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Abstract

The lateral behavior and stability of bridge column rebar cages were investigated to
reduce the potential of failure and collapse during construction. Rebar cages are temporary
structures made of longitudinal and transverse reinforcing bars that are connected by tie wire
connections. Recent collapses during construction exposed the vulnerabilities of these temporary
structures to accidental loads that may occur at this stage. Therefore, experimental and analytical
investigations were conducted to understand the lateral behavior of bridge column rebar cages.
Experimental work was performed on individual components of rebar cages, such as tie wire
connections and reinforcing bars, under various types of loading. Two full-scale bridge column
rebar cages were subjected to incremental loading to determine the lateral behavior, identify
failure modes, and calibrate the analytical models. Using the results from the experimental study,
nonlinear finite element analyses were developed to determine the effect of critical parameters on
the lateral behavior of column rebar cages. The investigated parameters were: tie wire
connections, internal braces, column diameter, longitudinal and transverse reinforcement ratios,
and column height. The results of these analyses showed that the internal braces have a
significant effect on the lateral behavior and failure mode of bridge column rebar cages.
Guidelines for determining the lateral stiffness and improving the bridge column rebar cage
stability are proposed.
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Chapter 1
Introduction

1.1 Background

Rebar cages are the skeleton of Reinforced Concrete bridge columns. These cages are
formed by tying the longitudinal and the transverse reinforcement bars together by tie wire
connections. Seismic research on reinforced concrete bridge columns revealed that longitudinal
bars cannot be spliced in the location of plastic hinge zones (Caltrans, 2004). Therefore, bridge
column rebar cages are constructed in steel fabrication shops and shipped to the construction site
as one. Depending on the length of the cage, the diameter of the cage, and the experience of the
fabricator, internal braces may be placed inside the cage. Then, the bridge column rebar cage is
attached to the bottom mat of the footing and guyed with at least four guy cables. When placing
the steel column forms, at least two of the guy cables are removed from the column rebar cage.
Most of the instability instances have occurred at this phase of construction due to accidental
loads and loss of the lateral stiffness of bridge column rebar cages. The instability of column
rebar cages is a rare incidence. However, it is associated with life safety, injury, litigation,
schedule delay, and cost. It has been reported that in the last 15 years around 56 cage collapses
occurred in California.

Analytical and experimental investigations were conducted to determine the lateral
behavior of bridge column rebar cages. The experimental work was conducted on individual
components of rebar cages as well as two full-scale column rebar cages. Based on the
experimental results, nonlinear finite element analyses were conducted on different computational
models to determine the effect of various parameters on the lateral behavior of bridge column
rebar cages. Parameters included: tie wire connections, internal braces, column diameter,
longitudinal and transversal reinforcement ratios, and column height. Based on the analytical
results, guidelines for determining the lateral stiffness of bridge column rebar cages were
proposed.

1.2 Literature Review

Little information was found in the literature that deals with stability of rebar cage
columns and Cast-In-Drilled-Hole (CIDH) cages. The latter is used as a foundation for different
kinds of structures such as highway bridges, towers, buildings, etc. Contractors for this type of
foundation have reported difficulties in fabricating and placing the rebar cages in the drilled
holes. The difficulties occur due to the flattening of the cage that occurs while it is lying
horizontal before it is placed in the drilled hole. Gupta studied the design of longitudinal and
transverse reinforcing bars of CIDH rebar cages to overcome this problem (Gupta S. R. D. et al
1993). Recommendations for the selection of transverse bar spacing and size, and longitudinal bar
size are discussed. The authors concluded that stresses can be high in the circular hoops of CIDH
rebar cages during construction, especially for hoops with diameters larger than 48 inches. Design
curves and tables are provided as design aids to obtain an optimal weight of the rebar cage that
reduces the stresses in the hoops.



An analytical analysis on the pick-up of CIDH rebar cages was developed by Condon-
Johnson & Associates, Inc in a submittal prepared for the CIDH Rebar Cages at Bent No. 3 and
Bent No. 4 of the S67-W52/Magnolia Avenue UC (Condon-Johnson & Associates, Inc, 2008).
The length of the CIDH rebar cage was around 61 ft. A 20-foot long frame was analyzed; the
frame weighed 13,300 pounds and included a welded frame made of two interior hoops. Four
cross braces were located at each interior hoop, and eight diagonal braces located between
adjacent interior hoops. The welded frame was assumed to be tied to the longitudinal reinforcing
bars, and the tie wire connections were assumed to be made of four wraps of No. 15 gauge tie
wire. The yield strength of each wrap was estimated to be equal to 244 1b, assuming that the yield
strength of both wire legs can be developed. The shear strength was assumed to be 40% of the
tensile strength. Based on the analysis results, it was recommended to increase the number of tie
wire connections on the picking bars, i.e. bars from where the rebar cage is lifted.

Caltrans Standard Specifications Section 52: “Reinforcement” under 1.07 “Placing”
requires the contractor to submit a temporary support system plan to the engineer for approval
(Caltrans, 2006). Usually, column rebar cages are guyed in at least four locations; but depending
on the height, multiple levels of guy cables could be used. Donatas proposed a new support
system for guyed structures that are used as permanent structures such as transmission towers
(Donatas J. et al, 2007). The typical system of straight guy cables was improved by using guy
cables composed of primary and secondary cables. The additional secondary cables increase the
number of intermediate elastic supports and reduce the effective buckling lengths of the guyed
structure. Also, the authors showed that the combined guy cables reduce the bending moments
and horizontal displacements in the structure under lateral loading.

Longitudinal and internal brace reinforcing bars in column rebar cages are subjected to a
combination of forces and moments, such as axial, shear forces, bending, and torsion moments.
Studies have been conducted on the interaction between bending moment, axial force, transverse
force and torsion. A numerical investigation was developed by Imegwu on prismatic beams
loaded by terminal bending and torsion moments (Imegwu E. O., 1960). Acting together, these
two moments cause full plastic flow. An interaction curve was recommended with non-
dimensional coordinates that compared well with previous experimental investigations. The
results showed that the interaction curve seems to be practically independent of the shape of the
cross-section of the beam. Wei showed that an envelope of the interaction hypersurface for the
plastic yielding of beams due to the combined influence of bending, tension, shear and torsion
could be obtained by solving a variational problem (Wei Q. S., 1995). The lower bounds of the
interaction yield curves bending moment-torsion and axial tension-torsion were obtained for
beams with rectangular cross-section. The investigation proved that the widely interaction
equation presented below is statically admissible because it lies within the lower bound of the

envelope.
() +(7) @
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where M,,, T, are the plastic bending moment and plastic twisting moment, respectively.
T, is the plastic twisting moment without warping.



1.3 Collapse Information

It has been reported by the major steel fabricators in California, Harris steel, Pacific
Coast Steel, and Fontana steel that around 56 rebar cage collapsed in the last 15 years at bridge
construction sites in the State of California. Normally, the collapse of bridge column rebar cages
is associated with a significant cost, delay in schedule, and unfortunately, injuries or deaths.
However, the legal consequences of such collapses have limited the access to the engineering
details and the sequence of progressive collapse of these column rebar cages. With Caltrans
consent, it was possible to obtain information about several collapses of bridge column rebar
cages for this investigation.

Milpitas Bent 6

A bridge column rebar cage at the Highway 237/880 Project in Milpitas, California fell
over after several guy cables were removed in November, 1999. The contractor reported some
findings and descriptions about the collapse (Caltrans, 2003):

—  The right column rebar cage at Bent #6 was supported by a total of eight guy cables
before the steel column form was placed.

—  The column was approximately 48 feet tall from the top of the footing to the top of the
cage.

—  Four guy cables were located at quarter points around the cross section of the column
cage halfway up the column. The other four guy cables were located at quarter points
around the cross section near the top of the cage.

—  Six of the eight guy cables were removed to allow for the placement of one-half of the
steel column form. The only two guy cables remaining were located at the top of the cage
on the north/northwest corner and the south/southeast corner of the cage and were
secured to a concrete block dead-man.

—  The crane operator was directed to lift and fly the first half of the steel column form into
place on the west side of the column cage. As the form was swung into place, it made
contact with the column cage. The contact was not abrupt nor was it severe. Upon
contact with the steel column form, the column cage began to fall slowly toward the
south/south east corner of the footing where it came to rest shortly thereafter.

Figure 1.1 shows the bridge column rebar cage after collapse. Based on the report
presented by the contractor about the collapse of the bridge column rebar cage in Milpitas, CA, it
could be concluded that the removal of six of the eight guy cables followed by the slight contact
of the column form at the top caused the rebar cage collapse.



Bent 7 Carquinez Bridge

Two bridge column rebar cages collapsed at Bent 7 of the Carquinez Bridge in California
in April, 2002. Figure 1.2 shows both column rebar cages after the collapse. Both columns were
interlocking and fixed at the base. Figure 1.3 shows that the collapse of both column rebar cages
occurred before the concrete footing was poured. The deformed shapes after collapse showed a
combination of bending and torsion of the column rebar cages as shown in Fig. 1.4. Usually,
damage to the longitudinal bars raises concerns about the future cyclic performance of the
column, and requires replacement of the cage. The presence of internal braces could not be
confirmed, and it was not possible to see from the pictures obtained that are shown in Fig. 1.5.

Sweetwater River Connection

A bridge column rebar cage at pier 3 of the Sweetwater River Connection collapsed in
November, 2006. Little information about this collapse was obtained other than the cross section
of the bridge column rebar cage was rectangular. Figure 1.6 shows the bridge column rebar cage
after collapse.

SFOBB West Approach

A bridge column rebar cage at bent 23 of the San Francisco-Oakland Bay Bridge West
Approach collapsed in November, 2009. The height and diameter of the column rebar cage were
equal to 38 ft and 54-in, respectively. The column rebar cage was made of 36 bundled #11
longitudinal reinforcing bars and bundled #8 hoops spaced at 5-in. Thus, the longitudinal and
transverse reinforcement ratios were equal to 2.45% and 2.33%, respectively. Figure 1.7 shows
the plans for bents 22 to 27. The bridge column rebar cage was supported by four guy cables
located at one fourth of the height from the top of the cage as shown in Fig. 1.8. Notice that
internal braces were not used in this column rebar cage. It was not possible to obtain information
about the cause of the collapse. Figure 1.9 shows the collapsed bridge column rebar cage.

From the information collected on bridge column rebar cage collapses, it could be
concluded that:

—

Most collapses involve bridge column rebar cages with fixed base.

2. Collapses occur due to accidental loading and loss of lateral stiffness in bridge column
rebar cages after the removal of the temporary support system.

3. Collapses occur in the absence of any kind of internal braces in the column rebar cages.

1.4 Objective and Scope

The main objective of this study was to develop analytical tools and specifications to
predict and control the properties of tied bridge column rebar cages to reduce the potential of
failure and collapse.

To achieve this objective, analytical and experimental investigations were conducted to
understand the lateral behavior of bridge column rebar cages. The experimental work was divided
into two phases. The first experimental phase was conducted on components of bridge column



rebar cages, tie wire connections, and reinforcing bars to determine their behavior under various
types of loading. The second experimental phase was conducted on two full-scale bridge column
rebar cages under incremental loading to better understand the lateral behavior, identify failure
modes, and provide data to calibrate the analytical investigation. Based on these experiments, a
calibrated three-dimensional finite element model was developed and utilized to investigate the
lateral behavior of bridge column rebar cages with various parameters such as the type of tie wire
connections, internal braces, column diameter, longitudinal reinforcement ratio, transversal
reinforcement ratio, and column height.

1.5 Report Summary

This report presents the results of experimental and analytical investigations of the lateral
behavior of bridge column rebar cages. The assembly and construction practices of bridge column
rebar cages are discussed in Chapter 2. The results of the experimental investigation on individual
components of column rebar cages and on two full-scale bridge column rebar cages are presented
in Chapter 3. Chapter 4 covers the calibration of a finite element model based on the results from
the experimental investigation. The results of parametric analysis and the effect of critical
parameters on the lateral behavior of column rebar cages are also discussed in this chapter.
Finally, in Chapter 5 guidelines for improved rebar cage stability are proposed and concluding
remarks based on the experimental and analytical investigations are listed.



