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ABSTRACT

Prior research has recognized that long girder transportation is fundamentally complex. Most
research on girder stability and cracking prior to erection has focused on lifting of long
girders, as this has been traditionally viewed as the most critical action—with respect to
loading—in the life of the girder. In these studies, researchers aimed to provide a
methodology to avoid cracking and loss of stiffness during lifting of long girders.

This research study investigated the behavior of two long prestressed concrete girders during
lifting and transportation from the precast yard to the bridge site, with a particular focus on
cracking and stability concerns during transport. Different response measurements were
recorded, including dynamic strains, dynamic accelerations, thermal, and rigid body motion
measurements, while the girders were tracked using a global positioning system (GPS). The
monitoring results indicate that girder transport produced more severe tensile strain events
than those measured during lifting of the girders at the yard or bridge site. Local transport
events for both girders caused strains to exceed the theoretical cracking strain determined by
the research team. Contrary to initial assumptions, potential cracking events were not
associated with high dynamic accelerations, but instead occurred at low-speed (<10 mph)
sharp turns (90 deg. with tight radii) where the trailer (jeep) tongue was attached to the
girder. Cracks were not visually observed, but changes in girder response were noted as an
indication that localized concrete cracking occurred.

While most of the previous research in girder handling focused on avoiding cracking events,
based on analyses of the girders in this study and previous related research work, cracking
strains were readily experienced during girder lifting and transport. These findings have
implications for how long prestressed concrete girders should be handled to avoid cracking.
Some of the greatest tensile strains imposed on the girders were the result of controllable
events (i.e., tight turning radii), and not due to a less controllable phenomenon such as
roadway super-elevation along the delivery route. This research identified the jeep tongue
loading as a critical component in the transportation process, one that should likely be

considered as part of any long girder transportation evaluation.
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IMPLEMENTATION STATEMENT

By identifying the loading effects caused by the rear jeep tongue on long prestressed concrete
girders during transport, the potential for cracking of these girders can be reduced. The link
between the tongue forces and girder cracking had not been previously documented in
published research. Through this research, recommendations to mitigate girder cracking
during transportation were presented that include the application of tongue forces by the
designer during transportation stress evaluation and changes in transport procedures by the
precaster.
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INTRODUCTION

Prestressed concrete girders are an economical superstructure system for bridges and are used
in about 24 percent of the bridges in the United States /1/. With the advent of higher strength
concrete and more efficient cross sections, the use of long (> 100 ft.) prestressed concrete
girders has become commonplace. Routinely, girders exceeding 150 ft. in length and depths
of 6 ft. are now specified. Such long span girders require special considerations during

manufacturing, transporting, handling, and erecting.

Many of the forces associated with construction of precast prestressed concrete girders are
well understood. Less is known, however, about the forces a girder is subjected to during
transport. While girders are designed for strong axis loading conditions and, thus, can readily
accommodate such loading during transportation, they are typically braced in-service and,
hence, may have inadequate resistance to lateral or lateral-torsional load effects before
bracing is installed. As a result, girders have arrived on jobsites exhibiting visual cracks
indicative of weak axis bending or torsion. In other instances, trucks transporting girders
have rolled as the girders laterally buckled. These transportation problems can delay
construction while the girders are repaired or replaced, and possibly lead to a reduction in
service life if moisture and chlorides infiltrate unrepaired cracked girders.

The Louisiana Department of Transportation and Development (DOTD) has observed these
transportation problems with long prestressed concrete girders. Building on research into
girder stability design by Laszlo et al., and estimations of transportation stresses by Mast, the
DOTD instrumented two 150-ft. long prestressed bulb-tees during transport in an effort to
assess the forces on the girders /2 - 6]. Transportation of these instrumented girders resulted
in weak axis cracking. The current research project was initiated to further investigate the
causes of cracking during transportation and included monitoring of transportation-related
strains in two additional long prestressed concrete girders.

Literature Review

Stability of long prestressed girders has been a focus of a number of studies since their
introduction in the early 1960s. Mast’s 1989 seminal work is probably the most cited paper
for lifting of long-span prestressed concrete girders /3/. This work, along with a second part
of the study published in 1993 serve as, the Precast/Prestressed Concrete Institute, PCI’s
recommendations to girder designers on stability and cracking prior to installation,
respectively /4, 5, 7]. In his work, Mast simplified the stability effects caused by girder
geometry as it relates to lateral and torsional stiffness. Based on this work, stability was
quantified by comparing the height of the roll axis (i.e., the axis defined through the girder



support points, about which the girder rolls), versus the sweep deflection of the girder,
assuming the full gravity load was applied in the weak-axis direction.

In 1993, Mast revisited lateral stability of girders with a focus on transportation /4, 5/. This
work provides much of the theory and information still relied upon by the precast industry.
The essential point of this work established the likelihood of lateral buckling of long concrete
girders as minimal because of their high torsional stiffness; therefore, it is recommended to
assume rigid torsional behavior in the roll stability analysis of girders. Mast tested static tilt
angles of full-size girders to failure, and in that process, evaluated cracking, stability, and
ultimate capacity. He found that girders generally started cracking and losing stiffness at tilt
angles between 5 and 10 degrees. Failure typically occurred when the tilt angle exceeded 20
degrees.

When a girder cracks, its stiffness is reduced, affecting its deflections. Mast developed a
simplified relationship between cracked (effective) and uncracked girder stiffnesses based on
tilt angle. For tilt angles that produce top flange tensile stresses in excess of 7.5Vf", the
commonly accepted modulus of rupture per the American Concrete Institute (ACI) building
code, ACI 318-14, the effective stiffness can be calculated as follows /8/:

lefr = Ig/(1 + 2.56max) (D

where,
l.sr = Effective moment of inertia,
I = Gross moment of inertia, and

Omax = tilt angle at which cracking occurs.

From Mast, it was found that girders supported from below, as they are during transportation,
have sufficient torsional stiffness but overall less roll angle stiffness due to the flexible
supports. This can lead to long span girders rolling sideways and subsequently buckling
laterally. The factor of safety against instability is defined as the ratio of the resisting moment
arm to the applied overturning moment arm as follows:

max —X
FS = omusaratnm ®
where,
FS = factor of safety,
0nax = tilt angle at which cracking occurs,
r = K0/w, K0 = rotational spring constant of support (roll stiffness),
w = self-weight of girder,



Z, = deflection of the center of gravity of the girder due to bending about the weak axis
caused by self-weight over a simple support,

el = initial eccentricity of the center of gravity of the girder,

o = super-elevation angle or tilt angle of support, and

y = height of center of gravity of girder above roll axis.

Mast proposed similar factors of safety when lifting girders, which are used as the basis for
the equations in the PCI Design Handbook /7].

Laszlo et al. point out the importance of lateral loads and super-elevation considerations
during transport /2/. They also recommend temporary post-tensioning as a possible aid to
reduce tensile stresses. Zureick et al. studied the stability of long prestressed bridge girders

considering sweep and thermal effects /9].

Cojocaru revisited research on girder stability work performed by Mast on lifting and
provided an updated methodology using a nonlinear section analysis approach /7/0]. The
basis of this approach was born from a classic solution to the lifting of doubly symmetric
girders developed by Plaut et. al. /71]. Cojocaru investigated the performance of this updated
approach and subsequently modified the method to allow for inclination and height of lift
supports. Finite element modeling verification was also included in this work. Because beam
imperfections are the main concern when lifting a beam, Cojocaru also performed a statistical

study to review the effects of beam imperfections.

Stratford and Burgoyne reviewed girder stability through their work published in 1999 and
2002 /12, 13, 14]. In their work, three states of support for girders are defined as: (1) simply
supported, (2) hanging, and (3) transported. This work focused more on lateral buckling, as it
reviewed cross-sections from Europe that have minimal-to-no upper flange width when
compared to precast bridge shapes commonly found in the US. Therefore, the lateral and
torsional stiffness of such cross-sections are much smaller than their counterparts in the US.
Stratford and Burgoyne indicated that, for such girders, lifting is the most critical support
state as there is no restraint against rigid body motion (i.e., rotation). A series of non-
dimensional buckling loads for the different support states was also developed in this work:

JGJET
Wer = k3 Y (3)
where,

G = shear modulus,



J = St. Venant’s torsion constant,

E = Young’s modulus,

Iy = moment of inertia about the minor axis,

L =beam length, and

k = constant, equal to 28.5 for simply supported and 16.5 for the transported beam.

The authors present a more detailed solution for the case of the hanging girder /12, 13].

It is noted that all of the above research, as well as other recent research by Weigel et al.,
Consolazio and Hamilton, and Hill et al. aimed to prevent instability and cracking (at least
limit it) while handling and shipping long prestressed concrete girders /15 - 17]. Code-based
guidance provided in the PCI Design Handbook and PCI Bridge Design Manual are
essentially a reorganization of Mast’s research into girder stability /8, 18].

DOTD-BDI Research

In October 2006, Bridge Diagnostics, Inc. (BDI) instrumented two girders for DOTD and
transported them in the same way as for this research project. The girders measured
approximately 150 ft. in length and were monitored during transportation and erection. Strain
gages were installed on the four girder flange tips at five cross-sections along the girder
(Figure 1), consistent with the strain gage setup utilized in this research.

The transportation route included traveling along Interstate 20, where the girders reached
speeds exceeding 60 mph, as well as being subjected to several sharp turns and uneven
roadway surfaces. The data collected during this research indicates large recorded tensile
strains occurred in both girders during various sharp turns (90 deg. with tight radii) with the
highest strains recorded during a low speed U-turn at the bridge site. BDI researchers noted,
“large weak-axis bending forces were primarily due to the synchronization of steering
between the front and rear.” It was also noted that higher strains were recorded in one girder
due to the presence of a longitudinal crack in the girder top flange. The results from the BDI
tests led to the initiation of this current research to further investigate the behavior of long
girders during transportation /6/.



Figure 1
Instrumented cross-sections (i.e., A, B, C, D, and E) from BDI instrumentation work

Department of Transportation Design Guidance
Several Departments of Transportation (DOTs) have developed guidelines for safe handling

and shipping of long prestressed girders. This section highlights such guidelines by two
DOTs.

Ohio Department of Transportation

The Ohio Department of Transportation (ODOT) enables designers to include shipping
strands in their designs as shown in Figure 2. These permanent strands are located in the top
flange of the beam. ODOT notes, in their detail, that these strands are to be debonded for the
entire length of the beam except for the last 10 ft. of the beam, and that they should be cut via
a block-out in the top flange after handling operations are complete.
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ODOT suggest locations for shipping strands




Washington Department of Transportation

The Washington Department of Transportation (WSDOT) includes a section within their
design manual on girder transport //9/. They provide the following requirements and
recommendations for designers.

e Use an additional impact factor of 20 percent during transport, while not including an
impact factor for lifting.

e Consider the shipping route and its feasibility for transporting the girder(s).

e Place support locations in-board of the ends a minimum length equal to the depth of the
girder.

e Minimize girder overhangs and make equal.

e Check lateral stability of the girder during shipping that considers the roll stiffness of
girder supports.

Industry Software

PGSuper

PGSuper is a precast prestressed bridge girder design software sponsored by the Washington,
Texas, and Kansas State Departments of Transportation and is available to be used for other
state DOT designs /20]. The objective of the software is to provide the ability to design and
check strength, service, and detailing criteria. In particular, there is a design module within
the software that checks bridge girders for stresses and stability during lifting and
transportation.

The WSDOT version of the software contains supplemental checks for lifting and
transportation. Figure 3 shows an input view for the software from the “Lifting and
Shipping” section. As seen in the figure, this is a very general representation of the transport
support. One observation from a review of this software is that there is no provision to enter
data for the jeep tongue attachment into this form or elsewhere within the software.

The software includes the standard BT-72 and LG-54 girder cross-sections used in this
research; however, the specific prestressing configurations used in the research girders were
not available. For example, test Girder 1 had 50 straight prestressing strands, and some of
these were debonded. The design generated within the WSDOT configuration of PGSuper,
required use of a combination of straight and harped strands. An example output from the
software for checks for cracking and failure is shown in Figure 4. Because the dominant
concern for cracking is length between the support points as presented in Mast’s research,
this figure shows that the factor of safety to prevent cracking is improved considerably by

moving the supports inboard, up to a certain point.



In review of the WSDOT site, it is apparent that transportation remains a challenge for
designers as observed from the following question on their frequently asked questions section
on their website:

Question: I'm designing a long span girder and 1 just can’t get the Spacing Between
Truck Supports for Hauling, Girder Support Configuration, and Maximum Girder
Weight specification checks to pass. What can I do?

Answer: At design time it is difficult to know what actual equipment will be used to
transport a girder. The Fail status simply means the design fails to satisfy the design
criteria. In this case, the maximum allowable distance between supports, the
maximum allowable leading overhang, and the maximum girder weight are highly
dependent on the actual hauling equipment. The design criteria are based on rules of
thumb.

If you find yourselfin this situation, call your local fabricators and haulers and let
them help you decide if it is practical to transport your girders.

F Girder Dietails for Span 1. Girder A | =2 |

Girder Lifting Loop Location

From End of Girder 5000 g

Girder Transportation Support Location

HTrai lingOverhang LeadingOverhan g—\.i-(

Trailing Overhang 3000 R Leading Overhang 3000 R

Girder Length 98.333 Rt

Figure 3
PGSuper input form view for “Lifting and Shipping”
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OBJECTIVE

The objective of this research was to develop guidelines that DOTD can apply to the future
design and transportation of long prestressed concrete bridge girders to avoid cracking. The
guidelines would define acceptable methods of girder support during transportation,
recommend safe girder response limits during transportation, suggest road
conditions/geometries to be avoided on transportation routes, and advocate design changes to

improve girder shipping performance.






SCOPE

This research examined the behavior of two long-span prestressed concrete girders during
transportation and lifting at the yard and bridge site. A key aspect of this study was to
determine if cracking events occur before erecting the girders and to investigate the reason
for those events. Thus, cross sections in each girder were instrumented with sensors to
measure the following responses from initial girder casting to transport of the girder to the
bridge site:

e Concrete strains;
e Accelerations—multi-axial;
e Roll and estimated deflections; and

e Temperature.

From detailed analyses of these results, suggested recommendations to better quantify the
loads causing cracking and to reduce the potential for cracking were developed for long
girders during transportation.
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METHODOLOGY

The increasingly longer and slenderer prestressed precast concrete girders used in today’s
bridge structures are more susceptible to cracking and instability during handling and
shipping. Unfortunately, the forces associated with transporting girders are not well defined,
in part because they depend on a number of different parameters. The following research
work plan was implemented to quantify transportation forces experienced by precast concrete
girders and to develop applicable transportation guidelines and design changes to avoid
cracking and instability.

Instrumentation Program

Selection and Description of Girders

Due to past long girder performance issues, DOTD subsequently placed a moratorium on the
design of new long-span precast concrete girders. Therefore, for this research, it was
necessary to select from already designed bridge projects that still required fabrication and
transport of long girders within the research study period. The following two projects and
girder sections were identified:

e Girder 1 - LA71B Fort Buhlow Bridge, Alexandria, LA: BT-72 girder with a length of
130 ft. Figure 5 is a photograph showing an end view of the girder shortly after casting.

e Girder 2 - I-210 over Cove Lane Bridge, Lake Charles, LA: LG-54 girder with a length of
130 ft. Figure 6 is a photograph of the end view of the girder just prior to loading for
transport.

