying and field tilt data showed that the measured
trends of movement were similar. The magnitude of movement corﬂpated fairly well also.
The surveying data were not continuous, nor as sensitive ag the tilt data, so care must be
taken in ir_iterpreting the data. It appeared that the data support the conclusions developed

earlier regarding movement of the pier based on tilt data only.
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5. SUMMARY AND CONCLUSIONS
8.1, Sﬁmmary

This report summarizes the work performed in Phase I] of a study related to
measurement of long-term structural movement in bridges. The work completed in Phase 1
was presented in Ref. {1]. Phase Il had several specific tasks; the conciusions from thesé
follow. |

An investigation into the feasibility of field use of a tilt sensing system purchased by
the Iowa DOT was undertaken in Phase 1 of this study. The tilt sensing system has been used
in bridge monitoring applications in recent years. The Phase I study verified that the system
was accurate and reliable for field use. Two bridges were identified by the lowa DOT as
requiring long-term movement detection. The ISU structures team then designed and
installed a tilt sensing system including data aequisition equipment; as the beginning of
Phase I of this study.

The bridges chosen were the Karl King Bridge in Fort Dodge, lowa, which spans the
Des Moines River; and the Black Hawk Bridge in Lansing, lowa, which spans the Mississippi
River. Pier No. 4 on the Karl King Bridge has been under obgervation by the lowa DOT since
Jate 1970, since inspections of the bridge prior to their monitoring lead to the rockers at the |
pier being repositioned. In addition, severe distress observed in the exterior columns of the
pier near the footing led the DOT to cast large concrete collars around the distressed area.

The fowa DOT has also monitored the Black Hawk Bridge by surveyiﬁg techniqués
since becoming aware of aceidental barge impacts occurring at Pier No. 2 in the river channel.
To date, ﬁhe only observed distress has been local spalling of the concrete near the waterline,

The field instrumentation systems at both bridges were installed on each o_f tﬁe‘suspect
piers: Pier No. 4 on the Karl King Bridge and Pier No. 2 on the Black Hawk Bridge. The
systems consisted of the tilt sensing units and péwer sources and é programmable data logger
for storing the measured data. The Black Hawk Bridge system included a telephone
telemetry system in which data was retrieved via modem hogkup at the Iowa DOT office in
Ames, lowa. Additional temperature data using' thermocouples were taken at the Karl Kiﬁg
Bridge to allow a thorough study of the observed movement relative to temperature.

Analytical models of a portion of the Karl King Bridge superstructure and of Pier No. 4
were developed to study the long term behavior of the bridge, Temperature data from the |

field observations were used in the superstructure model to assess the magnitude of
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longitudinal forces developed in the superstructure. These predicted forces were then applied
to the piér model for predictioﬁ of the pier movement. These data were then compared with
the obgerved field data.

The tilt sensing equipment and data acquisition system designed for this study
provided accurate continuous monimring and recording of the bridge movements. The system
was very sensitive to the bridge movement, and for most of the monitoring period it pefform.ed
reliably. However,on threé occasions (twice at the Black Hawk .Bridge), components of the
equipment failed and gaps in the data resulted. Routine measures can be taken in the future
to eliminate the probleui‘s fhat caused this trouble, including using 110 AC power instead of
battery poWer and providing an envirenment for the poﬁer consele that is more moisture
res;i stant. . _ |

The resﬁits obta‘megi from an analytir:al study with finite elerﬁeﬁt models of the
superstljuctufe and pier of the Kar! King Bridge showed fairly good correlation with field
data; the results were used to provide verification of observed movement from field data. The
models showed that the soil foundation properties appeared to change from season to season.
With temperature data input from field temperature sensors, an attempt was made to verify
the observed changes in tilt with model results. The effect of end restraint caused by
expansion bearings apparently not functioning as intended was modeled, and the model
verified conelusions derived from the field dat_é that forces larger than expected were applied
o the pier.

The maJonty of the observed movements at the Karl King Bndge Pier No. 4 appear to
be recoverab!e from season to season, with the exceptmn of the relative change noted in
movement between the north and south side of the pier between March and May 1987 and an
apparent movement of the whole pier from September 1987 to March 1988 and during the
summer of 1987, |

The longitudinal movement of the Black Hawk Bridge Pier No. 2 was shown to be
related to ambient temperat.ure, although not as much ag Pier No. 4 at the Karl King Bridge.
However, nc attempt was made to study thorough] y the bridge’s temperature characteristics.
Based on the data recorded, there appeared to be an even{ in early August 1987 where a
sudden change in orientation of the pier oceurred for which temperature could not be
rationalized as the source of movement, thus implying a barge impact. The change in
orientation was in the longitudinal direction of the bridge. _ _

For most of the reporting period the transverse movement of the pier {transverse to the

bridge span) was negligible. However, at the end of October 1987, the tilt readings became
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more erraiic. These changes in tilt corresponded to relatively small magnitudes of deflection
at the top of the pier. '

5.2. Conclusions

The following conclusions were developed as a result of this study:
1. The tilt sensing system developed by ISU for this project can be advantageous for
‘long-term movement monitoring of bridges and other types of DOT struetures.

2.  The tilt sensors \?ere very stable, sensitive, and accurate,

Using a battery-powered control system for the mierologger had a detrimental
effect on the monitoring system’s reliability. Moisture pfoblems also caused
occasional problems with the Sperry console unit.