Chapter 2
Bridge Rebar Cage Assembly, Construction Practices and
Pretest Analysis

2.1 Introduction

This chapter discusses the construction specifications for bridge column rebar cages
established by Caltrans, the components of column rebar cages, the assembly and construction
practices. This chapter also presents the pretest analysis results of bridge column rebar cages. The
finite element software ADINA (ADINA R & D, Inc., 2010) was used to create the computational
models and perform the nonlinear analyses of column rebar cages under lateral loading. The
kinematics and the type of analysis are described in this chapter. The elements used to model the
longitudinal and transverse reinforcing bars along with the braces and tie wire connections of the
column rebar cages are also presented in this chapter. The analytical investigation showed that the
connection flexibility between the longitudinal and transverse reinforcement and the behavior of
braces havr critical effect on the lateral stiffness and strength of column rebar cages. Without
realistic models of connection flexibility (translation in x, y, and z directions and rotation about x,
y, and z axes), the behavior of column rebar cages under lateral loading cannot be assessed.
Upper and lower bounds were utilized in the computational model for the connection flexibility to
determine the overall lateral behavior and to aid in the selection of the test specimens.

2.2 Caltrans Standard Specifications and Column Rebar Cages

Few guidelines exist on the assembly of bridge column rebar cages. The general
requirements are presented by Caltrans Standard Specifications (2006) in Section 52:
“Reinforcement” under 1.07 “Placing”. “Reinforcement shall be accurately placed as shown on
the plans and shall be firmly and securely held in position by wiring at intersections and splices.”
No specifications exist for the type or strength of tie wires; the type and number of tie wire
connections and the presence of internal braces. These decisions are left to the steel fabricator
discretion which indeed vary from one fabricator to another.

The stability and lateral support provisions for column rebar cages are presented also in
Section 52-1.07 Placing: “Whenever a portion of an assemblage of bar reinforcing steel that is
not encased in concrete exceeds 20 feet in height, the Contractor shall submit to the Engineer for
approval, in accordance with the provisions in Section 5-1.02, “Plans and Working Drawings,”
working drawings and design calculations for the temporary support system to be used. The
working drawings and design calculations shall be signed by an engineer who is registered as a
Civil Engineer in the State of California. The temporary support system shall be designed to
resist all expected loads and shall be adequate to prevent collapse or overturning of the
assemblage.” This shows that temporary support system needs to be designed to provide adequate
bracing to the column rebar cage to prevent any lateral instability. Finally, the specifications
regulate the procedure for the removal of the temporary support system: “If the installation of



forms or other work requires revisions to or temporary release of any portion of the temporary
support system, the working drawings shall show the support system to be used during each
phase of construction.”

An amendment in the new Standard Specifications in 2010 presents information on
column rebar cages with diameters of at least 4 ft and larger. Minimum tying requirement and the
need for internal bracing are also presented. The three main requirements are:

1. At least 4 vertical bars of each cage shall be tied at all reinforcement intersections with
double wires.

2. At least 25% of remaining reinforcement intersections in each cage shall be tied with single
wires. Tied intersections shall be staggered from adjacent ties.

3. Bracing shall be provided to avoid collapse of the cage during assembly, transportation and
installation.

It is note here that these three new requirements are coupled with current investigation
that showed the importance of internal braces and the type and number of tie wire connections.
Pacific Coast Steel pioneered this amendment based on discussion with the authors of this report.

2.3 Bridge Column Rebar Cage Assembly

Bridge column rebar cages in zones with high seismicity are normally assembled in steel
fabricator shops. Reinforcing bars are tied at intersections in order to maintain their position
during work. It is known that tying does not add strength to the finished reinforced concrete
structure, but it plays a significant role in the stability of a rebar cage during construction. This
sometimes simple connection, allows the cage becomes a stable structure, which can be
transported, lifted, placed and held during construction before pouring of concrete. The
components used in the assembly of column rebar cages are: reinforcing bars and tie wires
connections. The reinforcing bars form the longitudinal and transverse reinforcement that are
normally #11 and #8 bars, respectively. Internal braces when used are normally #8 bars.

Bridge column rebar cages are assembly in steel fabrication shops. Two steel W-shape
sections with properly spaced drilled holes at the flanges are used to support the hoops. All the
hoops are placed into the holes, spaced out as indicated on the placing drawings as shown in Fig.
2.1. Then four longitudinal bars that form the shape of a square and normally identified as “pick-
up” bars are tied to each hoop. Figure 2.2 shows these bars in a assembled column rebar cage. It
is to note here that these bars are responsible for holding the weight of the cage during the pick-
up process, hence their name. The remaining longitudinal bars are added and tied to the template
hoops, which are spaced around 8 to 10 ft intervals along the length of the cage. Figure 2.3 shows
the markings made on a template-hoop during the assembly of a column rebar cage. The region
between the template hoops is identified as the field-zone and the longitudinal bars are tied to
staggered hoops in this zone. Figure 2.4 shows a rebar cage with the locations of pick-up bars,
template hoops, field zone along the height of the cage.



2.3.1 Tie Wires

Tie wires in column rebar cages are made of black soft-annealed steel wires that have
minimum ultimate strength of 40 ksi. Different gauges are available in the market, ranging from
No. 16% to No. 14. The most common gauge used in the State of California is No. 15, although
occasionally No. 16 gauge wire is used by some fabricators. The practice of carrying tie wire
varies somewhat in different regions across the country. Tie wires are usually available in 3 to 4
pound coils. The coils are readily placed in a tie wire holder or reel specially designed for this
purpose. The reel is suspended from the iron worker belt for accessibility and use (CRSI, 2005).
The diameter and cross sectional area of No. 16% through No. 14 gauge wire are tabulated in
Table 2.1. Figure 2.5 shows coils of No. 15 tie wires.

2.3.2 Tie Wire Connections

Different types and methods for tying reinforcing bars can be found in construction
practices. The Concrete Reinforcing Steel Institute defines five types of tie wire connections as
the most common: snap (single and double snap), wrap-and-snap, saddle (single and double U),
wrap-and-saddle, and figure-eight (CRSI, 2005). Several steel fabricators and iron workers were
interviewed throughout this investigation to identify the most common types of tie wire
connections used in bridge column rebar cages. Single-snap, double-snap, single-U, double-U,
column-tie, wrap-and-saddle and strong-tie connections were found to be the most common
among the fabricators and iron workers in California.

Each type of tie wire connection has its own particular way of connecting the reinforcing
bars. However, the tying procedure is the same for all of them. The intersection between
reinforcing bars is wrapped differently depending on the type of tie wire connection. No matter
which wrapping style is used for the connection, the two ends of the wire come together on the
top and are twisted together and “heeled” with a pair of pliers until they are tightly fit against the
reinforcing bars. Special care must be taken as the ends are twisted and heeled because excess of
twisting and “heeling” may break the wire. Experienced iron workers produce “tight-fit”
connections while inexperienced ones produce “loose” connections.

Single-snap
The single-snap connection is a very simple and fast-made tie wire connection. The

intersection of the reinforcing bars is wrapped once around in a diagonal manner. Figure 2.6
shows a photo of this type of connection.

Double-snap

The single-snap tie wire connection can be made stronger by doubling the wire and
producing a double-snap connection. Figure 2.7 shows a photo of this type of connection.

Single-U

The single-U connection is a more complicated connection than the double-snap;
therefore, the single-U takes more time to make, but it will create a stronger connection. The



wires pass halfway around one of the bars on each side of the crossing bars. The ends of the wire
are then brought squarely around the crossing bar, then up and around the first bar where the ends
are twisted and healed. Figure 2.8 shows a photo of this type of connection.

Double-U

The single-U tie wire connection is made stronger by doubling the wire thus creating a
double-U connection. Figure 2.9 shows a photo of this type of connection.

Wrap-and-Saddle

The wrap-and-saddle tie wire connection is similar to Double-U except that an extra wrap
is added to the first bar. Figure 2.10 shows a photo of this type of connection.

Figure-Eight

The intersection of the reinforcing bars is wrapped two times around in a diagonal
manner, forming an X-shape with the wires in the figure-eight connection. Figure 2.11 shows a
photo of this type of connection.

Column-Tie

The column-tie connection mixes the single-U and single-snap tie wire connections. It is
made similarly to the single-U except one of the ends is wrapped around in a diagonal manner
and then both ends are twisted and healed. Figure 2.12 shows a photo of this type of connection.

Strong-tie

The strong-tie is made similarly to the double-U except more than three wraps are used.
The number of wraps depends on the iron worker. It is made in particular intersections of
reinforcing bars that will be presented in following sections. Figure 2.13 shows a photo of this
type of connection. It is to note that there are no special guidelines or procedures for this tie wire
connection. It is normally used during the first stages of the process of tying the cage.

Wrap-and-snap

The wrap-and-snap connection is made by wrapping the wire around one of the bars and
then making a diagonal wrap around the intersecting bar. The connection is completed in the
same manner as a snap-tie. This type of tie wire connection is not used in the assembly of column
rebar cages.

2.3.3 Distribution of Tie Wire Connections in Column Rebar Cages

The patterns and distribution of tie wire connections in bridge column rebar cages vary
among fabricators and state Departments of Transportation. According to CRSI Placing
Reinforcing Bars: “The proper tying of reinforcing bars is essential in order to maintain their
position during work done by other trades and during concrete placement. It is not necessary to



tie reinforcing bars at every intersection”. Tying adds nothing to the strength of the finished
structure. The pick-up bars are tied to the transverse reinforcement at every intersection with
double-snap, or quadruple snap tie wire connections. The intersections between template hoops
and longitudinal bars are tied with either double-U, wrap-and-saddle, column-tie, or strong-tie. In
the field-zone the intersections between longitudinal and transverse reinforcement bars are
usually tied with single-snap or double-snap tie wire connections. Figure 2.14 shows the field-
zone of a column rebar cage and the single-snap tie wire connections that were used. The
percentage of intersections between longitudinal and transverse reinforcing bars that are tied up in
the field-zone varies between 25% and 30% and are staggered from each other. Different States
have various requirements for the percentage and the type of connections in the field-zone.
Caltrans Standard Specifications Section 52-1.07 “Placing” says: “Reinforcement shall be firmly
and securely held in position by wiring at intersections” Some fabricators tie 20% to 30% of the
field zone. Nevada Standard Specifications Section 505.03.04; Placing and Fastening of the
Reinforcing Steel specification along with Arizona Standard Specifications Section 605-3;
Construction Requirements of the Steel Reinforcement Specification states: “Where
reinforcement spacing is less than 12-in each direction alternate intersections may be tied.”
While the Nevada DOT Standard Specification Section 509.03.11 Reinforcing Steel for drilled
shaft foundations does require “Double tie, with double wires” However it specifically says
“every other intersecting vertical and spiral or hoop member of the reinforcing cage in each
direction.” Arizona DOT Standard Specification Section 609-2.02 Reinforcing Steel references
Section 605. Double wire is not specified.

2.3.4 Internal Braces

According to CRSI Placing Reinforcing Bars: “For large square or rectangular column
cages, it may be necessary to provide diagonal reinforcing bar braces or wire bracing to stiffen
the bars and to prevent the column cage from collapsing as it is lifted off the ground to a vertical
position and set into place”. Depending on the length, diameter of the cage and the experience of
the fabricator, internal braces may be placed inside the cage. These internal braces vary in detail
and location from one fabricator to another. Two braces are commonly used in California, X-
braces and Square braces. The X-braces are normally made of 4 #8 bars, bent in a Z-shape and
welded to two inner rings at the ends of the bars. The braces are tied to the longitudinal bars and
spaced at 10 ft intervals along the length of the rebar cages. The X-braces bars have a point in
common in the center of the brace where they are welded to each other. Figure 2.15 shows a
detail of an X-brace.

The Square brace is made of 8 #8 bars that are also bent in a Z-shape, welded to two
inner rings at the ends of the bars, and tied to the longitudinal bars at 10 ft intervals. The square
braces bars have three points in common with adjacent bars; two of the points are close to the
ends and one in the center of the brace where they are welded to each other. Figure 2.16 shows a
detail of square brace. The square brace is preferred by many contractors since it allows the
concrete to be poured in through the “tremi-tube” without the interruption of the X-brace.

2.4 Construction Practices of Bridge Column Rebar Cages
After the column rebar cage is assembled in the shop, it is delivered to the construction

site. Caltrans Standard Specifications (Caltrans, 2006) Section 52-1.07 requires the contractor to
submit a temporary support system plan, commonly called “Guy Wire Plan”, to the engineer for
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approval. A properly designed system with a proper installation sequence will ensure the stability
of the column rebar cage. Depending on the type of the base of the column, the sequence and
installation procedure varies.