Cross section details and properties for each of the girders are provided in Appendix A. The
gross moment of inertia and effective prestress force of each girder are shown in Table 1. A
comparison of the studied girders notes a greater moment of inertia contributing to larger
weak axis bending resistance and a significantly larger amount of effective prestressing force
for Girder 2 (LG-54). Table 2 provides the casting and erection dates, along with the total

time from fabrication until transportation and erection.
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' Figure 5
End view of Girder 1 (BT-72) shortly after removal
from casting bed

Table 1
Girders moment of inertia and effective prestressing force
Strong axis Weak axis Weak axis to Effective
Girder moment of moment of strong axis Prestressing at
inertia (in%) inertia (in%) inertia ratio midspan (kips)
Girder 1: 130 ft.
BT-72 545,857 37,634 0.07 1,425
Girder 2: 130 ft.
LG-54 344,586 70,877 0.21 2,235

14



Figure 6
End view of Girder 2 (LG-54) during loading for
transport

Table 2
Casting and transportation overview

. Date Transported Total Days Until
Girder Date Cast & Erected Transport/Erection
Girder 1: 130 ft.
BT-72 Nov. 30,2011 July 3, 2013 581
Girder 2: 130 ft.
LG-54 July 12,2014 | September 23, 2014 73

Instrumentation

Detailed instrumentation plans were developed based on a review of previous monitoring and
parametric analyses of earlier DOTD-funded research. The purpose of the instrumentation
was to monitor the behavior of the girders during transportation and lifting to detect and
identify any events that may lead to cracking of the girders during these construction stages.
In addition, periodic monitoring and a creep study for Girder 1 were also incorporated into
the research plan to have a better understanding of the total state of strain in the girders at the
time of transportation. The periodic monitoring plan included the installation of demountable
mechanical strain gages (DEMEC) at multiple cross sections, along with field camber and

sweep measurements.

The transportation instrumentation plan included installing dynamic strain, inertial
measurement (acceleration and rotation), and temperature sensors at several critical cross

sections in each girder as outlined in Table 3 and Table 4. The cross sections included both
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girder ends and midspan, as well as the cross section where the jeep tongue contacted the
girder. As shown in Figure 7, each cross section was instrumented with four strain gages
(two at the bottom flange tip and two at the top flange tip) and one inertial measurement
sensor, except for the tongue location where no inertial measurement sensor was installed.
For Girder 1, these strain gages were typically embedded, while for Girder 2, they were
externally applied. The midspan section was also instrumented with four temperature
sensors. Girder 1 was instrumented with two additional temperature sensors to measure
ambient temperature and temperature within the data acquisition enclosure. At the midspan
cross-section (B) and tongue cross-section (D), additional redundant gages were installed on
both test girders for purposes of testing gage types.

S‘n".'EEF' AND CAMBER MEASUREMENT
AT MID-SPAN PRIOR TO TRANSPORT

T=r

-5

MU MOUNTED
MWEAR CENTROIC

e

k EXTERMALLY MOLUMTED BDI

STRAIN TRANSDUCERS,

4 CORNERS. SUPPLEMENTAL
BONDABLE STRAIN GAGES
WITH THERMOCOUPLES

AT SAME ELEVATION FOR
THERMAL STRAIN
MEASUREMENT,

SECTION B-B
MIDSPAN

Figure 7
Instrumented mid-span girder cross-section as represented
on the instrumentation plan for Girder 2

Additional measurements (displacements, geolocation, and photographic data) were also
recorded during different transportation stages. A description of the use of each sensor,
reason for selection, interface with data acquisition, and sampling rates are described next. In
addition, Appendix B includes product information for the various sensors.
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Table 3
Girder 1 instrumentation during transportation

Cross Section Sensor Type
Label Location Strain Inertial Temperature
A Jeep End: 10 ft. from end 4 . -
B Midspan: 65 ft. from end 4 ) 4
b Tongue: 32 ft. from jeep end 4 - -
c Tractor End: 10 ft. from end 4 i -
Table 4
Girder 2 instrumentation during transportation
Cross Section Sensor Type
e Location Strain Inertial Temperature
A Jeep End: 5 ft. from end 4 ! o
B Midspan: 65 ft. from end 4 ! 4
b Tongue: 32 ft. from jeep end | 4 - -
C Tractor End: 5 ft. fromend |4 | o

Sensor Information

The research utilized a variety of sensors to capture girder behavior during various phases of
fabrication while in the yard, as well as dynamic behavior while the girder was being lifted or
transported. Sensors were chosen for their ability to measure the desired behavior while
remaining within the project budget. Each sensor type and time of sensor installation is listed
in Table 5 for Girder 1 and Table 6 for Girder 2.
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Table 5

Girder 1 instrumentation summary

Gage Type Installed Before
EGP-5-350 Dynamic Strain Casting
Thermocouples Temperature Casting
DEMEC Static Strain Release
Displacement Displacement Release
Roll & yaw Tilt (deg.) Transport
Pitch Orientation (deg.) Transport
Acceleration Acceleration Transport
GPS Geolocation Transport
BDI Strain Transducer | Dynamic Strain Transport

Table 6

Girder 2 instrumentation summary

Gage Type Installed Before
Roll & yaw Tilt (deg.) Transport
Pitch Orientation (deg.) Transport
Acceleration Acceleration Transport
GPS Geolocation Transport
BDI Strain Transducer | Dynamic Strain Transport

Sensor Information - Periodic Monitoring

Girder 1 was chosen to capture representative long-term strain, as well as periodic
measurements of sweep and camber, while still in the precast yard.

Concrete Strain Measurements. Strain losses from creep and shrinkage after casting
are known to be several hundred microstrain, as widely reported in the literature. DEMEC
gages were used to measure static strains of Girder 1 while in the yard. Although DEMEC
gages have less accuracy than conventional strain gages, they offer economical and
reasonable long-term stability without being affected by drift. These gages were placed at the

ends and quarter points along the girder on the girder flange tips.

Embedded concrete strain gages were also installed in Girder 1 near each end and midspan
(Sections A, B, and C) before concrete casting. The EGP-5-350 embedded sensor
manufactured by Micro-Measurements is a 350 Ohm strain gage with a 4-in. gage length
covered with a cementitious coating. The embedded gages were used to measure concrete
strains prior to and after strand release, as well as during lifting and transport. The embedded
gages provided protection from damage during fabrication, storage, and transport. They were
also less susceptible to thermal gradients when the girder was directly exposed to the sun.
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The gages were tied between prestressing strands or mild steel reinforcement using fiberglass
dowels as shown in Figure 8.

Figure 8
Micro Measurements EGP-5-350 embedded strain gage
installed prior to casting

Displacement Measurements. For Girder 1, a laser and target system was utilized at
various stages of fabrication to measure overall length change, static camber, and static
sweep. The laser and targets were temporarily secured using stainless steel drop-in anchors
on the top side of the Girder 1 top flange near the tips. The laser and length target were
installed at opposite ends of the girder, with a grid target installed at the midspan. Figure 9
shows the laser mounted on the girder top flange, with the associated laser target shown in
Figure 10. Sweep and camber were measured using the grid target with the change in
position of the laser beam on the target providing a measure of sweep and camber. A
permanent dot was placed on the grid target for each measurement. These measurement sets
were completed after fabrication and after storage prior to transport. Figure 10 shows the
laser target with dots marking recorder laser points.

A high strength aircraft cable was also used for a traditional camber measurement. Tapcon
screws were installed at each end of the girder and the cable was strung between the two with
a weight hung from one end. This technique was utilized for the first series of measurements
after casting, but was not repeatable in later measurements due to corrosion of the wire and
missing weights that occurred during the approximate 19-month storage period of the girder.
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Figure 9
Laser mounted on girder end for camber measurements

Figure 10
Laser target with dots marking recorded laser points
Sensor Information Dynamic Monitoring
Concrete Strain Measurements. For Girder 1, dynamic monitoring of strains during
lifting and transportation were performed using a combination of the Micro Measurements
EGP-5-350 embedded concrete gages discussed above and BDI external strain transducers.
The EPG-5-350 gages were used to monitor the strains at Sections A, B, and C, while the
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BDI external strain transducers were installed to monitor strains at the tongue mounting point
(Section D). A redundant pair of BDI gages were also installed at Section B to compare
midspan strains with the embedded strain gages. For Girder 2, only external strain
transducers were utilized. BDI transducers were installed at all four girder cross sections
described in the instrumentation plan. The BDI transducers were installed by bonding the
transducer to the concrete surface using epoxy prior to lifting the girder at the yard for
transportation. Figure 11 shows the BDI installation. These sensors are more susceptible to
ambient temperature changes; therefore, only short-term events were considered.

BDI external stain transducer with adjacent externally
bonded thermocouple for coarse thermal corrections and
redundant strain gage (Girder 2 shown)

Externally bonded Micro Measurements (MM) 20CBW-350 with a 2-in. gage length and
350-ohm resistance were also installed on Girder 2 at midspan (Section B) to provide
redundancy and a comparison with the BDI sensor results. The change of strain recorded by
both sensor types during an event (Event G2-S2 is shown in Figure 12) gave a similar
response, with the difference in recorded strain value limited to 10 microstrain. The only
notable difference between the two gage types is that BDI gages are more susceptible to
temperature change, as they are made of aluminum. Therefore, for long-term monitoring,
data collected using BDI gages were coarsely corrected for temperature effects using
adjacent thermocouples bonded to the concrete flange.
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Comparison of the BDI gage response data versus the embedded gage data for Girder 1
proved more difficult, as the gages were located at different points in the girder. As it was
desired to compare the strains at the surface, the embedded strain data was transposed to the
surface using the methods described in Appendix C.
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Figure 12
Comparison of strain recorded by BDI gages and surface strain gages at Section B for
Girder 2

Temperature Measurements. For Girder 1, Type T thermocouples were installed on
the reinforcement as shown in Figure 13 at Section B adjacent to the embedded strain gages
to measure temperature gradients across the girder cross section. For Girder 2, the
thermocouples were placed adjacent to the BDI transducers at Section B.
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Figure 13
Thermocouple (blue wire) placed adjacent to embedded strain
gage (Section B)

Inertial Measurement. Memsic VG350 vertical gyro units, which are also
referenced as inertial measurement units (IMU), were used to measure dynamics related to
girder transport and lifts. These units utilize a MEMS-based inertial sensor to provide three-
dimensional acceleration, orientation (i.e., roll, pitch, and yaw), and roll rates. The systems
were coupled to a Memsic NAV-DAC440 that converted the VG350 serial digital data signal
into nine BNC analog voltage outputs. Each inertial unit provided orientation information
relative to a vertical gravity reference. The VG350 was epoxied onto the vertical surface of
the girder web near its centroidal axis. To provide protection from the elements, as well as
protection for the NAV-DAC440 and associated connections, the instrumentation was
housed in an enclosure that was attached with stainless steel drop-in anchors and sealed along
the perimeter. A typical installation from the exterior and interior of the enclosure is shown
in Figure 14.

23



(b)

Figure 14
View of IMU installation on girder: a) external mounting of enclosure;
and b) inside enclosure with IMU (yellow box) and digital to analog
converter

The inertial measurement units were installed at the ends and midspan (Sections A, B, and C)
to provide information on the response of the middle of the girder relative to its supported
ends.

The acceleration response is consistent with conventional accelerometers but, through
utilization of on-board processing, angular measurements can also be provided. An example
output of the girder going around a 90° turn is provided in Figure 15. Roll rate data is also
outputted by these units, but these data were not analyzed within this research. The units are
typically specified for dynamic applications on land, consistent with this research
application.
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View of IMU output: a) heading response through
90° turn; and b) roll response about the
longitudinal axis during the turn

Geolocation Measurements. The geolocation of both girders was tracked and
recorded on Apple iPhones from a chase car. During transport, the girders were observed
from the chase car at a distance of approximately 30 yards.

On-Board Camera. Each girder had photo imagery systems mounted as a part of the
study. The camera was installed such that full field view of the girder during transportation

was captured, as shown in Figure 16.
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Figure 16
Photograph from on-board camera during 1-10 turn

Data Acquisition Equipment
A Campbell Scientific CR9000X data acquisition system was utilized to collect and store

strain, inertial behavior, and temperature measurements. The data acquisition equipment was
stored in a weather resistant enclosure. For Girder 1, the data acquisition system was
powered by a 2000-watt gasoline powered generator during transportation. For Girder 2, the
data acquisition system was powered with two deep-cycle (marine) batteries. In both cases,
the enclosure was securely strapped to the jeep end to prevent movement during
transportation, and temporarily relocated on top of the girder during yard and site lifting
operations.

The data acquisition system scanned the data at 100 Hz. The number of channels and their
interface with the data acquisition system are shown in Table 7 and Table 8 for Girder 1 and
Girder 2, respectively.
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Girder 1 data acquisition channel information

Table 7

Gage Tvoe Number of Min Scan Comment
g yp Channels of Data Rate
EGP-5-350 Dynamic Strain 12 100 Hz Full Bridge completion
Thermocouples Temperature 6 0.5 Hz
DEMEC Static Strain 20 static Static
Roll and yaw Tilt (deg.) 3 locations x 2=6 100 Hz
Pitch Orientation 3 locations x 1=3 | 100 Hz
(deg)
Acceleration Acceleration 3 locations x 3=9 100 Hz
GPS Geolocation 1 10 sec
BDI Strain Dynamic Strain 6 100 Hz Full bridge completion
Transducer
Static . EGPs, Thermocouples,
Measurement Static=20 & DEMEC
Transportation Dynamic=43 All except DEMEC
Measurement
Table 8
Girder 2 data acquisition channel information
Number of Min Scan
Gage Type Channels of Data Rate Comment
BDI Strain Dynamic Strain 16 100 Hz Full Bridge completion
Transducer
Thermocouples Temperature 4 0.5 Hz
Roll and yaw Tilt (deg.) 3 locations x 2=6 100 Hz
Pitch Orientation 3 locations x 1=3 100 Hz
(deg.)
Acceleration Acceleration 3 locations x 3=9 100 Hz
GPS Geolocation 1 10 sec
Transportation .
Measurement Dynamic=39

Girder Fabrication

Gulf Coast Pre-Stress (GCP) fabricated the test girders for this project. They are a large

precaster located in Pass Christian, Mississippi, on the banks of Bay St. Louis with ready
access to US-90 and I-10 beyond. Established in 1967, they specialize in the fabrication of
square pile, triangular pile, spun-cast cylinder pile, sheet pile, bridge girders, platforms, and

walkways.

Fabrication of Girder 1 occurred in November 2011 consistent with the drawings provided by

GCP, which are presented in Appendix A.
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At the time of arrival at their yard, prestressing had already been arranged for the BT-72
girders destined for the Ft. Buhlow project. Stressed prestressing strand spanned the length of
several girders in a single long bed as shown in Figure 17. Individual girders were formed
using end forms positioned along the length of the casting bed. Forms for the girder sides
were lowered on one side and fully removed from the other side for ready access to install
instrumentation.