4. Tyvpical surveying methods used to monitor structural movement are relatively
ineffective and not sensitive enough to allow the movement characteristics to be
accurately asgessed.

5.  The daily movement of Pier No. 4 of the Karl King Bridge in the bridge’s
longitudinal direction was cyclic in nature and was directly related to the
ambient temperature.

6. The long-term longitudinal movement of Pier No. 4 was also directly related to
the seasonal changes in ambient temperature and was cyclic in nature. The
seasonal movement could be described as recoverable from season to season.

7. .The Pier No. 4 longitudinal movement was caused by the direct application of
superstructure forces developed by restraint against movement at the expansion
bearings. | .

8. The foundation soil properties at Pier No. 4 were apparently affected by seasonal

| changes in the weather. |

9. A relatively small, permanent longitudinal movement relative to the north side of
Pier No. 4 oceurred at the south side of the pier between January and March of
1987. The relative difference in movement at the top of the pier was
approximately 0.05 to 0.08 in. In addition, a permanent movement of the whole
pier (0.03 to 0.07 in.) was noted between September 1987 and March 1988 and a
permanent movement of approximately 0.07 to 0.2 in. during the summer of 1987.
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No long term movement was recorded in the direction transverse to the bridge
span {north-south direction) of the Pier N 0.4 during the monitoring period.

The movement of Pier No. 2 of the Black Hawk Bridge in the bridge’s longitudinal
direction was related to ambient temperature. This temperature dependency was
not as great as that noted on the Karl King Bridge Pier No. 4.

An apparent and relatively significant permanent change in alignment of Pier
No. 2 occurred in early August 1987, possibly as a result of a barge impact. The
tilt movément was toward the east.

The long-term transverse movement (north-south direction) of Pier No. 2 was

negligible during the monitoring period until October 1987, Movement became

* erratic and, in some cases, the tilt readings became much more sensitive to

temperature.
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6. RECOMMENDED CONTINUED STUDIES

This research study has shown that the tilt sensing system can be used succesgsfully for

long-term structural monitoring. Specifically, the results of the evaluation of the Karl King

Bridge should serve notice that, although no significant long-term permanent movement was

detected, the sensing system should continue to be used by the lowa DOT for monitoring Pier

No. 4. In view of the results of this study, the following is recommended:

Centinue long term study of Pier No. 4 using the tilt sensing system to get an even

longer “track record” for understanding the movement due {0 temperature. In

addition, the pier should be gaged with vibrating-wire strain gages to.verify the

~ possible strain caused by the hypothesized longitudinal forces applied by the

supersiructure.

Devise further field tests that involve geotechnical studies along with structural
tests to correlate hoth effects in isolating the pier movement. These tests should
quantify the reasons for movement and suggest methods for eliminating them.
Monitor movement by another system for obtaining redundancy in measurement on
a periodic basis along with the continuous moﬁitoring, tilt sensing systém. This |
could be an accurate survey-based technique, but it is recommended that a second
structural based technique, such as one utilizing LVDT displacement transducers,
might be a better choice.

Design an instrumentation system to menitor bearingsﬁnd their behavior with
regard to causing restraint against contraction and expansion of superstructure. At
the same time, develop an instrumentation system to monitor superstructure forces.
Provide electrical power at the Karl King and Black Hawk Bridge sites to replace

the battery systems presently in use for the instrumentation.
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APPENDIX: SUMMARY OF TEMPERATURE SENSITIVITY
TESTS FOR TILT SENSORS

Three tests were conducted for each of the four tilt sensors and the ehanges in measured
Li.itlangie were plotted versus time and température. From the data, temperature coefﬁcients
were calculated as the change in angular reading relative tQ. the change in surface
tefnperature of the sensor (for each tilt sensdr) according to the following equation
(Table A.1).

changein testangle — change in referenceangle

temp. coeff. = : ‘ - .
P change in surface temperature

Table A 1, Temperature coefficients for tilt sensors.

Temperature Coefficient
Tilt Sensor Serial Number {arc seconds / degree F)
, 23 I s ——
21215004 -0.04
21215005 LT -0.20
46215097 -2.22
Manufacturer’s coefficient 0.30

The interval of time (and temperature) over which the coefficient was determined was
defined by the initial readings until the change had stabilized. In most tests, the sensor angle
change stabilized at approximately 10 min, and therefore, the coefficient was based upon this
time frame. The test format was unable to create results that were reproducible. The
temperature coefficient given in the table represents the average of the three tests. Asnoted,
two of the sensors do not meet the manufacturer’s coefficient, which was provided by Sperry
+ for each sensor. ' '

It should be noted that the Sperry tests are conducted under different conditions. The
ISU tests were designed to simulate rather than duplieate the Sperry tests because of cost

regtrictions. The manufacturer’s specifications are based on testing the internal components
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of the sensor, in place, in a controlled test chamber. The ISU tests suggested that the
discrepancies were caused by éxtef’nal effects such as mounting the plate and sensor to the
test block, localized warping of plate and/or concrete due to temperature differences, or
systematic error in the test procedure. Independent tests of a similar type to ISU’s tests by -
teh Michigan DOT [16] resulted in lack of repeatibility of results with conclusions of the same
type as suggested here. Thus, the ISU team decided to use the manufacturer’s coefficient for
recorded field data.