2.4.1 Pinned Base Columns

A field trip was made to the construction site of a bridge close to Livingston, California.
The bridge has two spans with three columns bent. The columns are pinned at the base. Figure
2.17 shows one of the column rebar cage with two X-braces ready to be installed inside the
column forms. The contractor used a crane to erect the column forms first. While the crane was
holding the column forms, the temporary support system was installed. Figure 2.18 shows the
column forms with the temporary support. Thereafter, the same crane was used to lift the column
rebar cage as shown in Fig. 2.19. Figure 2.20 shows the rebar cage being placed inside the
column forms. For this type of column, the rebar cage is always held by the crane during the
installation procedure. Therefore, collapse for the column rebar cage is very small. This
construction practice should be encouraged at construction sites for pinned columns.

2.4.2 Fixed Base Columns

There are two procedures for the installation of column rebar cages with a fixed base: one
using two cranes and the other using one crane. In the two crane procedure, the contractor uses
one of the cranes to support the column rebar cage while the guy cable system is temporarily
removed. The second crane is used to install the column forms, and then the guy cable system is
reinstalled. Similar to the procedure for a column with pinned base, the rebar cage is always being
held by the crane and no potential of collapse is presented.

The construction of a bridge column with fixed base was visited during this investigation.
The construction site was located close to Lincoln, California. It is a two span bridge with single
column bent. Only one crane was used for the installation of the column rebar cage. Figure 2.21
shows the column rebar cage with two internal X-braces ready to be erected. After the erection,
the rebar cage was swung into the footing location as shown in Fig. 2.22. While the crane was
holding the cage, the iron workers attached the bottom of the cage to the bottom mat of the
footing as shown in Fig. 2.23. The rebar cage was guyed at four locations according to the guy
cable plan, as shown in Fig. 2.24. Depending on the height of the column rebar cage, multiple
levels of guy cables could be used, as shown in Fig. 2.25. The common practice is that for height
larger than 40 ft two levels of four guy cables have to be used. The guy cables were attached to
anchor points and the slack of the cables was removed as shown in Fig. 2.26. If the rebar cage
shows no indications of instability, the crane is released and the column rebar cages stands by
itself with the help of the guy cables as shown in Fig. 2.27. Thereafter, the concrete of the footing
is poured and the column forms are installed. However, the guy cable locations usually conflict
with the column forms and at least two guy cables must be temporarily removed. It is important
to note here that most of the instability incidences occur at this phase of construction. Once the
column forms are securely guyed using the two guy cables that were previously removed, the
other two guy cables are removed from the rebar cage and the second piece of the column form is
attached to the first piece and guyed using the guy cables that were removed the second time.
When the column forms are installed, the rebar cage is laterally braced by the column forms.
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2.4.3 Guy cables

A survey on the guy cables used in California among several contractors. The results of
the survey show that contractors typically use 6x19 Independent Wire Rope Core (IWRC) and the
diameter could vary from 3/8 to 5/8 inch. The cross sectional properties, the nominal breaking
strength and the weight per foot of these types of cables are summarized in Table 2.2.

2.5 Rebar Cage Computational Models

The general purpose finite element analysis software ADINA (ADINA R & D, Inc.,
2010) was used to study the behavior of bridge column rebar cages. ADINA offers both
eigenvalue buckling analysis and nonlinear analysis.

2.5.1 Modeling of Reinforcing Bars

The longitudinal and the internal braces bars were modeled with the ADINA Elastic-
Plastic Multilinear Moment-Curvature beam element. This element allows for the behavior of
members to be described in the form of bending moment-curvature relationships and torsional
moment-angular twist relationships with the presence of axial forces. The geometric and material
nonlinearities are incorporated in the model with plasticity based on the von-Mises-yield
condition. The flexural behavior of the element is defined by two bending moment-curvature
relationships, one for each principal plane of inertia. Multilinear functions are used to express the
bending moment in terms of curvature and the torsional moment in terms of twist angle per unit
length. The moment-curvature relationships were obtained using a section analysis program based
on material properties. The transverse bars were modeled with the ADINA linear beam element.
This element is a 2-node Hermitian beam element with a constant cross-section and 6 degrees of
freedom at each node.

The cross sectional properties of the longitudinal, transverse and internal brace elements
are summarized in Table 2.3. These bars are the most commonly used in the assembly and
construction of column rebar cages in the State of California.

Axial Behavior of Internal Braces

Analytical analyses on a #8 half length brace bar were performed to determine the
behavior under axial loading. The length of the brace bar modeled was equal to 5°-2.4”; thus, the
slenderness ratio (L/r) was equal to 250. Therefore, the stability of these bars is dominated by
elastic buckling. Models with different boundary conditions were analyzed: both ends pinned
(pinned-pinned), one end fixed and the other end pinned (fixed-pinned) and both ends fixed
(fixed-fixed) as shown in Fig. 2.28. Figure 2.29 compares the axial force-axial displacement
curves obtained from the analyses. The buckling loads for the three cases analyzed pinned-
pinned, fixed-pinned and fixed-fixed were equal to 3,586 1b, 7,338 1b and 14,340 Ib, respectively.
The deformed shapes of the three cases are shown in Fig. 2.28. Since the slenderness ratio is high,
250; the buckling loads obtained from the analytical models are similar to the buckling loads
calculated using the classical Euler buckling load equation:
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Using the adequate value of k based on the boundary conditions: 1 (pinned-pinned), 0.7
(fixed-pinned), and 0.5 (fixed-fixed) as shown in Fig. 2.28. The buckling loads for the three cases
are 3,610 lb, 7,601 1b and 14,899 Ib, respectively. Therefore, it could be concluded that the
analytical model captures the elastic buckling of the brace bars.

The boundary conditions of the bracing bars are complex and cannot be idealized as
pinned or fixed. Figure 2.30 shows a close-up of the connection between the end of one brace bar
to the longitudinal bar. The end of the brace bar is welded to the inner ring, and the latter is tied to
the longitudinal bar. An idealization of the boundary conditions of the X-brace bars is shown in
Fig. 2.31. The top end boundary condition was idealized as restricted in the translational degree
of freedom and semi-rigid in the rotational degree of freedom. This represents the brace bar to the
longitudinal bar connection. The bottom end boundary condition was idealized as fixed in the
rotational degree of freedom and semi-rigid in the translational degree of freedom, which
represents the connection at the common point of the brace bars. Analytical analyses were
performed to determine the effect of the top rotational spring stiffness (ky) and bottom
translational spring stiffness (k,) on the buckling load of the bar. The results of the analysis are
shown in Fig. 2.32. The buckling load of the #8 bar increases with the stiffness of the lateral
spring and the stiffness of the rotational spring. However, the results are limited by upper and
lower bounds. For large values of the rotational and translational spring stiffnesses, the buckling
load of the #8 bar approaches to 14,899 1b which is the buckling load of a bar with both ends
fixed (fixed-fixed). For small values of the rotational and translational spring stiffnesses, the
buckling load of the #8 bar approaches to 897 1b which is the buckling load of a bar with one end
pinned and the other end fixed in the rotation degree of freedom but free in the translation degree
of freedom.

The same analysis discussed above was done for a Square brace bar. An idealization of
the boundary conditions of the Square brace bar is shown in Fig. 2.33. The top and bottom
boundary conditions are the same as the X-brace bar. An intermediate lateral support was added,
which represents the connection at the common point with the adjacent bar brace. The results of
the analysis are shown in Fig. 2.34. The buckling load of the #8 bar increases with the stiffness of
the lateral springs and the stiffness of the rotational spring.

The buckling loads of the bars for both X-brace and Square brace depend on the
boundary conditions. The top boundary condition is provided by the connection between the
brace bar to the longitudinal bar. Therefore, the rotational stiffness (k) depends on the weld
between the brace bar and the inner hoop, and on the tying between the inner hoop and the
longitudinal bars. The bottom and intermediate boundary condition (k,) are provided by the
connection between the brace bars which are welded to each other in the common points.

2.5.2 Computational Model of Tie Wire Connection
In the computational model the tie wire connections between the longitudinal and

transverse reinforcing bars were modeled with nonlinear translational trusses and nonlinear
rotational springs as shown in Fig. 2.35. At the intersection between the vertical and horizontal

13



elements (longitudinal and transverse bars), two nodes were defined with the same coordinates.
One node belongs to the vertical elements and the other belongs to the horizontal elements. The
link between these two nodes, representing the connection between vertical and horizontal
elements (tie wire connection), was divided into six degrees of freedom, three translational (Ax,
Ay, and Az) and three rotational (6x, By, and 6z). At each intersection three orthogonal directions
were defined, normal, tangential and vertical. In each direction, a node was defined 1 ft away
from the intersection point of the elements. To simulate the semi-rigid behavior of the tie wire
connections in the six degrees of freedom, three truss elements and three spring elements were
added between the node of the vertical elements and the three 1-ft spaced orthogonal nodes. Each
orthogonal node was connected to the horizontal element node with rigid links. Figure 2.36 shows
the discretization of the translational trusses in the normal, tangential and vertical directions, and
Fig. 2.37 shows the discretization of the rotational springs in the normal, tangential and vertical
directions.

A study of a local model of tie wire connection was performed. The structure consisted of
two vertical beam elements and one horizontal truss element as shown in Fig. 2.38. The force of a
truss element under various analysis options were investigated: 1) all members subjected to large
displacement theory, 2) all members subjected to small displacement theory, and 3) beam
elements subjected to large displacement theory and truss elements subjected to small
displacement theory. Figure 2.39 shows the results of the analysis of the three cases. The three
cases show different results as displacement gets large. As expected, Case 2 showed linear
behavior because all elements were subjected to small displacement theory. The truss member
force for Case 1 showed nonlinear behavior and after 4.8-in of top displacement a softening
behavior was seen. However, the reaction at support B for this case consisted of components in
X-direction and Z-direction. The resultant force for these reaction components was the same as
the truss force. The truss member force variation for Case 3 showed hardening behavior and only
X-direction reaction component. The direction of the truss member force is horizontal through all
loading steps; however the deformed shape is significantly deviate from the horizontal line.

2.5.3 Model of Guy Cables

The guy cables were modeled using the ADINA 2-node truss element. To be able to
capture only the tensile force behavior of a cable, an elastic material model with only tensile
stresses was defined for these elements. In the computational model, the diameter used for the
guy cable was 7/16-in as shown in Table 2.2. Manufactures of this type of wire report a typical
value for the elastic modulus equal to 14,500 ksi.

2.5.4 Load Application and Analysis Procedure

The instability incidences in bridge column rebar cages have occurred when two guy
cables from the temporary support system were removed and the bridge column rebar cage is left
being supported by the other two guy cables. The lateral behavior of bridge column rebar cages
under this circumstance was investigated using nonlinear pushover analysis. Furthermore,
thinking in future experimental investigation is a simple mode of load application that can be
implemented in a full-scale test. Displacement control was applied at two nodes 90 degrees apart
and located at two thirds of the total height above the base. The angle between the horizontal
plane and the guy cables was named alpha (a) as shown in Fig. 2.40. Equal incremental
displacement was applied along both directions of the two guy cables.
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Nonlinear push-over analysis was used to determine the stiffness and strength of bridge
column rebar cages. The solution to the static equilibrium equations in each iteration is obtained
using Full Newton procedure with line search. The Automatic-Time-Stepping (ATS) method was
used to obtain a converge solution. This method automatically subdivides the load step increment
to help reach convergence. The tolerances were based on both energy and force balances and
were selected to make sure that the solution follows a physical path. The convergence criteria are
used in each subdivision of load step. Large displacements were used in the analytical analysis
which accounts for geometric nonlinearity.