Instrumentation was installed over a full day. Once instrumentation was complete, the side
forms were installed for casting on the afternoon of November 29, 2011, when several
girders were cast in a row (Figure 18). GCP placed and finished the concrete in accordance
with industry standard practices.

After steam curing overnight, the girder was ready for stripping the next morning based on
cylinder testing performed by GCP. The researchers requested that, prior to cutting the
prestressing, they be permitted to install the DEMEC points for static strain measurements.
GCP agreed but advised this was outside of standard operating procedures and there would
be some concern for development of shrinkage or thermal cracks if the sensor installation
process extended the time prior to release. To minimize this risk, the DEMEC points were
installed under the tarps while steam curing continued.

Once instrumentation installation was complete, initial static strain, camber, and sweep
measurements were performed. The prestressing steel was cut using a torch at approximately
4:30 p.m. on November 30, 2011. An additional set of strain, camber, and sweep
measurements were collected after release. The girder was lifted out of the form beds
approximately one hour later and positioned on supports so that finishers could repair surface
blemishes prior to storage. The girder was inspected for cracks prior to any surface
corrections. Over 50 small cracks were observed in the top flange of the girder consistent
with thermal cracking. An inspection after finishing and storage in the yard approximately 19
months later found no evidence of these cracks. It is noted that this type of hairline crack is

usually superficial and, therefore, does not affect the structural properties of the member.

The researchers also reviewed the trailer scheduled for girder transport. GCP utilizes air-
sprung ERMC Hydra-Steer trailers to transport the girders to construction sites. Mast and
PCI design documents recommend a technique adopted from Mast’s research to obtain a
value for the trailer’s rotational stiffness. While in the yard, the researchers worked with the
precaster on possible concepts to test the rotational stiffness of the trailer. Mast’s approach
was not viable for the precasters operations, so a scheme to drive the girder onto blocking of
different heights was attempted (Figure 19). Review of the data proved unreliable in
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calculating a stiffness. The researchers understand Mast’s concern was with coil springs, and
the newer air ride systems would appear to mitigate some issues. Ultimately, the researchers
were unable to obtain a rotational stiffness for the trailer within the research.
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Figure 17
Stressed prestressing laid out for Girder 1 in the form beds at
Gulf Coast Pre-Stress

z

Figure 18
Concrete placement from the chute of a buggy into the forms
for Girder 1
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Attempted rotational stiffness testing of Hydra-Steer trailer at
GCP yard

Laboratory Testing

Because Girder 1 had remained in the yard for approximately19 months after casting before
being shipped to the bridge site, the effects of concrete creep and shrinkage on the girder
were greater than if the girder had been shipped soon after it was fabricated. A laboratory
testing program was subsequently developed to produce mix-specific concrete creep data for
use in this study. All the laboratory tests were conducted on concrete cylinders prepared by
GCP using the same mix design for Girder 1. Mix design information and test results for
Girder 1 are located in Appendix A. Girder 2 mix design information is also provided in
Appendix A.

Compressive Strength

WIE performed compressive strength testing in accordance with ASTM C39, Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens, and creep testing in
accordance with ASTM C-512, Standard Test Method for Creep of Concrete in
Compression. A total of six 6-x-12-in. cylinders were received from Gulf Coast Pre-Stress.
Two cylinders were tested for compressive strength at an age of 7 days with the results
shown in Table 9.
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Table 9
Compressive strength results at 7 days

Sample Compressiw_a Strength
(psi)
1 8,170
2 8,160
Average 8,170*

*Rounded to the nearest 10 psi

Creep and Shrinkage

Four cylinders were loaded at 7 days to a load of 69,300 1bs, approximately 30 percent of
their ultimate strength, to measure creep and shrinkage. The testing was completed at a
relative humidity of 50 percent. The average creep and shrinkage results of all samples are
shown in Table 10. Figure 20 shows the creep and shrinkage test results compared to creep
predication models found in the literature and standards. It is noted that the Branson creep
prediction model matched well with the experimental results /21].
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Table 10
Creep and shrinkage test results

. Specific Creep L
Time (days) (microstrain/psi) Creep Coefficient

0.00 0.000 0.000
0.10 0.025 0.133

1.00 0.061 0.321
2.00 0.076 0.401
3.00 0.092 0.486
4.00 0.102 0.543
11.00 0.153 0.814
14.00 0.170 0.901
21.00 0.191 1.014
28.00 0.194 1.029
35.00 0.207 1.099
56.00 0.237 1.258
91.00 0.258 1.367
139.00 0.285 1.514
147.00 0.289 1.534
182.00 0.298 1.580
240.00 0.310 1.645
268.00 0.314 1.664
302.00 0.325 1.722
331.00 0.332 1.763
369.00 0.339 1.797

Modulus of Elasticity

The Modulus of Elasticity was measured using the 6-x12-in. cylinders. For Sample 1, the
modulus of elasticity was calculated at 7 days based on instantaneous strain measurements
during initial creep testing in accordance with ASTM C512 Standard Test Method for Creep
of Concrete in Compression. The load level at which the modulus of elasticity was calculated
was 30 percent of the ultimate capacity of the sample. For Sample 2, the static modulus of
elasticity was calculated based on instantaneous strain measurements in accordance with
ASTM C469 Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of
Concrete in Compression. As required by this standard, the load level for Sample 2 was 40
percent of the ultimate capacity of the sample. The difference in the two measured moduli of
elasticity is slight and may be attributed to the age of the second sample (approximately 19
months) at the time of the test at which the measurement was taken. The results of the
modulus of elasticity can be found in Table 11.
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Table 11
Modulus of elasticity

Sample Modulus of Elasticity (psi)
1 53x10°
2 5.9x 10°

Coefficient of Thermal Expansion

The Coefficient of Thermal Expansion was measured using DEMEC points. After calibrating
the gage to a standard bar at ambient conditions, the samples were measured at ambient. The
samples were then acclimated to a temperature of 140°F inside an oven and measured within
the oven. This process was repeated for a second time and the results averaged as presented
in Table 12.

Table 12
Coefficient of thermal expansion
Sample Coefficient of Thermal Expansion (1/°F)
1 8.04x 10°
2 6.96 x 10°°
Average 7.50 x 10°°

Evaluating the Potential of Cracking

The primary goal of this study is to determine whether events occur during typical
transportation and lifting operations for long-span girders that cause cracking. Therefore, an
estimate of the theoretical concrete cracking strains was determined in order to perform

comparisons with the measured data.

ACI 318-14 defines modulus of rupture of concrete and modulus of elasticity as /§]/:
£ =75/F @)
E = 33wk>\/f! (5)
Units in 1b/ft* for we and psi for £

Therefore, per ACI 318, concrete will crack at a flexural strain of 132 microstrain (f,./E),

assuming concrete unit weight of 145 Ib/ft>.

The American Association of State Highway and Transportation Officials (AASHTO) LRFD
(2013) has similar definitions for concrete modulus of rupture and modulus of elasticity as
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per ACI 318 /22]. The equations of AASHTO LRFD (2013) Articles C5.4.2.4 and C5.4.2.6
estimate Ec and f- only from the square root of compressive strength as follows:

E, = 33,000K,wt5\/f/ (6)

fr =024,/ (7)

K correction factor for source of aggregate to be taken as 1.0 unless determined by physical
testing

Units in kip/ft® for we and ksi for £

Using AASHTO’s definitions, and assuming normal weight concrete of 0.145 kip/ft®,

concrete will crack at the same flexural strain.

The above referenced ACI and AASHTO cracking strain definitions are suitable for normal
strength concrete. However, for high strength concrete, such as the concrete used in this
research, AASHTO suggests a higher limit for modulus of rupture as shown in equation 8
[22]. No provisions for modulus of elasticity of high early strength concrete are included in
AASHTO. Therefore, the CEB-FIP Model Code 1990 was used to estimate modulus of
elasticity of high early strength concrete in this study as shown in equations (9) and (10)

[23].

fr =037/f/ (8)

where,

fc= compressive strength of concrete (ksi)

£ =215(£)" ©

10
where,
Ec=Modulus of elasticity of concrete (GPa),

f = compressive strength of concrete (MPa)

1/3

B =3117(-£) (10)

where,
Ec = Modulus of elasticity of concrete (ksi),
f’e= compressive strength of concrete (psi)
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Using the above definitions, and assuming concrete compressive strength of 10,000 psi,
approximating strength at the time of transport, concrete will crack at a flexural strain of 197
microstrain. It is noted that the estimated concrete modulus of elasticity using CEB-FIP
Model is equal to 5,930 ksi, which is very similar to the measured values shown in Table 11.
Therefore, concrete strains between 130 and 200 microstrain indicate a potential for cracking
with strains over 200 microstrain suggesting cracking is likely.

Periodic Monitoring

The behavior of the girder prior to transportation was evaluated by instrumenting Girder 1 to
obtain strain, sweep, and camber changes between transfer of prestressing force and time of

transportation.

Strains at Prestressing Release

Strains were measured in Girder 1 just prior to and immediately after cutting the strands.
These strains were compared to analytically calculated strains as shown in Table 13. The
measured modulus of elasticity, shown in Table 11 and similar to the calculated modulus
using CEB-FIP Model, was used to calculate the composite section properties for the
analytically calculated strains. As shown in Table 13, the analytical results match well with

the measured strains.

For Girder 2, strains at transfer were not measured; however, similar to Girder 1, analytical
strains at transfer were calculated using the same modulus of elasticity. The analytical strains
for Girder 2 are shown in Table 14.

Appendix D shows the analytical procedure used to calculate transfer strains of both girders.

Table 13
Measured and calculated strains at release in microstrain
Strain A-Top A-Bot. B-Top B-Bot. D-Top D-Bot. C-Top C-Bot.
Girder 1 « % « « « "
DEMEC* 41 -657 -109 -554 NA NA 27 -610
Girder 1 39 -551 -101 -498 -47 2550 39 -551
Analytical

* Average value of two strain gages
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Table 14
Calculated strains at release in microstrain

Strain A-Top A-Bot. B-Top B-Bot. D-Top D-Bot. C-Top C-Bot.

Girder 2

. -51 -698 -170 -599 -150 -618 -51 -698
Analytical

* Average value of two strain gages

Time Dependent Concrete Properties: Creep and Shrinkage

Change of strain due to creep and shrinkage was estimated through periodic monitoring of
Girder 1 during fabrication and after the approximately 19 months of storage (from transfer
of prestress force on November 30, 2011, to just prior to transport on July 2, 2013). The
long-term strain monitoring results are shown in Figure 21. As can be seen in this figure, the
strains changed significantly, on the order of 300 microstrain, between the time of
prestressing force release and transport. This change is attributed primarily to creep and
shrinkage of the concrete.

The measured top strains at Section A (girder end) increased from 41 microstrain to an
average of 251 microstrain. Although, this value (251 microstrain) exceeds the cracking
strain value previously defined in this report, the strain associated with creep and shrinkage
was not restrained. Therefore, cracking stresses were not associated with strain changes due
to creep and shrinkage. Furthermore, these strain changes occurred over a sufficient period of
time that creep effects prevented the onset of cracking. A visual inspection prior to transport,
approximately 19 months after casting, found no concrete cracks even though cracking, as
previously indicated, had been observed a few hours after release of the strands. These
numerous hairline cracks along the top flange were superficial and were subsequently
covered with a parge coat prior to shipment. This routine process fills bugholes and minor
cracks. Thus, at the time of transportation, the research team and the state inspector did not

identify cracks in either girder.

Monitoring during transportation was intended to identify measured strains exceeding
anticipated cracking thresholds. Therefore, to allow for true comparisons between measured
and cracking strains, a state of strain was assumed since a large amount of creep and
shrinkage had occurred. Because the creep and shrinkage strains were judged not to
contribute to cracking concerns, gage readings were reset, at the time of transport, to the
measured concrete strains at transfer before lifting and transporting the girder as further
discussed in the “Dynamic Monitoring during Girder Transport and Lifting” section. For
Girder 2 these readings were set to the calculated strains, an approach verified by comparing
calculated and measured strains in Girder 1.
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Other considerations related to creep and shrinkage are prestress losses and long-term
deflection changes. The effect of prestress loss on the state of the strain in the top flange was
determined analytically using the AASHTO LFRD (2013) Specifications. Estimated losses in
the prestressing due to creep and shrinkage were calculated to be 11.4 ksi and 5.6 ksi,
respectively. This resulted in a small change in the calculated state of strain equal to 15
microstrain in Girder 1 after approximately 19 months. This result is consistent with the
approach of resetting the concrete strains to the time at transfer.

Using the laboratory creep and shrinkage test results, an estimate of the creep and shrinkage
prestress losses using the PCI equations was performed. As creep and shrinkage were
measured simultaneously during the laboratory testing, separation of the measurements was
required prior to estimating the prestress losses. For this purpose, it was assumed that the
ratio between creep and shrinkage is the same as the ratio between creep and shrinkage losses
(2:1) calculated using AASHTO LRFD approach. Thus, a creep coefficient of 1.198
(calculated from Table 10) was used to calculate prestress loss due to creep while a shrinkage
strain of approximately 350 microstrain was used to calculate prestress loss due to shrinkage.
A correction factor for the difference in the relative humidity between the laboratory test and
the approximated actual condition at the storage site is included in the above estimated strain.
Estimated prestress losses for creep and shrinkage were 17.6 ksi and 10.2 ksi, respectively. A
significant difference can be observed between the two approaches, which highlights the high
variability of prestress losses estimates. The change in the state of strain at the top flange of

Girder 1 was calculated for the second set of prestress losses as 20 microstrain.
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Change of strain in Girder 1 due to creep and shrinkage

Camber and Sweep Measurements

Camber and sweep estimates were performed on Girder 1 utilizing the laser system. This was
done to avoid defining a wire tension and applying corrections for wire sag. The
measurements were performed by installing a laser mount with a laser at one end of the
girder and target mounts at the other end and at midspan of the girder. Measurements were
recorded on top of the girder flange near the tips to estimate girder sweep. To estimate sweep
and camber, the target was first setup at the end of the girder and the location marked on the
target. The target was then moved to midspan and the intermediate point was marked on the
target. Accounting for known differences in the mounting of the target and by applying the
theorem of similar triangles, the camber and sweep were calculated. Figure 22 shows the
position of the laser and the two target positions for calculating camber and sweep. A
consideration with these measurements is that the camber and sweep are calculated at the top
of the girder and not at the centroidal axis. A second set of measurements was conducted
using aircraft cable for verification of the first set of measurements, and the results were
observed to be comparable.
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Target at end of girder Target at midspan Laser shoating point

Figure 22
Schematic of camber and sweep measurements using laser

Table 15 shows the recorded camber and sweep values using laser measurements, as well as
estimates based on the strain gage readings. Camber was also calculated using the girder
moment of inertia and prestressing force on the girder. However, theoretical sweep
calculations were not performed as the prestressing force was assumed to be equally
distributed laterally in a girder with a symmetric cross section. As indicated in Table 15, the
strain measurements provided a lower estimate of long-term camber and an upper estimate of
long-term sweep. This strain behavior is attributed to gage drift that can affect long-term
strain measurements, as well as differences in environmental conditions. These effects were
not accounted for in these estimates. A significant difference between the measured and
calculated sweep was also observed and is attributed to environmental conditions during
girder storage at the yard including temperature and moisture.
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Table 15
Camber and sweep measurements versus analytical predictions

After Release (in.) 19 Months

Camber (positive up)

Theoretical 2.2 53
Estimated (Strain) 2.0 3.1
Measured (Laser) 2.7 4.8
Measure (Wire) 2.7 —
Sweep (positive to right)

Theoretical — —
Estimated (Strain) 0.3 2.4
Measured (Laser) 1.0 0.5

Dynamic Monitoring During Girder Transport and Lifting

The focus of this research was measuring the behavior of girders during transport to identify
events and responses indicative of cracking in the girders. DOTD’s previous experience with
shipping long girders had identified transportation as a key generator of cracking issues.
Measurements were also taken during selected lifts to compare with analytical model results
and to take advantage of this available opportunity. Each of the girders traveled a similar
route with the same trailer support. Each shipment took approximately 7 hours and resulted
in the collection of several gigabytes of measurement data. Detailed discussions of the
collected data are presented in this section.

Trailer Support and Operation

Both girders were supported in similar fashion as shown in Figure 23. A three-axle tractor
pulling a fifth-wheel, three-axle trailer supported the front end of the girder that was
positioned on a rotating bunk. A Hydra-steer six-axle (Figure 24), rear jeep supported the
back end of the girder. The rear Hydra-steer jeep provides considerable maneuverability,
permitting the single driver/operator to efficiently steer the girder through a variety of
navigation routes. The rear jeep is capable of operating in different steering configurations
based on the navigation circumstances required. These steering configurations are shown in
Figure 25. As observed during the two tests, once the driver is out of the yard and before
operating at speeds exceeding 10 mph, the jeep tongue is hydraulically raised for trailer
steering stability. In this configuration, the driver is capable of crab steering the girder only
as shown in Figure 25. Where greater maneuverability is required, such as when operating
within the yard or at the construction site, the driver can use either front steering or hinged
steering. The use of front steering was more commonly observed when the tongue was not

attached. Figure 26 shows this condition.
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A single driver both drove and operated the rear jeep steering during transport of both
girders. The rear jeep is typically operated through a wireless controller, but can also be
wired. This was required during the transport of Girder 1 due to a malfunctioning wireless

controller.

Figure 23
Typical girder transport setup with Girder 2 crab turning (note that tongue is engaged)

It was observed that during transport the driver would start the trip with the rear jeep tongue
disengaged to take a tight turn out of the precast yard onto a small two-lane road. The driver
then engaged the tongue by exiting the cab, lifting the tongue hydraulically, and securing it
with chains. The tongue was then left in place for the remainder of the journey to the bridge
site. For Girder 1, the tongue was disengaged for further maneuvering once it arrived at the

site.

Figure 24
Isometric diagram of Hydra-steer trailer
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Turning configurations of Hydra-steer trailer
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Girder Loading

On the day prior to transport, the girders were lifted from their long-term storage supports
using a rolling gantry crane, as shown in Figure 27, and placed on the trucks for transport, as
shown in Figure 28. The girder ends were positioned such that a pair of tie-down block-outs
were centered over the supports. Inserts were placed in the block-outs and attached to the
trailer frames using chains. When the jeep tongue was engaged, it was attached to the girder

Figure 26
Front steering of rear trailer (note tongue disengaged)

using a single block-out insert with chains as shown in Figure 29.
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Figure 27
Girder 2 moved for loading using gantry crane

Figure 28
Loading of girder on truck with gantry crane

43



e

Figure 2
Tie down of girder at rear jeep tongue

Evaluation of Measured Strain Data for Cracking

The estimated cracking thresholds stated above are assumed by the researchers to be static
strains, whereas concrete cracking response can be several times higher for higher frequency
responses. Collected strain response data were compared to the estimated cracking threshold
at the static strain levels by smoothing the strain data with a 10-second running average
algorithm in event analysis, and selecting the average strain value at a particular event time
consisting of an approximately 0.1-second window. Researchers looked to determine the

relative maximum/minimum responses for selected events.

A Fast Fourier Transform (FFT) analysis of the vertical and lateral frequency response for
the full 8-hour transport of Girder 2 was performed and is presented in Figure 30. The FFT
indicates that the lateral responses were commonly occurring at 0.7 Hz. Thus, to obtain a
running static average, multiple response cycles were averaged over a 10-second period.
Based on a review of multiple smoothing levels, this was judged to appropriately represent a
static loading condition for the girder.
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FFT of vertical and lateral acceleration at midspan vertical gyro unit

Dynamic Monitoring During Girder Transport: Girder 1 - Ft. Buhlow Route

Date: July 3, 2013

Start: Pass Christian, Mississippi

End: Alexandria / Ft. Buhlow, Louisiana

Length: 480 miles

Duration: 8 a.m. to 3 p.m., 7 hours

Weather: Morning- Pass Christian: Overcast and raining, little wind, 73 deg. F; Mid-day-
Baton Rouge: Sunny, 85 deg. F; Late afternoon- Alexandria: Sunny, 90 deg. F

The transport of Girder 1 started on a rainy July morning destined for the new Fort Buhlow
Bridge (US 71) crossing the Red River. A map of the overall journey is shown in Figure 31,
which shows a color contour plot of the relative transport speed across the full length of
transport. Measured speeds based on geolocation and time varied from stopped to over 70
mph. As shown by the speed map figure, the transport was operated along most of the route
at highway speeds except in Pass Christian, Mississippi and Baton Rouge, Louisiana. The
roadway conditions varied significantly over the girder transport route. The beginning
portions of the route included gravel surfaces within GCP’s yard and at turns approaching US
90. The paved roadway sections between the yard and US 90 were generally flat with one
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elevated railroad crossing. From US 90, the route consisted mostly of higher speed (i.e., 45
mph and higher) paved asphalt and concrete riding surfaces (i.e., causeway and bridges).
Route characteristics included flat off-road, local roads, arterial routes, highway, interstate,

ramps, railroad crossings, and intersections.
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Figure 31

Overview of route of Girder 1 with relative speed along the route overlaid (red > 55
mph; green < 10 mph)

The first girder experienced an unexpected issue shortly after leaving the yard, where the
wireless system that controls the rear jeep malfunctioned. This required the transport to stop
on US 90 for more than one hour. While diagnosing the issue, the driver repeatedly operated
and tested his controls while the truck and girder were stationary. This resulted in some of
the highest strain events, which will be discussed below. GCP eventually remedied the
problem by installing a wired control for the driver to operate. Once transport resumed, the

weather cleared, producing a sunny and warm day while traveling across Louisiana.

Given the vast amount of data collected during the transportation record, only selected high-
girder acceleration and strain events, shown in Table 16 and Table 17, are discussed. These
selected events were developed through multiple data interrogation methods, including
reviewing maximums for each of the channels. One methodology used for data interrogation
was data fusion of time lapse video, three dimensional (3D) strain mapping of gage data onto
a representative 3D model, and classic plots as shown in Figure 32 below. This provided
clearer insight into the type of events causing significant girder responses. The tables show
the values of each of the cross section strain gages and inertial measurement units at the
selected time of maximum strain or acceleration. As discussed earlier, strain in each gage
was set equal to the value of strain measured after prestress transfer. This was done to
exclude the change in strain that happens due to temperature change as well as from creep
and shrinkage during storage of the girder at the yard.
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Figure 32
Evaluation of route characteristics using synchronized data and time lapse video from
Girder 2

Embedded strain gages were used in Girder 1; however, cracks are expected to first occur on
the concrete surface. Therefore, the tables present interpolated strain at the surface of the
flange, by assuming a linear change in the strain across the girder cross section, for purposes
of cracking evaluation. The methodology of calculating surface strains is shown in Appendix
C. BDI strain gages were installed at the tongue location (Section D). These sensors can be
effected by temperature changes; therefore, the data in the tables are coarsely corrected for
temperature at Section D. This was done by subtracting the change of strain due to
temperature changes from the reported strain at each event. Graphical details of the raw data
of the full transportation record and the selected events are provided in Appendix E.

Selected acceleration events were picked from the transportation record using the data fusion
approach discussed above. However, unlike events affected by the roadway geometry that
could be cross referenced with the time-lapse video record, many of the acceleration events
did not have an obvious geometric cause, e.g. railroad crossing. Therefore, it was assumed
that these events originated from bumps or depressions in the roadway surface, e.g. bridge
deck joints, during transport.
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Table 16 shows the strain response of Girder 1 during five selected acceleration events.
Figure 33 shows the transportation record for acceleration along the route with the selected
locations highlighted.

e Event GI-Al (Girder 1, first acceleration event) occurred when the truck reached
highway speed on US 90 in Mississippi and the girder acceleration in the Z-direction
(vertical acceleration upward) exceeded 0.25 g for the first time.

e Event G1-A2 was associated with high acceleration on I-10 in the upward Z-direction.

e Event G1-A3 occurred during typical highway transportation and included high
accelerations in the Z-direction and X-direction (lateral acceleration).

e Event G1-A4 was the peak acceleration in the upward Z-direction experienced by the
girder during transportation on I-10 in Louisiana.

e Event GI-AS5 was the peak lateral X-direction acceleration recorded during highway
transportation in Louisiana. The highest tensile strains were associated with acceleration
events at the girder end (Section A at rear jeep).

Based on the selected 200 microstrain cracking threshold and the AASHTO implied cracking
strain of about 130 microstrain, no potential cracking events were observed during
acceleration events. The highest recorded strain in Table 16 occurred at the rear jeep section
(Section A) when the peak lateral acceleration of 0.44 g was recorded as Event G1-AS. The
highest recorded strain at midspan (Section B) was below the potential cracking strain and
occurred during event G1-Alwith a vertical upward acceleration of 0.25 g and a roll of -1.9
deg. It is noted that the peak upward vertical acceleration of 0.42 g for event G1-A4 was not
associated with the highest recorded strains. Essentially, no tensile strains were recorded at
the tongue location (Section D) during these selected acceleration events.

When the measured accelerations near event G1-Al are looked at in combination with top
flange strain differential and roll angle, as shown in Figure 34, some findings are observed.
Strain seems to moderately correlate at this location while roll does not. A further example of
where roll does not correlate is shown Figure 34c where the girder crosses over a
superelevated portion of roadway and experiences a large roll without associated acceleration
or strain.
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Overview of route of Girder 1 showing accelerations with selected events noted (color

contours: green < 0.05 g to red > 0.25 g)

49

Gu



Table 16

Surface strains of selected transportation events based on high girder acceleration”

Event G1-Al Event G1-A2 Event G1-A3 Event G1-A4 Event G1-A5
10:40:00 to 11:33:00 to 12:11:00 to 13:38:00 to 13:51:00 to
10:42:00 11:36:00 12:18:00 13:40:00 13:53:00
First occurrence: Acceleration in Z Acceleration in Z . .
. N L. Peak acceleration: Peak acceleration:
accelerations direction and X directions 7 direction X direction
exceeding 0.25g (highway) (highway)
Section A Section A Section A Section A Section A
20 62 =55 84 -59 99 -34 98 -41 119
-682 -629 -673 -649 -668 -644 -650 -639 -659 -648
AccZ = | AccX = AccZ AccX = AccZ AccX = AccZ AccX = | AccZ= | AccX =
0.46 0.15 =0.30 0.02 =0.48 0.20 =0.63 0.08 0.18 0.44
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
-2.3 1.6 -0.7 -0.5 0.0 -0.2 -0.9 -1.9 -0.6 -0.8
Section B Section B Section B Section B Section B
-370 55 -381 -31 -406 20 -275 -8 -305 -18
-633 -484 -568 -508 -590 -495 -585 -542 -569 -510
AccZ = | AccX = AccZ AccX = AccZ AccX = AccZ AccX = | AccZ= | AccX =
0.25 0.07 =0.27 0.03 =0.22 0.25 =0.42 -0.22 0.08 0.22
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
-1.9 4.0 -0.1 0.9 0.6 1.3 -0.3 -0.6 0.2 2.3
Section D Section D Section D Section D Section D
-157 1 -146 -42 -174 -45 -141 -54 -158 -34
=787 -569 -787 -645 -817 -628 -757 -669 -773 -645
Section C Section C Section C Section C Section C
20 55 44 44 62 56 75 85 84 72
-586 -638 -575 -646 -579 -650 -578 -647 -567 -646
AccZ = | AccX = AccZ AccX = AccZ AccX = AccZ AccX = | AccZ= | AccX =
0.21 0.09 =0.22 0.08 =0.30 0.23 =0.38 0.13 0.11 0.29
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
2.5 1.7 -1.3 -1.7 0.2 -0.2 -1.1 -2.0 -0.5 0.8

Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees

AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)

AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)

* for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left and

bottom right.
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Figure 34
Selected event G1-Al as shown on a map with colorized data output along route
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The highest recorded strain events recorded during transportation are shown in Table 17.
The events are shown along the route in Figure 35.

e Event G1-S1 was recorded during a slow right turn as the girder was leaving the yard
without the tongue attached. This event provides a comparison with other events where
the tongue was attached resulting in significantly higher strain responses.

e Event G1-S2 occurred during slow right turn on to US 90 with the tongue attached. This
event demonstrated the significantly higher strains were induced into the top flange from
turning events with the tongue engaged. Immediately after this turn, the driver stopped on
US 90 to troubleshoot a problem with the rear jeep operation.

e Event G1-S3 occurred while the jeep was not moving, the operator actuated the rear jeep
wheels for feedback while troubleshooting. This caused high strains in the girder as the
jeep mechanism reacted off the girder.

e Event G1-S4 occurred during a slow left turn onto the on-ramp of I-10 in Mississippi
with high roll (>3 deg.) and tongue force input apparent in the event.

e Event G1-S5 occurred during lifting of the girder with two cranes at the site and was
caused by the roll of the girder.
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MeCamt L
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Figure 35
Overview of route of Girder 1 showing girder top flange strain differentials with selected
events noted (color contours: green < 100 microstrain to red > 300 microstrain)
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Table 17

Surface strains of selected transportation events based on high girder strains”

Event G1-S1 Event G1-S2 Event G1-S3 Event G1-S4 Event G1-S5
07:58:00 to 08:20:00 to 10:06:00 to 10:59:30 to 16:00:00 to
08:03:00 09:20:00 10:08:00 11:01:30 16:25:00

. 90 degree right Stationary jeep 90 degree left turn o
Yard exit twrnonto US90 | shift on US 90 onto 1-10 Site lift
Section A Section A Section A Section A Section A
71 ]2 273 -123 153 -57 382 -141 31 103
-678 -637 -595 =722 -620 -700 -583 -707 -598 -637
AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX=
0.015 0.07 0.01 0.12 0.01 0.03 0.02 0.014 N/A N/A
Roll= Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
1.9 -0.2 5.1 -0.2 -1.9 04 -5.7 0.7 N/A N/A
Section B Section B Section B Section B Section B
214 -14 39 -459 -74 -304 -42 -447 -141 -152
-595 -507 -372 747 -456 -640 -368 =747 -479 -586
AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX =
0.016 0.05 0.00 0.09 0.003 0.01 0.02 0.05 N/A N/A
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
2.4 1.3 5.7 1.3 -1.3 1.8 -5.2 2.3 N/A N/A
Section D Section D Section D Section D Section D
-115 -26 268 -464 123 -329 291 -505 -37 -31
-729 -604 -613 -1062 -626 -928 -629 -1095 -660 -801
Section C Section C Section C Section C Section C
26 48 75 -17 58 1 82 -10 109 79
-584 -634 -551 -666 -562 -657 -549 -666 -549 -633
AccZ AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX= | AccZ= | AccX =
=0.017 0.06 0.01 0.10 0.02 -0.04 0.02 0.008 N/A N/A
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
1.8 -0.3 5.1 -0.2 -1.9 0.2 -6.2 1.0 N/A N/A

Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees
AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)

AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)

* for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left and
bottom right. Potential cracking events are highlighted by cracking threshold: 130 — 200 microstrain (yellow)
and over 200 microstrain (green).