2.6 Preliminary Pretest Analysis Results

Nonlinear analytical analyses were performed to determine the effect of the connection
between the longitudinal and transverse bars on the overall response of bridge column rebar
cages. A rebar cage for a column diameter of 4 ft (44 in diameter of rebar cage) and height equal
to 34 ft was selected. The longitudinal reinforcement and the transverse reinforcement were equal
to 2%, resulting in 24 #11 longitudinal bars and #8 hoops spaced at 3.5-in. A tie wire connection
was defined for every intersection between longitudinal and transverse bars; this represents the
maximum tying a bridge column rebar cage can have. Analytical analyses were conducted on
seven column rebar cage models. The results were summarized in the form of resultant cable
displacement-resultant cable force relations. The flexibility of the connection was changed in the
models; each degree of freedom (Ax, Ay, Az, 0x, Oy, and 0z,) in the connections between
longitudinal and transverse bars was released. Figure 2.41 compares the response obtained from
the analytical analyses. The resultant curves show that the behavior of column rebar cages is
affected by the connection at the intersections between longitudinal and transverse bars. The
release of the Oy, and 0z did not affect the behavior of rebar cage models. Instead the release of
Ax, Ay, Az, and 0x have a significant effect on the lateral response of column rebar cages. A close
up of the response curves for the releases of the normal, tangential, and vertical translational (Ax,
Ay, and Az) and normal rotational (8x) degrees of freedom is shown in Fig. 2.42. The lateral
response of column rebar cages is significantly affected by the flexibility of the connection
between longitudinal and transverse bars in Az. The release of this degree of freedom produces an
instable behavior of the column rebar cage model because the hoops and the longitudinal bars
were not connected and large displacements in the hoops along the vertical direction were
obtained. Therefore, a realistic model of the connection between longitudinal and transverse bars
is required to determine accurately the behavior of bridge column rebar cages under lateral
loading.

Analytical analyses were conducted to determine the effect of internal braces in the
behavior of bridge column rebar cages. The properties and dimensions of the column rebar cage
models were the same as the presented above. The connections between longitudinal and
transverse bars were modeled as pinned. The analyses performed were in a rebar cage model
without internal braces, with X-braces and with Square braces. The height of the braces was 9’-
7.5 and they were spaced 10°-6” apart as shown in Fig. 2.43. The braces were rigidly connected
to the corresponding longitudinal bars. Figure 2.44 compares the results obtained from the
analytical analyses conducted on the three models. The resultant curves show that the behavior of
column rebar cages is affected by the use of internal braces. However, the increase on the
stiffness is not significant, 10% when X-braces were used and 14% when Square braces were
used. This could be attributed to the model of the connection between longitudinal and transverse
bars. Although, they were modeled pinned, the flexibility of the connections is still too high
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which generates a rigid behavior of the column rebar cage, even without braces. Figures 2.45 and
2.46 show the axial force of the brace bars for both rebar cages, with X-braces and Square braces.

Buckling of the brace bars was not observed. Linear behavior for all the brace bars was seen
through all loading steps.
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Chapter 3
Experimental Investigation

3.1 Introduction

This chapter discusses the experimental investigations that were conducted to evaluate
the lateral behavior of bridge column rebar cages. The experimental program was divided into
two parts:

1. Establish the behavior of column rebar cage components under various types of
loading
2. Determine the behavior of full scale column rebar cages under lateral loads.

3.2 Components of Bridge Column Rebar Cages

The components of column rebar cages are: tie wire connections and reinforcing bars.
The longitudinal and transverse bars in column rebar cages are tied together with tie wires at
certain intersections creating a stable temporary structure, that can be transported, lifted, placed,
and supported before the concrete is poured. Therefore, the response of these components under
various types of loading is essential for understanding the behavior of column rebar cages under
lateral loading.

3.2.1 Tie Wires

Tie wires in column rebar cages are made of black soft-annealed steel wires with a
minimum ultimate strength of 40 ksi. Different gauges are available in the market, from No. 16%
to No. 14. The most common gauge used in the State of California is No. 15; although
occasionally No. 16 gauge wire is used by some fabricators. Fig. 2.5 shows coils of No. 15 tie
wires. The diameters and areas of No. 16% to No. 14 gauge wire are tabulated in Table 2.1.

3.2.1.1 Stress-strain Response of Tie Wires

In bridge construction, tie wires are only used to hold the reinforcing bars in place before
the concrete is poured; therefore their strength have not been of concern after the concrete is
poured. However, in this study the tie wires are essential to the stability of bridge column rebar
cages. Tie wire connections consist of wraps of wire around the bars that are being connected.
When these bars are moved away from each other, then the tie wires are subjected to various
forces. Therefore, the mechanical properties of tie wires influence the response and strength of tie
wire connections.

Pacific Coast Steel, a steel contractor based in Fairfield, CA, conducted tests to determine
the ultimate strength of different gauges of tie wires. Three different gauges were tested, No.
16Y4, 16 and 15. The ultimate strength values obtained from the tests are presented in Table 3.1.
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The average ultimate strengths for these gauges were equal to 47.5 ksi, 48.1 ksi, and 49.1 ksi
respectively.

Little information is known about the stress-strain response of tie wires. A series of
tensile tests were conducted according to ASTM-370 procedure to determine the stress-strain
response of No. 15 tie wire. The tensile tests were carried out on a MTS loading frame with
displacement control. Two threaded rods were used to attach the tie wire samples to the loading
frame. An inclined hole with a diameter slightly greater than the wire was drilled in the center of
the cross section to one side of each rod. The ends of the tie wire were threaded through the
drilled holes and wrapped around the rods providing adequate clamping. The samples had a total
length around 25-in and a final straight length between rods of 9.0-in. The deformation was
measured with an Epsilon axial extensometer with 8-in gauge length that allowed the capture of
the full stress-strain curve to failure. The load was measured with a 5,000-1b axial load cell
located in between the grip and the threaded rod. Figure 3.1 shows a photo of the tie wire,
threaded rods, load frame, load cell, and extensometer. The stress-strain curves obtained from the
tensile tests are shown in Fig. 3.2, and the ultimate strength for each coupon is tabulated in Table
3.1. Figure 3.3 shows a fracture within the gauge length of the tie wire coupon. The average
ultimate strength obtained from the conducted tests was equal to 47.3 ksi. Therefore, the average
tensile strength of No. 15 gauge tie wire is equal to 194 1b.

3.2.2 Nonlinear Behavior of Tie Wire Connections

As explained in Section 2.5.2, the tie wire connection was modeled with nonlinear
translational trusses and nonlinear rotational springs at the intersection between longitudinal and
transverse bars. A series of experiments were carried out to determine the force-deformation
responses of six different tie wire connections. The connections tested were: single snap, double-
snap, single-U, double-U, column-tie and wrap-and-saddle. Figure 3.4 shows close-up photos and
details of these connections. These six types of connections represent the most used tie wire
connections in column rebar cages. The tie wire connections were for #11 and #8 bar because
these are the most commonly used rebar sizes in California for longitudinal and transversal
reinforcement, respectively.

The effect of workmanship on the tie wire connection deformation response was also
investigated. A total of 152 specimens equally divided into two groups were tested, with each
group having 4 specimens per type of tie wire connection. The first group of tie wire connection
utilized an experienced iron worker while the second group utilized an inexperienced one to
determine the effect of workmanship on the overall deformation response.

3.2.2.1 Translational Springs

3.2.2.1.1 Test Fixture

A fixture was designed and constructed to represent the intersection between reinforcing
bars of column rebar cages. The fixture was made of two C-shaped steel frames with the
reinforcing bars welded to them. The normal translational (Ax) direction of the tie wire
connection was tested by connecting the bars welded to the C-shaped frames perpendicular to
each other. This test fixture configuration simulated a hoop being pulled out-of-plane of the
longitudinal bar, as shown in Fig. 3.5.
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A separate fixture was used to test the tangential (Ay) and vertical (Az) translational
directions of tie wire connections. The C-shaped frame with the #11 bar was attached to the
bottom grip of the loading frame. A vertical #8 bar attached to the top grip was connected
perpendicularly to the #11 bar welded to the C-shaped frame. The Ay and Az directions of the tie
wire connections were tested by applying an upward displacement to the #8 bar. Some tie wire
connections are symmetric in these two directions depending on how the wrapping is made. For
example, the wrap-and-saddle connection may have the extra wrap around the hoop or around the
longitudinal bar. For this reason, Ay and Az directions were differentiated to determine the effect
of the unsymmetrical wrapping. Figure 3.6 shows the test fixture configuration for the tangential
and vertical directions.

An MTS loading frame with displacement control was used to apply the load in these
tests. The load was measured with a 5,000-1b axial load cell placed in between the fixture and the
top grip. The deformation data was obtained from the displacement transducer of the loading
frame. The displacement was applied at a rate of 0.010-in per second and the data acquisition
system sampling rate was equal to 4 Hz.

3.2.2.1.2  Tests Results

The test specimens were identified with the initial letters of the tie wire connection type,
the direction tested, and the number of the specimen. If the specimen was made by an
experienced iron worker “I” was set before the specimen name and if an inexperienced worker
was utilized “II” was set before the specimen name. For example: [-CT-X-3 identifies the third
specimen of a column-tie connection along Ax direction utilizing an experience iron worker.
Figure 2.33 shows the discretization of the translational trusses in Ax, Ay and Az directions.
Figure 2.34 shows the discretization of the rotational springs in 8x, 8y and 6z directions. The Ay
and Az responses of single-snap, double-snap, single-U, double-U and column-tie are the same
due to the symmetry of their wraps. The Ay direction response corresponds to the wrap-and-
saddle connection made with the extra wrap around the #8 bar. The Az direction response
corresponds to the wrap-and-saddle connection made with the extra wrap around the #11 bar.
Table 3.2 presents the identification used in the experimental work.

Normal Translational Direction (4x) of Tie Wire Connections made by Experienced Iron worker

The force-deformation responses for the single-snap and double-snap tie wire
connections are shown in Fig. 3.7. The response curves for the [-2ST-X-2 and [-2ST-X-4 present
very different relationships. Discrepancy in the responses could be attributed to a lack of
tightening for specimen [-2ST-X-2 which allowed large deformation before failure and an
excessive heeling for specimen [-2ST-X-4 that could have broken the tie wires before testing,
ultimately causing failure at small deformations. However, the response curves for specimens I-
2ST-X-1 and I-2ST-X-3 were similar in shape. The response curves obtained from the four
single-snap tie wire connections specimens presented minimal differences.

Figure 3.8 shows the force-deformation responses for the single-U and double-U tie wire
connections. The response curves for the single-U tie wire connections show good agreement in
stiffness and maximum force. The stiffness in the response of specimen [-2U-X-4 was higher than
the stiffnesses obtained from the other three specimens. This could be attributed to a lack of

19



tightening in specimen I-2U-X-4. The maximum load in the response of specimen [-2U-X-3 was
lower than the obtained from the other specimens.

The force-deformation responses for the column-tie and wrap-and-saddle tie wire
connections are shown in Fig. 3.9. Specimen [-CT-X-2 reached its maximum load at a smaller
deformation than the other three specimens. This could be attributed to an excessive heeling
similar to specimen [-2ST-X-4. However, the response curves for specimens [I-CT-X-1, [-CT-X-3
and [-CT-X-4 presented minimal differences. The response curves for specimens with wrap-and-
saddle tie wire connections were similar for deformation up to 0.20-in.

In general, the trend in the responses obtained in the normal direction (Ax) for the tie wire
connections made by the experienced iron worker were similar and presented no large
discrepancies. Most failures occurred at a deformation of less than 0.40-in. Figure 3.10 shows the
fracture of single snap tie wire connection after being tested in the Ax direction.

Table 3.3 shows a comparison of the average maximum strength of the specimens made
by the experienced iron worker in the normal direction (Ax) and the strength calculated by
multiplying the number of wires that intersect a plane drawn between the connected bars with the
ultimate strength of the wire. The experimental maximum strength obtained for each connection
is less than the calculated strength based on the number of tie wires. The difference in strength is
less than 18% for the single-U, double-U, column-tie and wrap-and-saddle connections. The
single-snap and double-snap have a larger difference because the whole strength of the wire is not
utilized due to the inclination of the wires with respect to the load line application. However, it
could be concluded that the strength of the tie wires influences the strength of the tie wire
connection in the Ax direction.

Tangential (Ay) and Vertical (Az) Directions of Tie Wire Connections made by Experienced Iron
worker

The force-deformation response curves in Ay and Az directions for single-snap, double-
snap, single-U, double-U and column-tie connections are shown from Fig. 3.11 to 3.13. Large
deformations up to 1.60-in were seen before failure. The force-deformation response curves show
sudden changes in strength and stiffness; and differences in the response curves for specimens of
the same type of tie wire connection were seen. Figure 3.15 shows a fracture of a single-U tie
wire connection. The discrepancies could be attributed to different tightening and heeling in the
specimens. Figure 3.14 shows the force-deformation response curves for wrap-and-saddle tie wire
connection. The response curves for both directions were similar in shape to the curves presented
earlier. The maximum force was higher in the tangential direction, i.e. the extra wrap was made
around the hoop.

The jumps in the force-deformation curves could be attributed to the grooves of the
reinforcing bars. While the wires are in contact with a groove, deformation is restricted while
force continues to increase. When the wires are in between grooves, a relatively low amount of
force is needed to further the deformation. The same fixture was used in each experiment; two
grooves were always encountered in the top bar as shown in Fig. 3.6; which explains why the
response curves presented two peaks. The initial stiffness of the specimen was low because the
wraps of the connection were always placed between bar grooves. Approximately 0.4-in of
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displacement was required before encountering the first reinforcing bar groove, explaining the
sudden increase in force that occurs around 0.4-in. of deformation. This issue cannot be
controlled in the fabrication of column rebar cages because the spacing of the hoops is given in
the design of the bridge columns. Therefore, the behavior of the tie wire connections in Ay and Az
directions could be different for each connection of a column rebar cage regardless of the type of
connection. Because of this uncontrollable factor and the belief that deformations larger than 1-in.
are not physically possible, the force-deformation curves for the vertical and tangential directions
of tie wire connections were conservatively constructed in the analytical model without any
sudden change in force until 1-in of deformation had occurred.

Based on the experimental results, the weakest tie wire connection is the single-snap.
Doubling the wire, i.e. a double-snap connection, increased the translational strength by only
50%. A greater effect is presented in the single-U tie wire connection when the wire is doubled;
the strength in the translational directions is increased almost two times. The strongest
connections in the translational directions are the double-U and the wrap-and-saddle tie wire
connections.

Normal Translational Direction (4x) of Tie Wire Connections made by Inexperienced Iron
worker

The force-deformation responses for the single-snap and double-snap tie wire
connections are shown in Fig. 3.16. There is good agreement in the stiffness and maximum force
in the responses between specimens for single-snap and double-snap tie wire connection. This
could be attributed to homogenous tightening and heeling of each specimen. The experimental
data of the fourth specimen with a double-snap tie wire connection could not be obtained due to
an error in the data acquisition system.

Figure 3.17 shows the force-deformation responses for single-U and double-U tie wire
connections. The response curves of the specimens with single-U tie wire connection were very
similar in shape. The stiffnesses of specimens II-2U-X-1 and II-2U-X-3 were greater than the
stiffnesses of specimens 1I-2U-X-2 and 1I-2U-X-4. Also, the failure of specimens II-2U-X-1 and
II-2U-X-3 occurred at smaller deformations. The greater stiffnesses and premature failures could
be attributed to an excessive heeling in the specimens.

The force-deformation responses for the column-tie and wrap-and-saddle tie wire
connections are shown in Fig. 3.18. The trend in the responses obtained for the specimens with
column-tie and wrap-and-saddle connections were similar in shape and presented no large
discrepancies which could be attributed to equal tightening and heeling.

Tangential (Ay) and Vertical (Az) Directions of Tie Wire Connections made by Inexperienced
Iron worker

Figures 3.19 to 3.21 show the force-deformation responses for single-snap, double-snap,
single-U, double-U and column-tie connections. The force-deformation response curves show
sudden changes in force and stiffness similar to the responses of the connections made by the
experienced iron worker. Similar trends in the force-deformation curves were obtained for each of
specimens. This could also be attributed to similar tightening and heeling for each specimen.
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The force-deformation for the wrap-and-saddle connection are shown in Fig. 3.22. The
response curves in the vertical direction (extra wrap made around the longitudinal bar) did not
present the two sudden increases in the stiffness that are present in the response curves in the
tangential direction. Discrepancies in the responses could be attributed to a lack of tightening in
the wrapping. Similar to the specimens made by the experienced iron worker, the forces are
higher when the extra wrap is made around the hoop.

Workmanship effect on the response of Tie Wire connections in Ax, Ay and Az

The average maximum strengths and stiffness in Ax, Ay and Az directions obtained from
the experiments conducted in tie wire connections made by the experienced iron worker and
inexperienced worker are tabulated in Table 3.4 and 3.5, respectively. The average normal (Ax)
response of tie wire connections made by experienced iron worker and inexperienced worker are
summarized in Figs. 3.23 and 3.24. Based on these results, workmanship has a significant effect
in the Ax strength of tie wire connections; the experienced iron worker produces stronger
connections in comparison to the inexperienced worker. This is attributed to lack of tightening
and heeling in the wrapping. The lack of tightening is also seen in the maximum deformations
that occurred before the failure of the tie wire connections. The specimens made by the
experienced iron worker had maximum deformations up to 0.40-in in comparison to the 0.60-in
deformations obtained by the specimens made by the inexperienced worker.

Figures 3.25 and 3.26 show the average Ay, and Az response of tie wire connections made
by experienced iron worker and inexperienced worker. Although the effect of the workmanship is
not as significant in the Ay, and Az directions; the workmanship does affect the strength of the
connections. The specimens made by the experienced iron worker withstood larger forces than
those made by the inexperienced worker. However, the tendencies of the responses are similar.
They include sudden changes in the strength and stiffness at the same deformations which could
be attributed to the grooves of the reinforcing bars.

The effect of workmanship was mainly seen in the strength of tie wire connections. The
connections made by the experienced iron worker were stronger than the connections made by the
inexperienced one. This is attributed to a better tightening and heeling of the connection produced
by the experienced worker. The workmanship does not have an effect on the overall behavior of
tie wire connections. However, the responses obtained for the connections made by the iron
worker show discrepancies in stiffness and maximum strength of specimens from the same type
of connection; affirming the variability of tie wire connections behavior regardless of the worker
skills.

Table 3.6 shows the recommended strength of tie wire connections that can be used in the
pick-up of a column rebar cage. The strength was calculated based on the average of the
experimental results of tie wire connections made by experienced and inexperienced iron worker.
The recommended strength is the 90% of the calculated average.
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3.2.2.2 Rotational Springs

3.2.2.2.1 Test Fixture

None of the tie wire connections tested provides rotational restraint around the vertical
and tangential (0y and 6z) directions. Therefore, only experiments corresponding to the normal
rotational direction (6x) were conducted. The same fixture used earlier was utilized to determine
the torque-rotation relationship of tie wire connections. The fixture was made of two C-shaped
steel frames with the reinforcing bars welded to them. The normal rotational direction (6x) of the
tie wire connection was tested by connecting the bars welded to the C-shaped frames
perpendicular to each other. This tests fixture configuration simulates both bars, hoop and
longitudinal bar, being rotated in-plane, as shown in Fig. 3.27. A Tinius Olsen torsion machine
was used to apply the load at a constant rotational velocity in these tests. The applied rotation rate
was 3 degrees per minute and the sampling rate was equal to 4 Hz. Figure 3.28 shows the
fixtures, the torsion cell and the accelerometers. The torsion moment was measured with a 24,000
Ib-in torsion cell placed between the right fixture and the right machine grip. The in-plane
rotation between the two bars was measured with two accelerometers attached to each C-shaped
steel frame.

3.2.2.2.2 Tests Results

The test specimens are identified with the initial letters of the tie wire connection type,
the letter R for rotation and the number of the specimen. If the specimen was made by an
experienced iron worker “I” was set before the specimen name and if an inexperienced worker
was utilized “II” was set before the specimen name. For example: I-WS-R-3 identifies the third
specimen made by an experienced iron worker for a wrap-and-saddle connection being tested in
0x. Table 3.2 presents the identification used in the experimental work.

Normal Rotational Direction (0x) of Tie Wire Connections made by Experienced Iron worker

The responses for the single-snap and double-snap tie wire connections are shown in Fig.
3.29. A lower stiffness and a greater ultimate rotation were obtained for specimen [-ST-R-2 than
for the other three specimens with single-snap connection. This could be attributed to a lesser
tightening in the specimen. The response curves for specimens with double-snap tie wire
connection were similar for rotation less than 30 degrees. For larger rotations, discrepancies were
presented which could be attributed to different heeling in the construction of the specimens.

Figure 3.30 shows the responses for single-U and double-U tie wire connections. The
tendencies in the responses of the specimens for both types of connections were similar and no
large discrepancies were presented

The responses of the column-tie and wrap-and-saddle tie wire connections are shown in
Fig. 3.31. Specimens with wrap-and-saddle connections showed similar response curves.
Specimens [-CT-R-1, I-CT-R-2 and I-CT-R-4 exhibited differences in stiffness but similar
ultimate torque values. Specimen [-CT-R-3 failed at a small rotation, which could be attributed to
an excessive heeling.
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All of the experiments conducted on the specimens made by the experienced iron worker
produced a general trend in the torque-rotation responses; the stiffness increased when the
rotation was between 30 and 40 degrees. As the rotation was close to 30 degrees, the wires in the
tie wire connection began to be subjected to tensile forces. Therefore, the change in the stiffness
could be attributed to the engaging of the wires in direct tension. Rotations of up to 70 degrees
were recorded before failure in the specimens. Figure 3.32 shows the fracture of single-snap tie
connection.

The maximum strength for each type of tie wire connection in the normal rotational
direction (0x) is tabulated in Table 3.4. The weakest tie wire connection is the single-snap. Unlike
the translational directions, doubling the wire in the single-snap connection, creating a double-
snap, increases the strength by at least two times. The same effect was observed when the single-
U connection was compared with the double-U connection; doubling the wire results in doubling
the normal rotational strength. The connections with the largest rotational strengths are double-U
and wrap-and-saddle connections.

Normal Rotational Direction (6x) of Tie Wire Connections made by Inexperienced worker

The responses for the single-snap and double-snap tie wire connections are shown in Fig.
3.33. The rotational stiffnesses and ultimate torques for specimens II-ST-R-2 and II-ST-R-4 were
lower than those for specimens II-ST-R-1 and II-ST-R-3. These discrepancies could be attributed
to a lack of tightening and heeling. The trends observed in the responses for specimens with
double-snap tie connection were very different, which could be due to non-homogeneous
tightening and heeling in the wrapping.

Figure 3.34 shows the responses for single-U and double-U tie wire connections. The
overall behavior in the responses of the specimens for both types of connections were similar.
The reason for this was probably that these two types of connections were easy to make, resulting
in a similar tightening and heeling of the specimens.

The responses of column-tie and wrap-and-saddle tie wire connections are shown in Fig.
3.35. Specimen II-CT-R-4 presented a greater rotational stiffness and ultimate torque than
specimens I[-CT-R-1, II-CT-R-2 and II-CT-R-3. However, failure in this specimen occurred at a
lower rotation. This could be attributed to an excessive heeling in the specimen. The rotational
stiffness and ultimate torque for specimen II-WS-R-4 were greater than those for specimens II-
WS-R-1, II-WS-R-2 and II-WS-R-3. However, the trend in the responses for the four specimens
was similar and the change in the stiffness at rotations of approximately 30 degrees was not
presented. The reason for this was probably an inadequate tightening of the specimens.

Workmanship effect on the response of Tie Wire connections in 0x

The average maximum strength and average stiffness in the normal rotational direction
(6x) of tie wire connections are summarized in Table 3.4 and 3.5, respectively. Figures 3.36 and
3.37 show the average 0x response of tie wire connections made by experienced iron worker and
inexperienced worker. The responses of the tie wire connections made by the inexperienced
worker were not as consistent as the responses obtained from specimens made by the experienced
iron worker. Similar to the effect of the workmanship in the translational directions, the rotational
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strengths of the tie wire connections made by the experienced iron worker were greater compared
to the connections made by the inexperienced worker. This could be attributed to lack of
tightening in the wrapping and that the inexperienced worker was not able to “heel” the wire as
well as the experienced iron worker during the wrapping.

Table 3.7 shows the recommended rotational strength of tie wire connections. Similar to
the tangential translational direction, the recommended rotational strength was calculated taking
the 90% of the average between the strength of tie wire connections made by experienced and
inexperienced iron worker.

3.2.3 Reinforcing Bars

As presented in Section 2.5.1, the longitudinal bars and internal braces were modeled
with the ADINA nonlinear moment-curvature beam element. The behavior of this element is
described in the form of relationships between bending moment and curvature and torsional
moment and angle of twist. These relationships are calculated based on the stress-strain and
torsional moment-twist curves of reinforcing bars. Tension tests and torsion tests were conducted
on #6 reinforcing bars to obtain these curves.