Potential cracking events, identified by strain above the selected 200 microstrain threshold,

can be observed at the rear jeep section (Section A), and at the tongue location (Section D)

for events G1-S2 and G1-S4. The highest recorded tensile strains occurred at the tongue

location (Section D) and girder end (Section A) during the slow left turn onto I-10, event G1-

S4, and were associated with a recorded roll angle of -5.2 deg. at Section B. The strain
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behavior at Sections A and D are consistent with flexure created from a high-level of force
being input by the tongue, as opposed to flexure from girder roll alone.

Figure 36 shows the relative differential top flange strain, acceleration, and lateral roll angle
responses along the Pass Christian portion of the route. The high tensile strains recorded at
Sections A and D during event G1-S2, G1-S3 and later in event G1-S4 are attributed to the
effect of the jeep tongue which was not connected during event G1-S1 and where peak
strains at these same cross sections were typically in compression or in low tension. Figure
37 and Figure 38 show the girder transport making the turn out of the yard (G1-S1) and onto
I-10 (G1-S4), respectively.

While the jeep tongue is important for the stability of the trailer at speeds exceeding 10 mph,
during maneuvering sharp turns (90 deg. with tight radii), if connected, the tongue exerts
lateral force on the girder. This lateral force induces bending moment about the weak-axis of
the girder, which can lead to high tensile strains and potential cracking. This phenomena was
demonstrated while the truck was stopped on US 90 due to jeep controller issues. The results
of the driver operating the rear jeep while the truck was stationary are observed in the strains
recorded during event G1-S3. These strains were below the cracking strain threshold of 200
microstrain but above the AASHTO implied cracking strain of about 130 microstrain.

Lateral roll angle correlated well with high strains as shown in Figure 36¢ for this location;
however, this was not always the case. For example, Figure 39 shows the transport traveling
across a flyover with a large radius curve that was superelevated. The roll of the girder was
significant, but the associated strain was relatively low, and the accelerations were only
moderate.
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Comparison of transport data at noted top flange differential strain events in Pass

Christian
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Figure 3
First turn out of yard without jeep tongue mounted on Girder 1 (upper photo) and
Girder 2 (lower photo)

7__'Figu;fe'38
Girder 1 (upper photo) and Girder 2 (lower photo) crabbing during a turn onto 1-10
with jeep tongue engaged
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Figure 39

Comparison between (a) top flange strain differential; (b) lateral and vertical
acceleration at midspan; and (c) lateral roll angle at mid-span
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Dynamic Monitoring During Girder Transport: Girder 2 - Lake Charles Route

Date: September 23, 2014

Start: Pass Christian, Mississippi

End: Lake Charles, Louisiana

Length: 258 miles

Duration: 9 a.m. to 4 p.m., 7 hours

Weather: Morning- Pass Christian: Clear, Light wind, 69 deg. F; Mid-day- Baton Rouge:
Sunny, 84 deg. F; Afternoon- Lake Charles: Sunny, High 84 deg. F

For nearly half its journey, Girder 2 covered much of the same route as Girder 1. After the
girder made the first turn out of the yard, the driver raised the tongue into place and traveled
the remainder of the journey with it raised. There were no mechanical or electrical issues on
the trip to Lake Charles, Louisiana. The weather was clear and sunny throughout the day, and
started warm and was hot by the end of the trip.

A map of the overall journey is shown in Figure 40 and shows a color contour plot of
transport speed across the full length of traveled route. Measured speeds based on
geolocation and time varied from stopped to over 60 mph. For the first half of the trip to
Baton Rouge, roadway conditions for Girder 2 were the same as for Girder 1 (flat off-road at
the yard, local roads, arterial routes, highway, interstate, ramps, railroad crossings, and
intersections). Refer to Figure 37 and Figure 38 showing similar turns. In Baton Rouge,
Girder 1 had exited I-10 due to lane restrictions which were subsequently removed during the
Girder 2 passage. After Baton Rouge, Girder 2 traveled on high-speed paved asphalt and
concrete riding surfaces until it exited at Lake Charles. The route from I-10 to the unpaved
project site consisted of multiple turns on city streets.
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Figure 40
Overview of route of Girder 1 with relative speed along the route overlaid (red > 55
mph; green < 10 mph)
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Similar to Girder 1, only selected high-girder acceleration and strain events, shown in Table
18 and Table 19, are discussed. These tables show the values for each strain gage and inertial
measurement unit at a given cross section at the selected time of maximum strain or
acceleration. Since the strain gages were installed on the girder just prior to transport, the
strain in each gage or the measured response was offset equal to the calculated prestress
transfer strains and gravity load strain. This provided a means to estimate whether the girder
exceeded the cracking threshold during transport when the initial strains and measured strains
were combined. All measurements were coarsely corrected for temperature effects by using
the mean strain value at the start of the test as a reference value because external BDI strain
gages were used. Graphical details of the raw data of the full transportation record and the
selected events are provided in Appendix F.

Table 18 shows the strain response of Girder 2 during five selected acceleration events.

These events are shown in Figure 41.

e Event G2-Al occurred when the transportation truck reached high speed on I-10 in
Mississippi and the girder acceleration in the Z-direction exceeded 0.25g.

e Event G2-A2 was associated with high acceleration in the Z-direction when the truck was
exiting the highway at the rest stop located just over the Mississippi border into
Louisiana.

e High acceleration in the Z-direction and X-direction were recorded during Event G2-A3
which occurred on I-10.

e Peak highway acceleration in the X-direction was recorded during Event G2-A4

e Peak highway acceleration in Z-direction was recorded during Event G2-AS.

As shown in Table 18, only compressive strains were observed during the acceleration
events. The only exception is Event G2-A4, where a small tensile strain was recorded at the
rear jeep section (Section A) when the peak lateral acceleration of -0.74g was recorded.
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Figure 41
Overview of route of Girder 2 showing accelerations with selected events noted (color
contours: green <0.05 g to red > 0.25 g)

The highest recorded strain events during transport/lifting are shown in Table 19. Figure 43
shows the transport route with selected strain events.

e Event G2-S1 was recorded during slow right turn as the girder was leaving the yard. This
event was selected for comparison with Girder 1, as well as for comparison to events
when the tongue was engaged.

e Event G2-S2 occurred during slow left turn onto the on-ramp of I-10 in Mississippi. This
event was caused by high roll of the girder and tongue force input from the jeep.

e Events G2-S3 and G2-S4 occurred in Louisiana during slow right turns. Both events were
also caused by high roll of the girder and tongue force input from the jeep.

e Event G2-S5 occurred during lifting of the girder at the site by two cranes and was
caused by roll of the girder.

Two potential cracking events can be observed when reviewing the table. Both potential
cracking events (G2-S3 and G2-S4) occurred during slow right turns with potential cracking
strains observed at midspan (Section B) and the tongue location (Section D). The highest
recorded tensile strains were associated with the highest recorded average roll of -3.4 deg.
with peak tensile strain measured at the tongue location (Section D).
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Surface strains of selected transportation events based on high girder acceleration”

Table 18

Event G2-Al Event G2-A2 Event G2-A3 Event G2-A4 Event G2-A5
09:21:00 to 10:01:40 to 12:10:20 to 13:10:30 to 13:40:02
09:23:40 10:04:20 12:12:00 13:10:45 t013:40:42
First occurrence: | Acceleration in Z | Acceleration in Z . .
. .. .. Peak acceleration: | Peak acceleration:
accelqatlons dlregtlon (I-10 and X directions X direction (I-10) | Z direction (I-10)
exceeding 0.25g exit ramp) (I-10)
Section A Section A Section A Section A Section A
-64 -90 -52 -26 -46 -25 -42 6 -46 -4
-687 -714 -684 -671 -703 -700 -702 -686 =717 -699
AccZ=| AccX | AccZ=| AccX |AccZ=| AccX | AccZ=| AccX= | AccZ | AccX=
0.40 =0.13 0.31 =0.08 0.25 =0.17 0.17 0.25 =0.47 0.16
Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch= | Roll=| Pitch=-
0.7 0.9 1.3 2.6 -4.2 4.8 1.4 0.3 0.6 1.2
Section B Section B Section B Section B Section B
-224 -159 -173 -124 -151 -232 -148 -103 -110 -78
-605 -571 -630 -562 -594 -601 -625 -548 -700 -600
AccZ=| AccX | AceZ=| AccX | AccZ=| AccX | AccZ=| AccX= | AccZ | AccX~=
0.24 =0.13 0.19 =0.03 0.21 =0.22 0.16 -0.42 =0.44 0.08
Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch=- | Roll=| Pitch=-
0.6 -0.6 0.7 1.3 -4.0 5.1 0.7 1.1 -0.1 2.5
Section D Section D Section D Section D Section D
-138 -135 -105 -99 -123 -203 -113 -74 -116 -96
-554 -593 -542 -559 -479 -632 -498 -574 -525 -612
Section C Section C Section C Section C Section C
-26 -113 -13 -48 -7 -51 -4 -38 -9 -34
=700 =724 =712 -701 -723 -724 -719 -714 =727 -719
AccZ=| AccX | AccZ=| AccX | AccZ=| AccX= | AccZ=| AccX= | AccZ | AccX=-
0.60 =0.13 0.44 =-0.05 0.42 -0.35 0.45 -0.74 =0.65 0.08
Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch= | Roll= | Pitch=- | Roll=| Pitch=-
0.3 -1.1 -0.1 0.4 -5.2 6.0 -0.1 2.0 -1.2 3.5
Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees

AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)

AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)
* for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left and

bottom right. Potential cracking events are highlighted.
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Table 19

Surface strains of selected transportation events based on high girder strains”

Event G2-S1 Event G2-S2 Event G2-S3 Event G2-S4 Event G2-S5
08:55:00 to 09:40:00 to 14:28:00 to 14:40:00 to 15:40:00 to
09:00:00 09:45:00 14:34:00 14:44:00 15:45:00
. 90 degree left 90 degree right 90 degree right ..
Yard exit turn oito I-10 turf at siteg turrl(lg at siteg Site lift
Section A Section A Section A Section A Section A
-128 -10 -10 -62 -189 -189 105 -162 -189 142
-723 -626 -626 -721 -846 -846 -628 -780 -846 -707
AccZ=| AccZ=| AccZ=| AccX | AccZ=| AccZ=| AccZ=| AccX | AccZ=| AccX
0.03 0.02 0.02 =0.03 0.02 0.02 0.04 | =-0.02 0.02 =0.02
Roll= | Roll= | Roll= | Pitch= | Roll= | Roll= | Roll= | Pitch= | Roll= | Pitch=
1.3 1.6 1.6 0.2 0.3 0.3 -2.8 0.1 0.3 0.2
Section B Section B Section B Section B Section B
-261 -320 -320 45 -265 -265 201 -517 -265 18
-671 -714 -714 -454 -794 -794 -379 -866 -794 -607
AccZ= | AccZ=| AccZ=| AccX | AccZ= | AccZ=| AccZ=| AccX | AccZ=| AccX
0.01 0.00 0.00 | =-0.01 0.00 0.00 0.01 =-0.07 0.00 =0.00
Roll= | Roll= | Roll= | Pitch= | Roll= | Roll= | Roll= | Pitch= | Roll= | Pitch=
0.8 0.7 0.7 -0.5 -0.6 -0.6 3.4 -1.1 -0.6 -14
Section D Section D Section D Section D Section D
-216 -317 -317 104 19 19 308 -498 19 18
-614 -714 -714 -365 -565 -565 -176 -1002 -565 -585
Section C Section C Section C Section C Section C
-93 45 45 -100 -135 -135 27 -161 -135 -54
=720 -620 -620 =755 -863 -863 -653 -817 -863 =717
AccZ=| AccZ=| AccZ=| AccX | AccZ=| AccZ=| AccZ=| AccX | AccZ=| AccX
0.01 0.03 0.03 =-0.08 0.00 0.00 0.01 =-0.14 0.00 =-0.09
Roll= | Roll= | Roll= | Pitch= | Roll= | Roll= | Roll= | Pitch= | Roll= | Pitch=
0.1 -0.8 -0.8 -1.7 -1.5 -1.5 -4.1 2.2 -1.5 2.4

Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees
AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)

AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)

" for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left and
bottom right. Potential cracking events are highlighted: 130 — 200 microstrain (yellow) and over 200

microstrain (green).
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Figure 42
Overview of route of Girder 2 showing girder top flange strain differentials with selected
events noted (color contours: green < 100 microstrain to red > 300 microstrain)

Gult

Higher tensile strains, likely exceeding the cracking strain, were recorded at the tongue
location during event G2-S3 as compared to strains during event G2-S1. Similar to Girder 1,
this can be attributed to the effect of the jeep tongue which was not connected during event
G2-S1 (yard turn) and was connected during event G2-S3 (site turn).

The turn results for G2-S3 and G2-S4 are shown visually in Figure 43. The tight turns require
the driver to operate the jeep, and this leads to the bending of the girder during maneuvering.
Since the speed of the transport is very slow during transport, it does not result in a
significant acceleration compared to other observed events during transport. The tight turning
radius that results in girder bending does cause some girder roll, but not as high as from other

events.
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Figure 43
Girder transport during a high strain event going around a tight radius turn with the
tongue attached

Dynamic Monitoring During Other Notable Events

Table 20 shows the monitoring results of two notable events of interest. The first events is at
a railroad crossing (refer to Figure 36b) while the second is at causeway crossing for both
girders. As seen in the table, the measured strains were higher during the causeway crossing
as compared to the railroad crossing. Although the road surface is more irregular during the
railroad crossing, the speed of the truck was very slow and, therefore, did not result in high
vertical accelerations and cracking strains. In general, recorded strains due to road surface
irregularity were less than those measured during slow turns. No potential cracking strains
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were observed during both events for both girders. No tensile strains were observed in Girder

2 during both events.