3.2.3.1 Tension Tests

To obtain the stress-strain curve of a reinforcing bar, two coupon tests of A709 #6 rebar
were conducted based on ASTM-370 procedure. The length of the samples was 20-in and the
clear length between grips was equal to 10-in. Figure 3.38 shows the test-set up for one of the #6
coupons. Figure 3.39 shows the stress-strain curves obtained from the tension tests. Based on
coupon tests of #6 rebar, the average yield strength was equal to 68 ksi and the average ultimate
strength was equal to 112 ksi.

3.2.3.2 Torsion Tests

Three 12-in #6 steel reinforcing coupons were tested to determine the torsional moment-
twist response of reinforcing bars. The Tinius Olsen torsion machine, a 24,000 Ib-in torsion cell,
and two accelerometers were used to determine the moment-twist response of reinforcing bars.
Each bar was welded using Complete Joint Penetration (CJP) to a steel plate with 5-in diameter
and ¥-in thickness. The twist of the bar was measured with two accelerometers; one was attached
to the left fixed grip of the torsion machine and the other to the 5-in steel plate. Figure 3.40 shows
test set-up for torsion of a rebar. Therefore, the length of the bar between the grips is equal to 9-
in.

The torsional moment-twist responses obtained from the tests are shown in Fig. 3.41. The
torsional response could be described as linear behavior for small twist angles (less than 20
degrees) and plastic behavior thereafter. Failure in specimens 1 and 2 was occurred at twists of
nearly 525 degrees. Specimen 3 reached twists of 745 degrees before failure. Figure 3.42 shows
the fracture of the rebar at the end of the experiment. The specimens failure occurred in the
vicinity of the weld of the bar with the circular steel plate. The discrepancy in the response of the
specimen 3 could be attributed to the quality of the weld. Based on the test results, the yield and
ultimate torsional moment for #6 rebar was equal to 3,750 Ib-in and 7,680 Ib-in.
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3.3 Full-Scale Column Rebar Cage Experiments

Two full-scale static push-over tests were conducted to provide insights into the behavior
of bridge column rebar cages, identify failure modes, and provide data to calibrate the
computational models that can be used for further investigation. The loads were applied to the
specimens at a very low loading rate in the direction of the guy cables until failure. Strains and
displacements were measured during the tests.

Frequency analyses were conducted on a model of a column rebar cage to determine the
principals mode shapes. The rebar cage model had 12 longitudinal #11 bars and hoops spaced at
7.0 in. The height was equal to 12 ft and the diameter equal to 3’- 8”. All the intersections
between longitudinal bars and hoops were tied with wrap-and-saddle tie wire connections.
Figures 3.43 and 3.44 show the two principals mode shapes obtained from the analytical analyses.
Notice that both modes are cantilever flexural modes, the deformed shapes show single curvature,
with displacements in the X and Y directions. Similar shapes are obtained when the column rebar
cage is pulled from two guy cables located in the X and Y axis. Therefore, the loading that was
adopted in the full-scale experiments could be considerable the most adverse for bridge column
rebar cages.

Based on information that was obtained during this investigation, the collapsed bridge
column rebar cages were normally for fixed base column with minimum height-to-diameter ratio
of 8, longitudinal reinforcement ratio (p) 1% to 2% and lateral reinforcement ration (p;), 1% to
2%. Also, that the collapses occurred when part of the temporarily support system was removed.
Therefore, two bridge column rebar cages were selected that represent the dimensions of the
known collapsed cages and the application of the lateral load was performed representing the
removal of two of the four guy cables in the temporarily support system. Two types of internal
braces were selected, X-braces and square braces. The specimens were constructed at Pacific
Coast Steel in Fairfield, CA. This fabricator produces many of California rebar cages. The
fabricator was directed to fabricate rebar cages similar to the ones fabricated to the State of
California.

3.3.1 Test Specimens

Two full-scale test specimens were selected for the experimental investigation. The
height of both specimens was equal to 34 ft. Rebar cages for column diameter of 4 ft were
selected, thus the height-to-diameter ratio of both experiments specimens were equal to 8.5.
Assuming a 2-in clear cover, the outside diameter of the specimens was equal to 3’- 8”. The
longitudinal (p) and transverse (p,) reinforcement ratios of Specimen I were 1% and 1%,
respectively. Thus, 12 #11 bars and #8 hoops spaced at 7.0 in were chosen for Specimen 1. For
Specimen II, the longitudinal (p) and transverse (p;) reinforcement ratios were 2% and 2%,
respectively. Thus, 24 #11 bars and #8 hoops spaced at 3.5 in were chosen for Specimen II. The
weights of Specimen I and II were equal to 4,100 Ib and 8,200 Ib, respectively. Table 3.8
summarizes the properties of these specimens and Figs. 3.45 and 3.46 show the geometry, the
distribution of the template hoops, inner rings and braces of Specimen I and II respectively. The
braces used in Specimen I were X-braces which were made of 4 #8 rebar. The height of the
braces was equal to 9’- 4” and they were spaced at 10°- 6”. The braces used in Specimen II were
square braces made of 8 #8 rebar, with a height of 9°- 8” and spaced at 10’- 6”. Figures 3.47 and
3.48 show the X-braces used in Specimen I and the square braces used in Specimen II,
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respectively. The end of the brace bars were welded to the inner rings and the latter were tied to
the longitudinal bars.

Five types of tie wire connections were used in the construction of the specimens:
double-snap, quadruple-snap, wrap-and-saddle, column-tie and strong-tie; Fig. 3.49 shows details
of each of them. These types of tie wire connections were presented in Section 2.3.2. The
quadruple-snap tie wire connection is a double-snap using double wire.

A mapping of all the connections between the longitudinal bars and hoops was made for
each specimen. A summary of the tie connection mapping for Specimen I is tabulated in Table
3.9. A total of 72.2% of the intersections between longitudinal bars and hoops were tied up;
meanwhile 27.8% did not have any tie wire connection. The most used tie wire connection in the
assembly of this specimen was the quadruple-snap which was used at 41% of the intersections.
Strong tie wire connections as wrap-and-saddle, column-tie and strong-tie were used only in 10%
of the intersections. Table 3.10 summarizes the type of tie wire connections used in the pick-up
bars of Specimen 1. The most used tie wire connections at the pick-up bars were double-snap and
quadruple-snap. A summary of the tie wire connections in the template hoops of Specimen I is
shown in Table 3.11. The most used tie wire connections at the template hoops were wrap-and-
saddle and strong-tie.

A summary of the tie connection mapping for Specimen II is tabulated in Table 3.12. A
total of 48% of the intersections between longitudinal bars and hoops were tied up; meanwhile
52% did not have any tie wire connection. The percentage of tied intersections is lower in
comparison to Specimen I. The most used tie wire connection in the assembly of Specimen II was
the double-snap which was used at 32.6% of the intersections. In the assembly of Specimen II an
even smaller percentage of strong ties was used, only 5.6% of the intersections were tied with
strong tie wire connections. Table 3.13 summarizes the type of tie wire connections used in the
pick-up bars of Specimen II. The most used tie wire connection at the pick-up bars was double-
snap. A summary of the tie wire connections in the template hoops of Specimen II is shown in
Table 3.14. Similar to Specimen I, the most used tie wire connections at the template hoops were
wrap-and-saddle and strong-tie. Figures 3.50 and 3.51 show each specimen standing without any
temporary support before testing

3.3.2 Material Properties

Coupon tests of tie wire were conducted to determine the stress-strain response. The
experimental stress-strain response was then compared to reference values already obtained.
Figure 3.52 shows the stress-strain curves for the different coupons. The average ultimate
strength obtained from the test conducted was equal to 45.3 ksi. This value is close to the value of
47.3 ksi obtained in Section 3.2.1.1 and greater than the value reported by fabricators as the
minimum.

Tension tests were performed on coupons obtained from the reinforcing bars of Specimen
II. Two #8 coupons were cut from the internal braces, and three #11 coupons were cut from one
longitudinal bar. The stress-strain curves from the coupon tests are presented in Fig. 3.53. Based
on tests of #8 coupon the yield strength was equal to 72.8 ksi, the yield strain to 0.0022 and the
ultimate strength to 98.1 ksi. The results of the #11 coupon tests showed that the yield strength
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was equal to 71.1 ksi, the yield strain to 0.0023 and the ultimate strength to 98.0 ksi. The Material
Testing Report (MTR) for the rebars is shown in Appendix L.

3.3.3 Test Set-Up and Loading System

The reaction wall outside the Structures Laboratory at the University of Nevada, Reno
was used for these experiments. A steel bracket was used to attach the base of the rebar cage to
the reaction wall as shown in Fig. 3.54. The steel bracket was composed of a 8x6 feet vertical
plate with a thickness equal to 1-in, a 8x6 ft horizontal 1-in thick plate and four 1-in thick
stiffeners. Twelve dywidag bars prestressed to 120 kips were used to attached the bracket to the
reaction wall. To represent a fixed connection at the bottom of the rebar cage, the longitudinal
bars were CJP welded to a 1.5-in steel plate which was bolted with 16 A325 bolts to the
horizontal plate of the fixture and attached to the reaction wall as shown in Fig. 3.55.

The displacement was applied to the column rebar cage with two 12-kip hydraulic
winches located to the east and to the south of the rebar cage. Figure 3.56 shows the direction of
the cardinal points based on the location of the rebar cage. Both winches were connected to the
rebar cage at a height of 23-ft from the bottom. The shackle used to connect the cable to the rebar
cage was big enough to embrace the longitudinal bar and the hoop as it is in the field. The shackle
used to connect the cable in Specimen I is shown in Fig. 3.57. The displacement and the velocity
were controlled in the hydraulic winches using a MTS FlexTest I[Im controller. The load in both
cables was measured with two 20-kip tension load cells located between the shackle and the
cable. The displacement of the cables was measured with two displacement transducers. These
transducers were attached between the winch and the point at which the cables were connected to
the rebar cage; Fig. 3.58 shows the winch and the displacement transducer box located to the east
of the rebar cage. The data acquisition system was a custom built module with LabView software
incorporated. The sampling rate for both experiments was 8-Hz. Figure 3.59 shows the test-set up
for Specimen I and Fig. 3.60 shows the set-up for Specimen II.

3.3.4 Instrumentation

Instruments were placed throughout the specimens to measure displacements, strains, and
forces. As discussed in Section 3.3.3, two inline 20-kip tension load cells and two displacement
transducers were used to measure the load and displacements in the cables.

The location of the strain gauges for Specimen I and II are shown in Figs. 3.61 and 3.62,
respectively. A total of 48 strain gauges were used in Specimen I, and 80 strain gauges were used
for Specimen II. Two sets of strain gauges were attached to each longitudinal bar, one at the
bottom of the specimen and the other above the end of the bottom internal brace. The bottom
internal brace of each specimen was also instrumented. Strain gauges were attached along the
length of each bar to capture the strain on the onset of buckling. The strain gauges had a gauge
length of 0.20-in since it was the maximum length that could be placed between the grooves of
the reinforcing bars.

Displacement transducers were installed at nearly equal intervals along the height of each
specimen. Figures 3.63 and 3.64 show the location of the transducers for each specimen. To
obtain the three components of the displacement for each point, three transducers were placed at
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each point, and each of them was attached to a fixed reference point. The reference points were
located to the south, east and south-east of the specimen. Figure 3.65 shows the southern fixed
point, and the displacement transducer boxes attached to it.

3.3.5 Experimental Results and Observations

3.3.5.1 Specimen 1

The force-displacement responses of the cables are shown in Fig. 3.66. The initial
response of the specimen could be considered linear up to 28-in of cable displacement in both
directions. At this point, a small drop in the force was occurred followed by an increase in
strength until 30-in of cable displacement was recorded. The maximum lateral force was reached
at this point. Thereafter, sudden changes in strength and stiffness occurred until total collapse of
the specimen. The collapse of the specimen was visibly progressive; no sudden collapse was
observed. Figure 3.67 shows the collapsed rebar cage.

The three components of displacement were calculated by taking the results obtained
from the displacement transducers attached to the specimen and making geometrical
triangulations. The reference axes X and Y are located in the direction of the cardinal lines of the
compass, South and East, respectively. Figure 3.68 shows the resultant displacement in the XY
plane of each point along the height of the specimen in relation to cable displacement. For small
values of cable displacement almost no drift occurred between the points where the braces were
located, i.e. bottom brace located between points 0 and 2 and top brace located between points 4
and 6. The drift was larger in the zone between points 2 and 4 where there was no brace. This
indicates the braces stiffen the zone where they are located. However, for values of cable
displacement larger than 30 in, the drift between points 0 and 2 was increased. This is attributed
to loss in lateral stiffness of the brace due to the buckling of the brace bars.

Figures 3.69 and 3.70 show the deformed shape observed from different points of view.
Figure 3.71 shows a sequence of deformed shapes taken during testing from the east winch. The
deformed shape profile presented in the photos is similar to the one obtained from the
displacement transducers.

Figures 3.72 and 3.73 show two different types of tie connections after collapse. The first
is a completely ruptured quadruple-snap tie wire connection, and the second is a strong-tie that
remained intact, keeping the hoop normal to the longitudinal bar.

Figures 3.74 to 3.81 show the strain recorded in the longitudinal and bottom brace bars.
At 28-in of cable displacement a small drop in the force was occurred which coincided with a
large increase in strain at the middle of the north bar of the bottom brace (strain gauge is
identified as SG29) as shown in Fig. 3.80. The strain values were greater than 2,200 micro strains
which was the yielding strain determined for the brace bars in Section 3.3.2; thus the bar was
yielding at this point. At 30-in of cable displacement a drop in the force considerably larger than
the earlier drop occurred. This drop in force was attributed to the buckling of the north bar of the
bottom brace based on the large strains that were recorded for this bar. Figure 3.82 shows one of
the bars from the brace after the rebar cage collapsed. The large deformations and buckling of
bars were concentrated in the bottom brace, the top one did not present any sign of buckling or
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large deformations as shown in Fig. 3.83. The common point of the bottom braces, where each
bar was welded to each other, was preserved after collapse as shown in Fig. 3.84.

After the drop in force and buckling of the north bar of the bottom brace, there was an
increase in the force capacity of the rebar cage until 36-in of cable displacement was recorded
where another drop took place. This drop in force could be attributed to the buckling of the east
bar in the bottom brace based on the large strains that were recorded for the strain gauge SG32, as
shown in Fig. 3.80. The increase of capacity at 30-in of cable displacement was due to the change
in the load path after the buckling of the north bar in the bottom brace. The strain in the middle of
the east bar (SG32) increased considerably after the buckling of the north bar (SG29). This
indicates that the load of the north bar was transmitted to the east bar. The increase in strains was
almost at the same rate as the north bar until 36-in of cable displacement. It can be concluded that
the bar buckled based on the drop in the force of the cables and the large strains recorded.

Figure 3.74 shows the strains recorded at the bottom of the specimen. Negative values of
strain represent tensile strains and positive values represent compression strains. It can be
concluded that half of the longitudinal bars are subjected to compression and the other half to
tension. The neutral axis was parallel to a line running in the North-East direction.

The strains obtained at the bottom of the specimen and the top of the bottom brace for the
longitudinal bars are plotted in Figs. 3.74 and 3.75, respectively. These two plots show how the
internal brace changes the load path inside the rebar cage. For cable displacement values less than
30-in, the deformations in the longitudinal bars were concentrated at the top of the bottom brace.
Some of the bars even reached strains up to their yielding point. The deformations in the bottom
of the rebar cage for this range of cable displacement were small (less than 1000 micro strains). It
is to note that the bottom brace carried the load and transferred it directly to the support of the
rebar cage. After 30-in of cable displacement, the bars of the bottom brace started to buckle and
the braces lost its ability to withstand any load. The strains at the top of the bottom brace
decreased and the strains at the bottom of the cage increased gradually. This indicates that the
load was transferred from the bottom brace to the longitudinal bars. For values of cable
displacement greater than 35-in some of the longitudinal bars reached their yielding strain,
affirming the transfer of the load to the longitudinal bars. Figure 3.85 shows a close up of the
bottom of the rebar cage after collapse; loss of tie wires and displacement of hoops were
observed.

The strains recorded at the first level of the bottom brace, at height equal to 11-in, are
shown in Fig. 3.76. Strain values less than the yield strain were recorded. There is no indication
of large deformation in the bars of the bottom brace at this point. The strains recorded at the
second and third level of the bottom brace are shown in Figs. 3.77 and 3.78. Strains less than the
yield strain were also recorded at these locations. It can be concluded that the bars below the
common point of the bottom brace did not undergo large deformations. Furthermore, the weld
used in the common point of the bars in the bottom brace could be taken as a rigid connection that
restrained the deformation of the brace bars.

Figure 3.77 shows an increase in strains at the middle length of the south bar in the
bottom brace (SG19). This bar is the same as north bar that first buckled at 30-in of cable
displacement in all respects except that the location of the strain gauge is below the common
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point of the bars. The increase of strain at SG19 could be attributed to the initiation of the
buckling at the north bar and the sudden decrease in strain was due the loss of strength produced
by the absolute buckling of the north bar.

The strains recorded at the fourth level of the bottom brace, just above the common point
of the brace bars, are shown in Fig. 3.79. Strains recorded in SG28 were greater than the yield
strain for values of cable displacement larger than 30-in. A decrease in strain was presented at 36-
in of cable displacement which confirms the buckling of the west bar of the bottom brace.

Figure 3.81 shows the strains recorded at the sixth level of the bottom brace. This
location of strain gauges was close to the top end of the brace. Small strains were recorded, which
could be attributed to the closeness of the strain gauges to the connection between the brace bars
and longitudinal bars. It could be concluded that the tie wires used to connect the brace bars with
the longitudinal bars were rigid enough to restrain the deformation of the bars.

3.3.5.2 Specimen 11

The force-displacement responses in the direction of both cables are shown in Fig. 3.86.
The initial lateral response of the rebar cage is linear until 24-in of cable displacement where the
first drop in the force was observed. Unlike the first specimen, the drop is not large and the force
kept increasing showing variable stiffness until 50-in of cable displacement. At this point a
sudden change in strength and stiffness was exhibited, and sudden changes in strength and
stiffness occurred until the collapse of the specimen. The collapse of the specimen was
progressive; no sudden collapse was observed. Figure 3.87 shows the collapsed rebar cage.

The resultant displacement of each point in the XY-plane along the height of the
specimen in relation to cable displacement is shown in Fig. 3.88. For this specimen only five
points were plotted because no data was obtained from the displacement transducer at the top
point due to instrument failure. The behavior is similar to Specimen [; for small values of cable
displacement almost no drift was obtained between the points where the bottom brace was
located, points 0 and 2. The drift was significantly greater between points 2 and 4 where there
was no brace. As the cable displacement increased, the drift between the points 0 and 2 increased,
which could be attributed to the buckling of the bars in the bottom brace. Figure 3.89 shows a
sequence of deformed shapes during the testing taken from the northern side of the specimen. The
shape in the deformed profile presented in the photos is similar to the one obtained from the
displacement transducers.

Unlike the first specimen, some connections between the bars in the brace at common
points failed toward the end of the experiment as shown in Fig. 3.90. Large deformations were
observed at the top brace as shown in Fig. 3.91.

Figures 3.92 to 3.99 show the strain recorded in the longitudinal and bottom brace bars.
The behavior of the strain response for the longitudinal bars at the bottom of the rebar cage and at
the top of the bottom brace is similar to the response of Specimen I, as shown in Fig. 3.92 to 3.95.
After 24-in of cable displacement, when the first drop of force in the cables was shown, the
strains of the longitudinal bars at the bottom of the rebar cage increased gradually, and the strains
of the longitudinal bars at the top of the bottom brace decreased. This same behavior was
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observed in the Specimen I and it was concluded that the load was transferred from the braces to
the longitudinal bars due to the buckling of the brace bars. The lack of big drops in the force and
large strains in the brace bars could be attributed to the larger number of bars that the Square
brace has. This allowed a better distribution of the force through the cage. Also, the bars of the
square brace have more common points between each other than the bars of the X-brace, which
made their buckling more gradual and not as sudden as the buckling presented in Specimen 1.
Figure 3.100 shows a close up of the bottom of the rebar cage after collapse.

Figures 3.92 and 3.93 shows the strains recorded at the bottom of the specimen. It can be
concluded that half of the longitudinal bars are subjected to compression and the other half to
tension. The neutral axis was parallel to a line running in the North-East direction. However,
unlike Specimen I, the direction of the neutral axis was slightly changed due to the change in sign
of SG4 and SG16 which occurred at a value of cable displacement around 40-in.

The strains obtained from the instrumentation of the first level of the brace do not show
any indication of large strains as shown in Fig. 3.96. Strains less than the yield strain were
recorded. Figures 3.97 and 3.98 show the strains recorded at the second and third level of the
bottom brace. These locations were below and above the common point of the 8 brace bars,
respectively. Strains greater than the yield strain were experienced by SG38 and SG46.

The strains recorded at the fourth level of bottom brace are shown in Fig. 3.99. Strains
slightly greater than the yield strain were obtained at this location. A drop in the strain for SG53,
SG56, and SG55 was presented around 24-in of cable displacement. This could be an indication
of loss in the strength. A possible buckling of these bars may have occurred causing the first drop
in the force-displacement response of the cables.

At 51-in of cable displacement, a large drop in force occurred. This drop could be
attributed to the buckling of a bar brace or a failure of one of the connections between the bar
braces. This was concluded from observations after the collapse of the specimen because the data
recorded from the strain gauges in the bar braces did not show any indication of this
phenomenon. After this drop, the force increased at sporadic increments with subsequent drops
until the progressive collapse was reached.
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Chapter 4
Calibration of Computational Model and Parametric Studies

4.1 Introduction

This chapter discusses the calibration of the analytical model based on the results
obtained from the full-scale column rebar cage experiments and the results of the parametric
analysis. The analysis results showed that the internal braces and their boundary conditions play a
critical role in the overall lateral behavior and response of bridge column rebar cages. Using the
calibrated computational model, analyses were conducted to identify the effect of different
aspects on the lateral behavior of bridge column rebar cages. The parameters used in this study
were: tie wire gauge, type and number of tie wire connections, longitudinal and transverse
reinforcement, presence and type of braces, location of pick-up bars and height of braces.

4.2 Material Properties and Modeling

The longitudinal and internal brace bars were modeled with the ADINA Elastic-plastic
Moment-Curvature beam element with multilinear plasticity as presented in Section 2.5.

4.2.1 Stress-Strain Curves

The stress-strain curve of steel used in the computational model was obtained from the
coupon tests performed on #8 and #11 bars as presented in Section 3.3.2. Based on these tests, the
yield strength and ultimate strength of #8 rebar were equal to 72.8 ksi and 98.1 ksi, respectively.
The results of the #11 coupon tests showed that the yield strength and ultimate strength were
equal to 71.1 ksi and 98.0 ksi, respectively. Figure 4.1 shows the stress-strain curves for both #8
and #11 reinforcing bar.

4.2.2 Flexural Moment-Axial Force-Curvature Curves

The moment-curvature relations (M-P-¢) for #8 and #11 reinforcing bars were obtained
using the section analysis program XTRACT (TRC, 2006) for a series of axial loads. Figures 4.2
and 4.3 show the results of the section analyses.

4.2.3 Torsional Moment-Axial Force-Twist Curves

A nonlinear three-dimensional finite element model of a #6 reinforcing bar under torsion
was developed as shown in Fig. 4.4. The model matched the experimental conditions, the bar
diameter was equal to 0.75-in and the free length was equal to 9.25-in. The finite element model
was calibrated based on the torsion test conducted and discussed in Section 3.2.3.2. Figure 4.5
shows the comparison of the experimental and analytical results. Using the calibrated
computational model, torsional moment-axial force-twist (T-P-0) curves were determined for a
#11 reinforcing bar. Figures 4.6 and 4.7 show the torsional moment-twist curves for tension and
compression axial loads, respectively.
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4.2.4 Tie Wire Connection Behavior

The tie wire connections were modeled with nonlinear translational and rotational springs
as shown in Section 2.5.2. Section 3.2.2 discussed series of experiments that were carried out to
determine the force-deformation responses of six different tie wire connections made by an
experienced iron worker. The tested connections were: single snap, double-snap, single-U,
double-U, column-tie, and wrap-and-saddle. From the results of these experiments, nonlinear
relationships for the translational (Ax, Ay and Az) and rotational (6x) springs were defined for the
six types of connection. Figure 4.8 shows the idealized force-deformation curves for the spring
(Ax) for all the connections. Figure 4.9 shows the idealized force-deformation curves for the
translational spring (Ay and Az) for all the connections. The force-deformation relationship of the
tie wire connections was assumed to be symmetrical in these two directions. The force-
deformation curve for Ay and Az of wrap-and-saddle tie wire connection illustrates the
relationship that occurs when an extra wrap is made around the hoop. This is based on
construction practices for this type of tie wire connection. Figure 4.10 shows the torque-rotation
curves for the rotational spring (6x) for all the connection.