Table 20
Surface strains during road surface irregularity transportation events”
Girder 1 Girder 2
08:26:00 to 08:28:00 01:42:00 to 01:44:00 9:12:00 to 09:14:00 12:32:00 to 12:34:00
Railroad crossing Causeway event Railroad crossing Causeway events
Section A Section A Section A Section A
-42 60 -29 109 -112 -72 -49 -13
-666 -650 -666 -646 732 -695 -705 -696
AccZ = AccX =- AccZ= | AccX=- AccZ = AccX = AccZ = AccX =
0.13 0.01 0.25 0.03 0.04 0.00 0.45 0.03
Roll = Pitch = - Roll = - Pitch = - Roll = Pitch = Roll = Pitch = -
0.0 0.4 0.9 0.6 0.2 1.2 1.2 1.5
Section B Section B Section B Section B
-220 -66 -339 40 -229 -166 -193 -156
-562 -520 -599 -510 -646 -577 -628 -553
AccZ =- AccX = | AccZ~=- AccX= | AccZ=- | AccX=- | AccZ=- AccX =
0.13 0.07 0.05 0.08 0.01 0.00 0.09 0.05
Roll = Pitch = Roll = - Pitch = Roll = Pitch = Roll = Pitch =
0.6 1.1 0.6 0.9 -0.4 0.0 0.4 -2.9
Section D Section D Section D Section D
-84 -72 -189 -46 -187 -146 -163 -140
-738 -650 -792 -634 -589 -596 -501 -572
Section C Section C Section C Section C
32 36 77 86 -75 -81 -3 -29
-578 -639 -578 -647 =718 -696 -722 -716
AccZ = AccX = - AccZ = AccX = AccZ = AccX=- | AccZ=- | AccX=-
0.02 0.01 0.11 0.03 0.00 0.09 0.27 0.09
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch =
0.1 -0.5 -1.0 -0.6 -1.1 -0.8 -0.5 -3.8

Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees
AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)
AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)

* for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left,
and bottom right.

Dynamic Monitoring During Prestress Transfer

The behavior of Girder 1 during prestress transfer and lifting from the prestressing bed was
monitored using embedded strain gages and DEMEC gages. The measured and analytical
strains are shown in Table 21 and indiate a reasonable agreement between all strains.
However, higher strains were observed in the embedded strain gages as compared to the

DEMEC gages and the analytical strains.
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Continuous strain monitoring was performed during prestress transfer using embedded strain

gages with results shown in Table 22 and Appendix E. It can be seen that full transfer of the

prestressing force did not completely occur after the strands were cut. This is attributed to

friction between the girder and the prestressing bed which prohibits the full transfer of the

prestressing force to the girder. However, a permanent change in the strain, between 17 and

46 microstrain, was recorded once the girder was lifted from the forms. At this point, the full

prestressing force was transferred to the concrete. A slight increase in strain was also
observed after the lift, which can be attributed to the time-dependent concrete properties of

creep and shrinkage.

Table 21
Measured and calculated transfer strains for Girder 1
Strain A-Top | A-Bottom | B-Top | B-Bottom D-1 D- C-Top | C-Bottom
Top|Bottom
Girder 1 39 551 2101 498 |-47] 550 | 39 551
Analytical
Girder 1
Measured 41 -657 -109 -554 I 27 -610
DEMEC*
Girder 1
Measured 56 -673 -125 -562 o o 24 -618
(embedded)*
* Average value of two strain gages
Table 22

Transfer strains of Girder 1 before and after lifting from prestressing bed using
embedded strain gages

. A- D- D-
Strain Top A-Bottom | B-Top | B-Bottom Top |Bottom C-Top | C-Bottom
Afterstrands |, -570 142 490 2 1532
cut* — —
Immediately
before lift* 10 -649 -143 -541 o o 7 -596
Immediately
after [if0e 56 673 -125 s62 || 24 618
Change in
strain due to 46 -24 18 -21 . . 17 -22
lift
45 e ater | o 693 127 577 0 ] 19 636

* Average value of two strain gages
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Dynamic Monitoring During Lifting

Monitoring was performed on each of the girders during the two lifts immediately prior to
and after transportation (yard lift and site lift). The yard lift was monitored as the girders
were moved from their storage position in the yard to the trailer in preparation for transport.
The site lift occurred at the bridge site as the girders were raised off the truck before being set
on their bearings (Figure 44). The recorded measurements during both girder lifts are shown
in Table 23.

For Girder 1, tensile strains were recorded at the girder ends (Section A and Section C),
during the initial yard lift. The tensile strains at the girder ends were higher during the site
lift. No potential cracking strains were observed during both lifts for Girder 1. Similar to
Girder 1, no potential cracking strains were observed during either lift for Girder 2 with
tensile strains only recorded at the tongue location (Section D) and midspan (Section B)
during the site lift. The tensile strain recorded at the girder end (Section A) is believed to
have resulted from a false sensor reading, this sensor was potentially impacted prior to the
lift.

Figure 44
Erection of Girder 1 onto the bridge bearings

67



Table 23
Surface strains of lifting events at yard and site”

Girder 1 Girder 2
Yard lift Site lift Yard lift Site lift
Section A Section A Section A Section A
50 77 31 103 -200 -163 -189 142!
-668 -649 -598 -637 -828 -793 -846 -707
AccZ = AccX = AccZ = AccX = AccZ = AccX = AccZ = AccX =
0.17 0.14 N/A N/A 0.02 0.13 0.02 0.02
Roll = ooy Roll = Pitch = Roll = Pitch = _ oo
27 Pitch=0.6 N/A N/A 30 21 Roll=0.3 | Pitch=0.2
Section B Section B Section B Section B
-140 -38 -141 -152 -410 -193 -265 18
-580 -477 -479 -586 -819 -626 -794 -607
AccZ = AccX = AccZ = AccX = AccZ = AccX = AccZ = AccX =
0.16 0.15 N/A N/A 0.01 0.14 0.00 0.00
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = -
2.7 -0.7 N/A N/A 3.0 2.1 -0.6 1.4
Section D Section D Section D Section D
-68 -69 -37 -31 -320 -192 19 18
-665 -667 -660 -801 -731 -660 -565 -585
Section C Section C Section C Section C
44 39 109 79 -172 -193 -135 -54
-590 -642 -549 -633 -853 -817 -863 =717
AccZ = AccX = AccZ = AccX = AccZ = AccX = AccZ = AccX = -
0.1 0.08 N/A N/A 0.11 -0.25 0.00 0.09
Roll = Pitch = Roll = Pitch = Roll = Pitch = Roll = Pitch = -
33 -0.1 N/A N/A 2.8 2.0 -1.5 2.4

Units: Strain in microstrain, Acceleration in g, and Roll and Pitch in degrees
! Appeared to be an bad reading from damage
AccZ = Vertical acceleration oriented with gravity (positive = upward acceleration of girder)
AccX = Lateral acceleration oriented normal to the girder web (positive = towards the driver’s side)

* for each section, 4 strain measurements are reported in their respective cells: top left, top right, bottom left,
and bottom right.

Observations from Girder Transportation and Lifting

1. Both girders traveled similar routes for the majority of their respective journeys, and

similar responses were observed in both.

2. Higher tensile strains were observed in the top flange of Girder 1 as compared to Girder 2

considering the same turns. This is consistent with the smaller weak axis moment of

inertia and lower prestressing force of Girder 1.

3. For both girders, events that caused high strains did not correspond to events with high

acceleration. Alternatively, the highest measured strains occurred during tight turns at

very low speeds where high roll angle values (>3 deg.) were recorded.
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12.

For both girders, the highest strains occurred at the measured cross section at the jeep
tongue location (Section D). Based on general behavior and research, the critical cross
section was thought to be at midspan due to sweep related effects, caused through either
roadway super-elevation or accelerations during transport. However, prior transportation
research through DOTD further confirmed the jeep tongue cross section as the critical
location.

Girder travel over railroad crossings at slow speeds and causeway bridges at highway
speeds did not result in any recordable cracking events.

Some of the highest recorded strains during transport of Girder 1 occurred when the
girder was stationary on the side of the roadway and the driver was troubleshooting and
testing the operation of the jeep controls (Event G1-S2).

Strain measurements exceeding potential cracking strain were observed during a few
isolated events for both girders. These events occurred during high roll, slow speed
events. No cracks were visually observed in the girders at the end of transportation.

For the same girder, higher tensile strains were observed during turns where the jeep
tongue was attached. This highlights the effects the tongue force can exert on the girder.
For the two 130 ft. girders in this study, as well as the two 150 ft. girders in the prior
DOTD study, the lift points and transport support points were all at the ends of the girder,
approximately 5 ft. from the end for this study.

Drivers for both girders operated in the yard and left the yard through the first turn with
the tongue of the jeep detached.

Strain measurements of the girder during lift operations were all noticeably lower than
the peak transportation events.

Higher tensile strains were recorded during the site lift as compared to the yard lift. This
was especially true for sections were potential cracking occurred during transport. Given,
similarities between the two lifting cases, the girders should have had comparable
responses during both lifts. The higher tensile strains during the site lift shows that the
response of the girder changed due to transport, which could be an indication that the
stiffness of the girder was reduced due to cracking. This is further supported by the strain
gage data, which showed that likely cracking events occurred during transport.
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Finite Element Analysis

Finite element models were generated to develop additional understanding of the behavior of
the girders during transportation. Based on review of field measurements, it was determined
that the predominant contributions to tensile strains in the girders were girder roll and the
force input from the jeep tongue. As previously stated, the section with peak tensile strains
was most commonly the cross section at the jeep tongue (Section D). The objective of the
analysis work is to evaluate the contributions of girder roll angle and tongue force as a girder

undergoes a turning event.

During the course of the research project, multiple analytical methods and software
applications were considered and applied. The two issues encountered during this process
were complexity of the modeling required and the ability of the finite element method (FEM)
software to model the necessary behavior.

A number of analytical iterations and investigations were subsequently performed. Because
of all the transport data collected, there was a desire to input acceleration and roll time
history measurement data from each girder test, and then model and calibrate the analytical
responses. This resulted in many hours of testing various techniques. As the analyses would
have to be iterative, it would require hundreds or thousands of solution steps to adequately
model an event measured in seconds. While an extensive effort was made to apply this
approach, it was ultimately determined that an efficient means of executing this evaluation
was not possible. Similarly, considerations for modeling the girder behavior linearly and
nonlinearly were studied. However, modeling the nonlinear behavior of the girder at certain
positions would require considerably more computational power and time. Thus, a more
readily attainable objective of modeling the linear response of the girder at specific girder

positions was ultimately applied.

Prior to using a detailed three-dimensional model for event simulation, the researchers
investigated other successful techniques in the literature by Stratford et. al. and Cojocaru,
respectively /10, 12]. The latter demonstrated that a frame model could readily be used;
however, his development involved use of Abaqus software and a particular frame element
capable of interpolating stress and strain for complex cross sections. Abaqus is an advanced
FEM modeling software requiring specialized licensing. Other, more commercially available,
FEM software such as RISA or SAP2000 were also considered. However, neither appeared
to properly address the behavior of the girders. RISA could not model the cross section with
the ability to report strains at particular points. While SAP2000 was capable of modeling
detailed cross sections and outputting strains at particular points, it could not completely
model torsional behavior using frame elements. A potential conceptual approach to address
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the torsion issue is to replace the flange elements with shell elements capable of modeling the
warping torsion aspect. Ultimately, it was decided this approach might result in inaccuracy
due to the variable depth flanges.

Given the multiple approaches available, the researchers ultimately settled on a simpler
approach for estimating the effects of roll and lateral tongue force on different length girders
of a certain type by utilizing Autodesk Simulation Mechanical 2014 to perform the FEM
modeling. A three-dimensional (3D) brick model was chosen to model the cross section
geometry and obtain direct strain analysis results under loading. Considering the complexity
of the transported girder system, multiple modeling techniques were investigated with the
straight linear model chosen because the measurement data provided a known loading
geometry. The need to perform a nonlinear analysis, where the girder analytical behavior is
iterated as the load state and geometry changes, was then eliminated. Furthermore, because
of the minimal change in dynamic acceleration in slow turns, the critical stress events can be
approximated as static events.

Development of 3D Model
A 3D model of the BT-72 (Girder 1) was developed in the 3D modeling software Autodesk

Fusion 360 and then imported into Autodesk Simulation Mechanical 2014, as shown in
Figure 45. The model consisted of the girder, end bearing supports, and the tongue support.
Prestressing was not considered in the model, as the problem was treated in a linear fashion
where the principles of superposition could be applied against the assumed state of strain
imposed by the prestressing. The cross-section was developed based on the drawings
provided for Girder 1. Three models were developed to compare the behavior of different
length girders: 100-ft., 130-ft., and 150-ft. long girders. In each of these models, the supports
were 2 ft. inboard from the ends, and the tongue was 30 ft. from the end support, similar to
the as-transported girders in this research. The support bunks were modeled as 4 in. thick by
24 in. long by the width of the girder. The tongue was modeled similarly as a 4-in. by 6-in.
long element by the width of the girder.
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Figure 45
3D Model of BT72 Girder

After importing into Autodesk Simulation Mechanical 2014, each of the girders were meshed
with brick elements between 6 and 9 in. sides. The concrete girder was modeled with a
modulus of elasticity of 5,300 kip/in>. The supports were modeled as a plastic element to
provide for deformation flexibility using a material with a modulus of elasticity of

120 kip/in®. Restraints were provided at each bunk support bottom surface. One end had all
translations restrained and the other end had the vertical and lateral displacement restrained.
As the entire surface was restrained, so too effectively was rotation, such as roll.

Two different sets of loadings were applied to each of the girder models. First, a gravitational
load consistent with rotations of 2, 4, and 6 degrees at midspan. For example, for a 6 deg. roll
at midspan, the gravitational scale factors were 0.10g oriented laterally to the girder, and -
0.0055g in the vertical direction. This approach resulted in a slight uplift for the roll case.
Note that this load case only examines the effect of the roll component, and not the addition
of gravity causing self-weight strains. The objective was to estimate the additional strain due
to roll, which would be considered additive to other load effects, such as self-weight and
prestressing. The second set of load cases was the application of a lateral tongue force
applied to the bottom of the tongue component at loads levels of 500, 2000, 5000, and 8000
Ibs. The objective of this load case was to estimate the magnitude of the tongue force input.
Examples of the 3D model and midspan cross section results are shown in Figure 46 and
Figure 47.
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Figure 46
Typical FEM output results

1 = Design Scenario | >

Figure 47
Midspan cross-section showing displaced shape and lateral deflection

Variation of Girder Roll Angle versus Girder Length

A parametric study was conducted to investigate the effect of roll angle and girder length on
peak tensile strains. The loads were applied by varying gravity acceleration to apply only the
component of acceleration attributed with roll. It was assumed that the girders were all

supported near the ends to provide reasonable comparisons with the girders monitored in the
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current research, as well as the previously discussed field measurements on 150 ft. girders.
As shown in Figure 48, peak tensile strains increase with an increase of girder roll, as would
be expected. In addition, longer girders have higher peak strains as compared to their shorter
counterparts, as the girder roll causes a component of the girder’s self-weight to be applied
about the weak axis of inertia. This self-weight contribution increases strains in one corner of
the girder’s cross section and decreases it in the opposite corner. This result also agrees with
the analytical model developed by Mast [4].

Compare Strain at Various Roll Angles
100 ft, 130 ft, & 150 ft long BT72 Girders

150

@@ 100 ft. Girder
4A-h 130 ft. Girder
44 150 ft. Girder

125

100
75

S0

Peak tensile strain (microstrain)

25

2 2.5 3 3.5 4.5 5 55 6

4
Roll angle (deg.)

Figure 48

Effect of roll angle at midspan and girder length on peak tensile strains

Variation of Jeep Tongue Lateral Force versus Girder Length

A basic parametric analysis was performed to evaluate the influence of varying tongue force
on different length girders. The jeep tongue is approximately 30 ft. from the girder end
support. Based on field measurements, as well as prior DOTD research data, it was observed
that the tongue force has a significant influence on strain measurements recorded at the
tongue location and at midspan. Using the 3D model described above, a lateral load was
applied at the bottom of the girder at the jeep tongue support location as shown in Figure 49.
Results of the parametric study are shown in Figure 50.

Strains reported are only due to jeep tongue lateral loading and do not take into account
stresses associated with prestressing. It can be seen that the girder length has minimal effect

on peak tensile strains relative to the increase in tongue lateral force. However, it is
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postulated that while the tensile strains from the tongue lateral load are somewhat invariant

with girder length, the force will likely increase as the length of the girder increases due to

the increased difficulty of maneuvering longer girders.

Peak tensile strain (microstrain)

Figure 49
Girder model to examine effect of lateral loading at jeep tongue support

Compare Strain at Various Tongue Force
100 ft, 130 ft, & 150 ft long BT72 Girders
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Figure 50
Comparison of tongue force variation on different length girders
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Comparison of BT-72 and LG-54 Girders

A model of the 130 ft. long LG-54 girder was developed and compared to the BT-72 girder
model. Support distances, restraint modeling, and material properties were kept the same as
those specified for the BT-72. The objective of the model was to compare performance under
the same loading conditions. Figure 51 shows the comparison of the BT-72 to the LG-54 for
roll variation. Figure 51 compares the response of the different girder types with varying roll
angle at midspan, while Figure 52 compares the response with varying tongue force.

Compare Strains at Various Rolls
BT72 vs LG54

100

@@ BT72, 130 ft
Ak LG54, 130 ft

Peak Tensile Strain (microstrain)

2 25 3 35 4 45 5 5.5 6
Roll (deg.)

Figure 51
Comparison of roll angle variation on different type girders
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Compare Strain at Various Tongue Force
BT72 vs LG54
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Figure 52
Comparison of variation tongue force on different type girders

Modal Response Analysis of Girders

A modal response analysis of the BT-72 and LG-54 shapes were performed as a part of the
finite element study using the 130-ft. models to obtain estimated dominant frequency
responses of the girders used in the research. Figure 53 and Figure 54 show the first four
modes calculated in the finite element models using a linear analysis modal case with just the
two end restraints supporting the girder. Figure 53 and Figure 54 show the BT-72 and LG-54
girders, respectively.

As seen in the figures, the modal response for the first four modes consist of the following

modes:

Mode 1: 1st order lateral response mode
Mode 2: 1st order vertical response mode
Mode 3: 2nd order lateral response mode
Mode 4: 1st order torsional response mode

As expected, the modal responses of the BT-72 and LG-54 are quite similar. The differences
were that the lateral and torsional modes for the LG-54 were at slightly higher frequencies
and the vertical mode was slightly lower than those of the BT-72. As Figure 30 shows,
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measured responses were noticeably lower, but seem consistent with expectations given that

any flexibility within the trailer support would lead to lower associated frequencies.

Figure 53
Modal analysis of first four modes of 130-ft. long BT-72
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i f

(R

=&
i

Figure 54
Modal analysis of first four modes of 130-ft. long LG-54



Observations from Finite Element Analyses

Peak tensile strains increase with an increase in roll angle at midspan.

As the girder length increases, the peak tensile strains associated with a given midspan
roll angle increase.

Unlike roll angle, peak tensile strains are relatively insensitive to girder length versus the
amount of lateral force imposed by the jeep tongue.

The jeep tongue force induces high flexure strains at that cross section.

The LG-54 with a larger weak axis moment of inertia performs substantially better that

the BT-72 with increasing tongue force.
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DISCUSSION OF RESULTS

State of Strain

Understanding the state of strain within a girder during transport is the fundamental

challenge in the attempt to anticipate where cracks in the girder might occur. Girder strains

can be grouped into: a) structurally-related strains due to self-weight and prestressing, as well

as load-induced strains, and b) strains related to material properties, including creep,

shrinkage and temperature effects. The following equation sums the potential contributors to

the state of strain at any point at any girder cross section:

&= (SSW + Eps + EExtLoad + Sacc)Structural + (scr + Esh + £temp)Material (1 1)

where,

Egw 1s strain due to girder self-weight,

Epg 1s strain due to the internal prestressing of the girder,

EExtLoad 18 Strain due to externally applied loads, such as through a support or tongue,
Eacc 18 strain due to inertial acceleration caused by the movement of the girder,

& 18 strain from creep,

&gy, 18 strain from concrete shrinkage,

Etemp 18 strain from temperature change.

Prestressed concrete properties at an early age affect the state of strain in the girder at

prestress transfer, while time-dependent properties lead to changes in these strains. To study

early age effects, strain measurements were recorded during prestress transfer of Girder 1.

These measurements are significantly influenced by the geometrical properties of the girder

and the early age concrete modulus of elasticity, such that a higher modulus will yield lower

strains for the same stress state.

The time-dependent creep and shrinkage effects in Girder 1 were measured using cylinders
collected from the same mix design used in casting the girders. Research has suggested a
variety of anticipated creep behavior models, including the AASHTO LRFD Model, CEB-
FIP Model, and Benson Model /21 — 24]. The laboratory measurements showed good
agreement with both the CEB-FIP Model and the Branson creep model.

Although all the above factors contribute to the state of strain at any time, creep and
shrinkage strains are generally regarded as autogeneous strains that occur without an
accompanying stress unless some form of restraint resists the change. Their effects are

manifested in prestress losses, which change the state of strain in the girder. However, the
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effect of prestress losses on the top flange strains (strains of interest) in this research can be
neglected. Therefore, for the prestressed girders considered in this research, the cause of
cracking during transport was attributed to structural strains with the measured and calculated
strains at transfer used as the baseline state of strain for Girder 1 and Girder 2, respectively,
prior to transport. To determine cracking, measured strains were compared to the cracking
strains of 132 to 200 microstrain determined for this research.

Girder Stability

Long span girders are typically designed to maximize bending capacity while minimizing
self-weight; therefore, they tend to have a smaller weak-axis moment of inertia. A side effect
of this shape design is a tendency of the girder to buckle in a lateral-torsional mode, or tip
about its longitudinal or roll axis. This behavior can be caused by applied lateral loads, sweep
in the girder due to fabrication, and shifts in lifting locations or support points. The buckling
and roll behaviors result in weak axis bending of the girder such that, depending on the
amount of lateral deflection, the concrete may crack.

Stability during lifting and transportation of the 130 ft. long BT-72 girder was studied. This
girder was chosen because it has a smaller weak-axis moment of inertia when compared to
the LG-54 used as Girder 2. Theories developed by Mast to evaluate stability of girders
during lifting and during transportation were used. The approach followed is consistent with
the PCI Design Handbook 6th edition /3, 4, 8/.

As discussed in Mast's papers, the main factors contributing to girder stability are the elastic
stiffness properties of the girder, initial imperfections, location of lifting points, and
properties of the support. The detailed calculations and list of assumptions used to calculate
the maximum safe roll angle during lifting and transport of Girder 1 and Girder 2 are shown
in Appendix G.

Based on Mast’s approach, the maximum safe roll angle for Girder 1 to avoid cracking is 6.3
degrees and the factor of safety against overturning during lifting and transportation is 2.0,
which exceeds the recommended factor of safety by Mast of 1.5. Girder 2 has a higher safe
roll angle of 12.5 degrees and factor of safety against overturning during lifting and
transportation of 2.3 and 3.6, respectively.

For this study, no girder stability issues were observed during lifting and transporting of both
girders. Although the average roll angle across Girder 1 (BT-72) and Girder 2 (LG-54) did
not exceed the theoretical cracking roll angle, likely cracking events were observed during

transportation of both girders. This measured cracking behavior is attributed to the combined
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effect of roll angle and lateral force exerted by the jeep tongue not previously identified in
the research.

Transportation Strains

A review of the overall transportation record for each of the test girders, as well as an
examination of selected events observed to have produced large strain and/or acceleration
readings, found that potential girder cracking events during transport occurred during slow
moving turn events. Transportation at highway speeds, across long causeways, or over

railroad tracks resulted in minimal concern for cracking or stability during this study.

The highest identified acceleration events shown for Girder 1 (Table 16) and Girder 2 (Table
18) resulted in noticeably lower strains than events selected based on the highest strains.
Furthermore, the identified maximum strain events were accompanied by noticeably lower
accelerations and high roll angles. In review of photos and time-lapse video, the high strain
events were most often due to low-speed (<10 mph) turns at sharp angles or maneuvering of
the rear jeep support while the truck was stationary. The latter was particularly obvious in
review of the transportation record of Girder 1, Event G1-S2, as shown in Table 17 and
Appendix E, where the truck was stationary but the driver adjusted the rear jeep during
troubleshooting of a wireless controller problem. This event resulted in some of the highest

strains and average roll angle in the entire transportation record for that girder.

The strains for the low-speed turns were also highest at the jeep tongue cross section. This is
attributed to the lateral force the tongue exerts on the girders during maneuvering. The effect
of the lateral force is clearly shown by comparing the results of the yard turn (events G1-S1

and G2-S1) where the tongue was detached (Figure 55) to a 90 degree turn event (events G1-
S3 and G2-S3) where the tongue was attached (Figure 56). While both turns had comparable
roll angles, the turn with the tongue attached yielded higher tensile strains, particularly at the
tongue location. The finite element and stability analyses further demonstrates the effect of

the tongue lateral force.
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Cross-section Strain Response During Turn
90 Degree Turn Out of Yard
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Figure 55
Change in cross section strains during turning event without tongue engaged
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Figure 56

Change in cross section strains during turning event with tongue engaged



Previous girder transport research by DOTD showed similar results for the transportation of
two 150 ft. long girders /6/. Here again, the highest events noted were at turns, and typically
the highest strains were located at or near the jeep tongue. In one of these girders, a
significant crack, potentially originating near the jeep tongue cross section, was observed

early on during transportation.

Due to the high strains measured at the jeep tongue cross section and because these strains
occurred during slow-speed turning events at a roll angle smaller than the theoretical
cracking angle, it can be concluded that the operator of the jeep has a strong and unintended
influence on the strains the girder will experience during transportation. In both the girders
included in this research, as well as review of the prior DOTD research, strains in the girder
exceeded likely cracking strains in the top flange during transportation.

The effect of the jeep tongue interaction with the girder has not been documented in
previously published literature on this subject. Mast’s work, which is highly regarded for
girder lifting and transportation, only covers girder supports and classic response to weak-
axis bending due to roll effects.

The jeep tongue support has a significant effect on girder strains. Currently, there is lack of
data in the literature to help designers account for this loading during transportation. While
girders of varying length appear to be relatively insensitive to changes in the jeep lateral
force (assuming a constant distance between the jeep tongue and end support), the degree of
maneuverability required to navigate a turn is related to girder length. Thus, more
maneuvering of the jeep tongue and trailer is required for longer span girders, and this
additional maneuvering likely results in larger tongue forces. When this tongue force is
combined with the effects of roll from super-elevation, transport of long girders can become
susceptible to concrete cracking.

Lifting Strains

The strains measured during yard and site lifts show a change in the behavior of the girders
after transportation. As an example, higher strains were recorded during the site lift of
Girder 1 when compared to strains measured in the yard lift. This suggests that cracking of
the girder occurred sometime during transportation and that the post-cracked behavior was
exhibited during the subsequent site lift.

Although cracks were not visually observed at the bridge site, it is still possible that cracks
occurred but closed tight after the load that caused the cracks was removed. However, as
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concrete is highly nonlinear under tensile strains, the stiffness of the girder at this crack will

decrease allowing strains in this region to increase when loaded again.

Girder Properties

The girder design had a significant effect on the measured strains during girder
transportation, particularly the weak-axis moment of inertia and the prestressing force and its
layout. When comparing the two girders, Girder 1 has a smaller weak-axis moment of inertia,
torsional constant, and safe roll angle as compared to Girder 2. This results in Girder 1
having higher roll angle values and higher tensile strains as compared to Girder 2.
Considering the yard turn event that occurred in both girders, tensile strains were recorded in
two of the four monitored sections (Sections A and C) in Girder 1 while no tensile strains
were recorded in Girder 2. This indicates that the LG-54 cross section is more suitable for
long girder transport applications than the BT-72 section which, as shown in this study, is
more vulnerable to cracking during lifting and transport.
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CONCLUSIONS

Prior research has recognized that girder transportation is fundamentally complex. Most of

the research in the past has been focused on lifting of long girders, as this is traditionally seen

as a more critical event in the life of the girder. This past research often focused on avoiding

cracking during lifting of girders. However, based on the results of this research and the prior

DOTD research for long-span girders, long girders experienced tensile strains during

transportation that likely caused cracking. For the girders in this research, the transportation

tensile strains were larger than the lifting strains. This indicates that during the final lift of the

girder at the bridge site, cracked section properties should be considered.

Noted findings from this research include the following:

I.

Transportation of long girders such as those studied in this research (130 ft. and longer)
might lead to tensile strains that exceed the concrete cracking strain.

The change in girder behavior between lifts suggests the girders did crack.

High strain events in the transportation records of both girders were associated with low-
speed (< 10 mph) maneuvers with high roll angle (> 3 deg.) and the presence of a lateral
force from the jeep tongue.

The most critically loaded girder cross section was at the jeep tongue attachment.

Typical roadway conditions encountered during transportation did not necessarily relate

to increases in tensile strain levels.

The highest recorded strains during the transportation of both girders occurred when the
jeep tongue was attached to the girder during sharp turns. This fact emphasizes the
importance of the steering system, which is driver controlled. It is noted that there is no
feedback to the driver regarding the amount of force applied by the jeep tongue during
such turns.

Girder shapes with higher prestressing force and lateral stiffness would be expected to be
more resistant to cracking during transportation. This is shown in this research where the
LG-54 section was judged to have better transportation performance over the BT-72
section based on the strain response from similar events. These parameters would
likewise apply to other shapes in determining their relative performance during

transportation.

Lifting the girders yielded lower tensile strains than the maximum recorded during
transportation.
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RECOMMENDATIONS

The results of this research study show that cracking and stability of long precast concrete

girders (> 100 ft. in length) during transportation can be affected by both the designer and the

precaster. The current research has shown that longer girders are at a greater risk for cracking

and stability issues during transportation. However, this cracking risk can be mitigated to

some extent. Accordingly, the following recommendations are presented:

1.

If cracking is to be avoided, consideration must be given to all girder lifting and
transportation events from fabrication through erection, with specified procedures in
place for each of these events. Such girder-specific procedures could include when to
attach and remove the jeep tongue based on travel speed and required turning radii, and
prohibitions on moving the jeep when stationary.

Installation of force limitors or pressure sensors that either prohibit or warn the jeep
operator when lateral forces applied by the jeep tongue against the girder exceed
established thresholds.

Based on practices in place today, designers should assume that cracking strains would
likely be experienced for longer girders in the upper flange at some point during
transportation and consider tongue forces in evaluating transportation stresses.

Temporary post-tensioning of the top flange to create more compression strain could be a
helpful mitigation strategy employed during transportation by bridge designers.

Selection by designers of more roll-tolerant girder cross sections that have been
developed considering transportation-related strains.

Past research has suggested that strains could be reduced and stability of girders being
lifted enhanced by moving lifting points inboard of the girder, such that the ends help
counter act the weak-axis bending between lifting points. This same methodology could
be considered for girder transportation. While there are other considerations for moving
the trailer support points, there does appear to be an opportunity to move the rear support

inboard of its current location.

Consideration should be given to expanding this research to include the following topics:

1. Measure the forces applied to girders through the jeep tongue using a variety of girder

lengths.
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Work with precasters and evaluate the effectiveness and safety of moving the rear
jeep support closer to the girder midspan to reduce maneuvering stresses for long
girders.

Use the transportation records collected for the test girders, develop a more
sophisticated, non-linear model using advanced FEM software to aid in analytically
evaluating girder performance.

Monitor additional girder transports to evaluate possible limitations on jeep tongue
use or incorporation of temporary shipping prestressing installed on the girder top
flange.

Develop a portable acceleration/roll monitor to be included with girder transport for
the purposes of producing a transportation record of the girder for quality assurance

purposes.



ACRONYMS, ABBREVIATIONS, AND SYMBOLS

AASHTO American Association of State Highway and Transportation
Officials

BDI Bridge Diagnostic Inc.

cm centimeter(s)

DOTD Louisiana Department of Transportation and Development

FHWA Federal Highway Administration

ft. foot (feet)

n. inch(es)

LTRC Louisiana Transportation Research Center

Ib. pound(s)

m meter(s)

PCI Precast/Prestressed Concrete Institute

MEMS Micro-electronic machinery

IMU Inertial Measurement Unit

PCI Precast/Prestressed Concrete Institute
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Stability Analysis during Transportation

e
Feems = 1423.3-kip ems = 27:4-In = Ec‘ﬁﬂ_‘_
superelevation angle a = 0.06 ” T

Trailer properties
Height of trailer = 68in + 4in = 72-in
height of roll center h; == 24in assumed
height of cg above road heg == h + CGyj = 107.5-in

Estimate the rotational stiffness of the transportation vehicle

K0 is the elastic roatational spring constant of the vehicle

assume  Kg ,x1e = 4500kip-in per radian per dual axle

Trailer has six dual axles

K¢ trailer := 6-4500kip-in = 27000-kip-in  per radian per tariler

Ko truck = Ko _trailer'2 = 54000-kip- in per radian

Keitmck .
r:=————=>519.9-in
wqr L
Find tilt angle

Distance between the cenetr of graviyt of the girder and the roll axis

y = heg — hy = 83.5-in
account for camber Y=y 1.02 =852-in

Calculate initial eccentricity as a result of sweep for the transportation case

1 L
sweepT ;= —in-—— = 1.6-in
8 10ft

eT := lin + sweep- offset = 1.8-in

Girder 1 - BT72 Stability
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Since Young's modulus did not change, z0 remains the same
ZoT = 2o = 9.7-in

Tilt angle

o-r+er

Or=—— = 0.078 Or = 4.453-deg
r—y-2zor

Check concrete compressive strength

Check stress at centerline

Fsems, = 1423.3kip Lms, = 27-4in

Mdims'¥b  —Fsems  Fsems €ms ¥b .
/gb/\:: + - = -3.1-ksi
Lyi Aci Lyi

Mdims' ¥t —Fsems  Fsems ems ¥t
+ +

fi = = —0.38-ksi

M Lyi Aci Lyi
Add lateral bending to fb

Miatcheck = 01 Mdims = 111-kip-ft
Bottom flange width

Bp, = 26in

by 0.5 .
fo := fb — Miatcheck: = —3.6-ksi
Lyi
Minimum required compressive strength
—fp1 :
femiin = 06 = 6016.1-psi OK

Girder 1 - BT72 Stability
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Compute tilt angle Omax at cracking

(fr - ft)'Iyi .
Migr i= = = 158.7-kip-fi
2
MiatT
OmaxT i= —— = 0.111 OmaxT = 6.366-deg
dlms

Compute factor of safety
Factor of safety aganist cracking

I (emaXT - 0‘)
FScrackingT = 0 0 =21
Z0T YmaxT + €T + ¥ Ymax

Factor of safety aganist rollover. This considers the cracked condition of the girder
Zmax is the distance between the centerline of the vehicle to the centerline of dual tire

Zmax = 36In

Zmax — hr @
OmaxcT = f +a=0.126

Z'0cT is the distance to the center of gravity of the defelected arc of the cracked girder

20T = 20 (1 + 2.5-Opaxc) = 13.7-in

FS I (emaxT - 04) 5
failureT = =
20cT Omaxc T €T + ¥ OmaxT

Girder 1 - BT72 Stability
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Girder 2: Lift and Transpotation Stability Analysis

Objective:

The objective of this sheet is to check the stability of the 130 ft long LG54 girders during lift and
transportation. Long span girders are typically designed with small widths of the web and flanges to
reduce the weight during handling and, therefore, they tend to have low minor-axis inertia. The latter
in addition to initial imperfections such as sweep tolerance and lifting loop placement causes the girder
to tip about the roll axis. Therefore, long span girders are susceptible to lateral buckling and stability
problems (rolling). This often results in lateral deflection due to bending about the weak axis which, If
not checked properly, may lead to cracking.

b max

downward top flange / )
under high tension \

fc max
- < upward bottom flange

/l under high compression

Cojocaru 2012

This sheet uses the theories developed by Mast (1989) to evaluate stability of girders during lift and
Mast (1993) to evaluate stability of long girders during transportation. This approach is also adopted
by the PCI Design Handbook 6th edition.

As discussed in Mast's papers, the main factors that contribute to girder stability are: the elastic
stiffness properties of the girder, initial imperfections, location of lifting points, and properties of the
support. This sheet follows Mast's approach to acquire maximum safe roll angle and factor of safety
for the 130 ft long BT-72 girder.

Refernces:

Cojocaru, R. (2012). "Lifting Analysis of Precast Prestressed Concrete Beams." Thesis, Virginia
Polytechnic Institute and State University.

Mast, R. F. (1989). "Lateral stability of long prestressed concrete beams, Part 1." PCI Journal, 34(1),
34-53.

Mast, R. F. (1993). "Lateral stability of long prestressed concrete beams, Part 2." PCI Journal, 38(1),
70-88.

PCI Design Handbook, 6th ed., Prestressed Concrete Institute, Chicago, IL.

PCI Bridge Design Manual (2003), 2nd ed., Prestressed Concrete Institute, Chicago, IL.
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—LIFTING LOOPS

DEFLECTION OF BEAM
DUE TO BENDING
ABOUT WEAK AXIS |

ROLLAXIS—

e

~CENTER OF GRAVITY

_—" OF CROSS SECTION

L<

COMPONENT OF AT LIFTING POINT O \
WEIGHT ABOUT AN, o
WEAK AXIS \ _ r'e %,\gé‘
CENTER OF MASS OF
DEFLECTED SHAPE v
OF THE BEAM —— w

= X @
\
END VIEW EQUILIBRIUM DIAGRAM
Lift Analysis for LG54 bridge girder

Girder properties
Depth h := 54in
Top flange width b = 48in Bottom flange width by, := 36in
Area Ag = 868in2 Composite section A= 915.8in2

Major-axis inertia Iy = 3»44586-in4
Composite section I == 361 188in4

Center of gravity CGy := 25.1in

Distance to top fibers y; := 29.9in

Torsion constant A= 22620in4
Ibf

Concrete weight Neone = 150—3
ft

Minor-axis inertia

Composite section

Distance to bottom fibers

Iy; = 70877in"

CGy; = 24.1in

yp = 24.1in

Girder 2 - LG54 Stability
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Area of prestressing strands Agtrand = 0.217in2 Aps = Astrand 56 = 12.15~in2
Girder Length L := 130ft

MWV
Pickup points a = 5ft

Ly :=L-2a=120ft

The concrete has the following material properties

. kip
fei == 8170psi Wdl = Ac Yeone = 0.9-?
. Eci .
Ei := 5930ksi G, = —— = 2470.8-ksi
2-(1+0.2)
The steel has the following material preperties
Eg = 29000ksi fou = 270ksi
fsi == 0.75-f,y = 202.5-ksi Fyi = Apsfsj = 2460.8-kip
Stress after losses at midspan Fgems := 2234kip €ms = 18.2in

Compute initial eccentricity, e;

This intial eccentricity is a direct result of sweep in the girder, and is calculated as the distance
between the roll axis and the center of gravity of the arc of the curved girder.

Based on Mast (1993) and PCI Bridge Design Manual (2003)

11, L . A, Y
sweep := —-—in-—— = 0.8-in 7 _a/s
2 8 10ft PARABOL IC ARC ~ o »
Based on Mast (1993) g \ e
Ly 2 1 a ] )
offset:=|—| ——=0.5 — i e
o “ | z

e; := 0.25in + sweep- offset = 0.7-in

Girder 2 - LG54 Stability
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Compute the height of the center of gravity and correct for camber

Camber can be estimated from midspan curvature

warl (L ,
Mdims = S Z—a = 1616.2-kip- ft

Mps = Fsems ems = 3388.2-kip- ft
M := Mps — Myims = 1772-kip- ft

E¢i-Lxi 5.
=1x10"-in

R =
A4

2
camber ;== — = 3-in
8- R

The height of the center of gravity of the cambered arc above the roll axis yr is calculated similar
to sweep

yr := V¢ — camber- offset = 28.3-in

Compute Z,,

Z0 is the distance to the center of gravity of the defelected arc of the girder about the minor-axis.
This takes into the accunt the distance between the girder end and the lifting point (a)

Wdi 1 6
7= ———— _'LIS — aZ.L13 + 3-34-L1 + —-a5 = 5.8-in
12-Ei-Iyi-L \ 10 5

Compute 0i
01 is the inital roll angle due to sweep

.
0, := — = 0.0237 0; = 1.358-deg
Yr

Compute the tilt angle Omax at cracking

Rupture concrete stresss

fei .
fy =75 | —-psi = 677.9-psi
psi

Girder 2 - LG54 Stability




MADE BY: MKE

CHECKED BY: REL
PROJ MNGR: JCM
PROJ #: 2010.5518

Top and bottom stresses due to gravity loads

Miims ¥b  —Fsems  Fsems €ms' Yb .
+ — = -3.9-ksi

fb =
Lyi Agi Lyi

= —0.68-ksi

Miims' ¥t —Fsems  Fsems €ms ¥t
+ +
Lyi Aci Lxi

Lateral moment that will cause cracking in the top fibers

I .
Migg = (£ — i) = = 334-kip-ft

)

Maximum roll angle

Miat
Omax = = 0.207 Omax = 11.839-deg
Mdims
Maximum tilt angle during lift to avoid cracking is 12.5 deg
Compute factor of safety

Factor of safety aganist cracking. This considers the ratios between the height of roll
center to the lateral deflection and the maximum tilt angle to the initial roll angle

1

FS ing = ———— = 3.1
cracking Z0 0;

— +
Yr  Omax

Factor of safety aganist failure. This considers the cracked condition of the girder

Z'0c is the distance to the center of gravity of the defelected arc of the cracked girder.
i

2.5-7g

=0.215

Omaxc =

Zye = zo-(l + 2-5'9maxc) =9-in

¥r' Omaxc
FStaiture = —————— =23
20¢' Omaxc + €i

Girder 2 - LG54 Stability
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Stability Analysis during Transportation

e
Feems = 2234-kip €ms = 18.2-in m:@, Eéﬂﬂ_‘_
superelevation angle a = 0.06 ” T

Trailer properties
Height of trailer = 68in + 4in = 72-in
height of roll center h; == 24in assumed
height of cg above road heg = h + CGyj = 96.1-in

Estimate the rotational stiffness of the transportation vehicle

K0 is the elastic roatational spring constant of the vehicle

assume  Kg ,x1e = 4500kip-in per radian per dual axle

Trailer has six dual axles

Ko trailer := 6-4500kip-in = 27000-kip-in per radian per tariler

Ko truck = Ko _trailer'2 = 54000-kip- in per radian
Keitmck .
r:=———=4594-in
wqr L
Find tilt angle

Distance between the cenetr of graviyt of the girder and the roll axis

y = heg—hy = 72.1-in
account for camber Y=y 1.02 =735in

Calculate initial eccentricity as a result of sweep for the transportation case

1 L
sweepT ;= —in-—— = 1.6-in
8 10ft

eT := lin + sweep- offset = 1.8-in

Girder 2 - LG54 Stability
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Since Young's modulus did not change, z0 remains the same
ZoT = Zo = 5.8-in

Tilt angle

o-r+er

O0p=—— =0.077 Or = 4.434-deg
r—y-2zor

Check concrete compressive strength
Check stress at centerline
Fgems = 2234-kip €ms = 18.2-in
3 Mdims'¥b  —Fsems  Fsems €ms'¥b

fi, = + - = —-3.9-ksi
et Iy Aci Iy

Mdims' ¥t —Fsems  Fsems ems ¥t
+ +
Lyi Aci

fii=

= —0.68-ksi

Iy

Add lateral bending to fb

Miatcheck = 01 Mdims = 125.1-kip- ft

Bottom flange width
by, = 36-in

by 0.5 .
fo := fb — Miatcheck: - —4.2-ksi

y

Minimum required compressive strength

—fp1 ,
femiin = 06 = 7065.6-psi OK

Girder 2 - LG54 Stability
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Compute tilt angle Omax at cracking

(fr - ft)'Iyi .
Miger 1=~ = 334-kip-f
2
MiatT
OmaxT i= —— = 0.207 OmaxT = 11.839-deg
dlms

Compute factor of safety
Factor of safety aganist cracking

I (emaXT - 0‘)
FScrackingT = =37
20T OmaxT + €T + ¥ Omax

Factor of safety aganist rollover. This considers the cracked condition of the girder
Zmax is the distance between the centerline of the vehicle to the centerline of dual tire

Zmax = 36In

Zmax — hra
OmaxcT = — +o = 0.135

Z'0cT is the distance to the center of gravity of the defelected arc of the cracked girder

20T = 2o (1 + 2.5-Opaxc) = 9-in

FS r(Omaxt — ) 3.6
failureT = = .
20cT Omaxc T €T + ¥ OmaxT

Girder 2 - LG54 Stability