The force-deformation curves defined for a 4-snap tie wire connection were calculated
based on a double-snap. The response of a 4-snap was idealized as two times the response
obtained from a double-snap tie wire connection.

The behavior of a strong-tie connection was idealized as a rigid connection in the three
translational degrees of freedom as well as in the normal rotational degree of freedom.

4.3 Analytical Model Calibration

Analytical models for the full-scale experimental specimens were created using the
ADINA finite element program. The geometry, the number of longitudinal bars, the hoop
spacing, the location of internal braces, and the distribution of tie wire connections were defined
based on the experimental specimen properties, as shown in Table 3.8 and Figs. 3.45 and 3.46.
Figures 4.11 and 4.12 show the analytical models for both specimens. The properties, load
application and the analysis method of the computational model were discussed in Section 2.5.

The calibration of the analytical model was accomplished by performing sensitivity
analyses for the connections between longitudinal bars and brace bars. Figure 2.30 shows a close-
up of the connection between the end of one brace bar to the longitudinal bar. The end of the
brace bars is welded to the inner ring and tied to the longitudinal bar. The experimental and
analytical results were compared in the form of resultant cable forces vs. resultant cable
displacements.

4.3.1 Brace Boundary Conditions

Two analytical models were defined to determine the upper and lower bounds of the
sensitivity analyses on the end brace boundary condition. A model with rigid connections
between longitudinal and brace bars was defined as the upper bound, and a model with pinned
connections was defined as the lower bound. The analytical and experimental results are
compared in Figs. 4.13 and 4.14. The force-displacement curves of the model with rigid
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connections showed a greater stiffness and strength in comparison to the experimental curves.
The force-displacement curve of the rigid connection model for Specimen I showed a linear
response until the maximum force of about 4,000 Ib was reached. A similar trend is present in the
experimental results. The curve representing the model with rigid connections for Specimen II
showed an initial linear response, followed by a gradual loss of stiffness until the maximum force
of about 7,000 Ib was reached. Again a similar trend is present in the experimental results. The
responses of the models with pinned connections underestimate the stiffness of the specimens,
and no ultimate strength was evident. Therefore, the flexibility of the connection between
longitudinal bars and brace bars should be defined as semi-rigid connections.

As a first estimate, the behavior of the connection between longitudinal bars and brace
bars was defined as linear. The translational and rotational stiffnesses were defined based on the
stiffnesses of a column-tie tie wire connection. The stiffness of the normal translational spring
(Ax) was equal to 16,000 Ib/in, the stiffnesses of the tangential (Ay) and vertical (Az) springs were
equal to 875 Ib/in, and the stiffness of the rotational spring (6x) was equal to 172 Ib-in/rad. The
results from the analyses of the models assuming a linear column-tie connection and the
experimental results are also compared in Figs. 4.13 and 4.14. The initial stiffnesses of the
experimental and analytical models were similar for resultant cable displacements of less than 10-
in. For larger resultant displacements, the stiffnesses of the specimens were underestimated, and
no noticeable ultimate strength was obtained for either of the analytical models.

4.3.2 Sensitivity Analysis on End Brace Boundary Condition

Analyses were performed to study the effect of each degree of freedom of the
longitudinal bar to brace bar connection on the overall response of column rebar cages. The
boundary condition of each degree of freedom for the bracing elements was made rigid to
determine the effect in the overall behavior of column rebar cages. The results obtained from the
analytical analyses of Specimen I and II are shown in Figs. 4.15 and 4.16. It is clear that the
vertical translation (Az) degree of freedom has a greater effect on the lateral response of column
rebar cages than the other boundary conditions. Therefore, the calibration process was based on
sensitivity analyses for this translational degree of freedom.

4.3.3 Vertical Translational Linear Spring at Brace Boundary

Sensitivity analyses were performed to determine the effect of the vertical translational
(Ay) spring stiffness on the lateral behavior of column rebar cages. The sensitivity analyses were
performed on the connection between longitudinal reinforcing bars and brace bars. Three vertical
translational stiffnesses were defined based on the initial stiffness of a column-tie tie wire
connection. The values were equal to 4,375 1b/in, 8,750 1b/in, and 87,500 1b/in, which correspond
to 5, 10, and 100 times the initial translational vertical stiffness of a column-tie tie wire
connection. Figures 4.17 and 4.18 compare the experimental results and the results obtained from
the analytical models. The initial lateral stiffness of column rebar cages increases with the
stiffness of the vertical translational springs at the bracing elements. An increase in the stiffness
of the vertical translational springs generates a greater contribution of the braces in the overall
lateral response. The stiffnesses of the curves representing 10 times the initial stiffness of a
column-tie (8,750 lb/in) and 100 times the initial stiffness of a column-tie (87,500 Ib/in) were
greater than the stiffnesses of the experimental curves. However, the stiffness of the curve
representing 5 times the initial stiffness of a column-tie (4,375 Ib/in) for Specimen I was similar
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to the stiffness of the experimental curve for resultant cable displacements up to 22-in. An
ultimate strength was obtained from the response curves of the analytical models which, based on
the analytical results, is not sensitive to the translational vertical stiffness of the connection
between longitudinal and brace bars. However, the analytical models underestimate the ultimate
strengths of the specimens obtained from the experiments.

The results of the sensitivity analyses for the vertical translational linear springs showed
that the best correlation to experimental results was obtained with a vertical spring stiffness of
4,375 1b/in.

4.3.4 Vertical Translational Nonlinear Springs at Brace Boundary

The force-deformation relationship (Curve-1) for the vertical translational spring was
defined as bilinear and shown in Fig. 4.19. The initial stiffness is the same as a column-tie
connection, 875 lb/in. The second stiffness was defined as equal to 4,375 Ib/in, five times the
initial stiffness. The analytical and experimental responses are shown in Fig. 4.20 and 4.21. A
better agreement was obtained between the experimental and analytical curves using this bilinear
definition. A slight change in the model response stiffness was seen at 7-in of resultant cable
displacement for Specimen I and at 12-in of resultant cable displacement for Specimen II. This
could be attributed to the vertical translational bilinear spring (Ax) at the bracing elements
boundary condition. The correlation between the analytical model and the experimental results
was highly improved while the strength was underestimated.

A force-deformation relationship (Curve-2) for the vertical translational degree of
freedom was defined as shown in Fig. 4.19. The second stiffness of the translational spring (Az)
was doubled to increase the strength of the computational model.

4.3.5 Analytical Model Calibration of Bridge Column Rebar Cages

The calibration of the analytical model was achieved by performing sensitivity analyses
on the longitudinal bar to brace bar connection. The analyses showed that this connection should
be defined as semi-rigid and the critical degree of freedom was the vertical translational (Az). The
behavior of this spring was defined as linear based on the stiffness of a column-tie connection.
The results of these analyses showed a good correlation with the initial stiffness of the
experimental curve, but the strength was greatly underestimated. Thus, a bilinear behavior
(Curve-1) was defined for the same spring improving the correlation with the experimental
results, but the strength was still underestimated. The calibration of the computational models
with X-braces and Square braces were achieved defining the behavior of the vertical translational
(Az) spring in the longitudinal bar to brace bar connection as Curve-2 shown in Fig. 4.19. The
following two sections discuss the results of the analytical analyses for both experimental
specimens.

4.3.5.1 Calibrated Analytical Model of Specimen 1
The analytical model results and the experimental results for Specimen I are compared in

Fig. 4.22. The results show a good correlation between the response of the analytical model and
the experimental curve for resultant cable displacements less than 50-in. The initial linear
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response shown by the experimental curve was captured by the computational model. The
analytical model also matched the maximum resultant cable force obtained from the test; the
difference in maximum force was less than 2%. Following the first drop in the force, the
experimental response curve showed an increase in the force up to 3,200 Ib which was also
captured by the computational model with a difference less than 6.5%.

Figure 4.23 shows the axial force-resultant cable displacement curves for the north bar
(Brace A) and west bar (Brace B) of the bottom brace from the analytical model. The maximum
axial force of “Brace A” was obtained at 40-in followed by a loss of strength. The buckling load
of this bar was equal to 4,976 Ib based on the analytical results. Figure 4.24 shows the deformed
shape of the bottom brace at 40-in of resultant cable displacement obtained from the
computational model. The maximum force of “Brace B” was obtained at 48-in followed by a loss
of strength. The buckling load of this bar was equal to 4,620 kips. The lower buckling load of
“Brace B” could be attributed to the boundary conditions. After buckling had occurred in “Brace
A”, the common point of the brace bars had consequently experienced deformations that affected
the behavior of the “Bar B”. It could be concluded that the analytical model captured the buckling
of both brace bars. The buckling loads of both braces are in between the upper and lower bounds
discussed in Section 2.5.1 and shown in Fig. 2.32.

Figure 4.25 compares the measured displacement with the computational model
displacements of one of the longitudinal bars in the XY plane. Ratios of experimental results over
the analytical model results are tabulated in Table 4.1. The profile of the deformed shape was
captured by the analytical model. In general, the computational model overestimated the
displacements by an average of 6%. Good agreement was obtained between the measured
displacements and the analytical model for resultant cable displacements of 30.0-in and 43.4-in.
The displacements obtained from the computational model at Point 2, located at the top of the
bottom brace, were overestimated by an average of 30%.

Figure 4.26 shows the location of the fractured tie wire connections up to 40-in of
resultant cable displacement obtained from the computational model of Specimen 1. The fracture
of the tie wire connections initiated at 34-in of resultant cable displacement. A total of eleven (11)
tie wire connections were fractured, about 2% of the total of tie wire connections used in
Specimen 1. Two of them were located at the template hoops and one of them was located at the
pick-up bars. The rest of them, eight, were located at the field zone.

In general, a good overall correlation was seen between the experimental and analytical
results for resultant cable displacements less than 50-inch. This range of displacement covers the
linear behavior and the ultimate strength of the bridge column rebar cage which is the scope of
this investigation.

4.3.5.2 Calibrated Analytical Model of Specimen I1

Figure 4.27 shows the comparison between the experimental results and the
computational model results for Specimen II. There was reasonably good agreement between the
analytical model and the experimental test curves for resultant cable displacement less than 33-in.
After this displacement, the experimental curve was slightly lower than the analytical, and the
changes in the stiffness were not captured by the analytical model. The maximum force obtained
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from the test was equal to 7,180 1b. The computational model maximum force was slightly higher
than the experimental, 7,300 lb; a difference of less than 5%. A drop in cable force at 72-in of
resultant cable displacement was shown by the experimental response curve. This drop was
attributed to the buckling of the bottom brace based on the data obtained from the instrumentation
of the specimen. The drop in stiffness was captured by the analytical model at 74-in of resultant
cable displacement, a difference of less than 3% when compared to the experimental response
curve. The experimental curve showed an increase in force after the drop at 72-in of resultant
cable displacement, which was not captured by the analytical model.

The axial force-resultant cable displacement curves obtained from the analytical model
for four bars of the bottom brace are shown in Fig. 4.28. The curves show a loss of strength at
about 33-in of result cable displacement for all of the bars. This is coincident with the change in
stiffness in the resultant cable force-resultant cable displacement curve response. The loss of
strength in the bars was gradual. This could be attributed to the number of brace bars, which
allowed a better distribution of stiffness at that location. The axial force in “Brace 1” increased
until 66-in of resultant cable displacement which coincided with the maximum force at the cables.
This increase could be attributed to a redistribution of the force inside the bottom brace bars. The
stiffness of the column rebar cage was reduced because a lower number of bottom brace bars
were engaged. The column rebar cage reached its maximum load when “Brace 17 reached its
maximum load too.

For resultant cable displacements between 33-in and 72-in, the computational model
overestimated the force. The drastic changes in stiffness shown by the experimental curve were
not captured by the analytical model; instead, the change in stiffness shown by the analytical
curve was gradual until the maximum load was reached. Redistribution of the load inside the
bottom brace bars occurred within this range of displacement, which could be the reason for the
changes in the stiffness.

The measured and the computational model displacements of one of the longitudinal bars
in the XY plane are compared in Fig. 4.29. It is to note here that for this specimen only 5 points
along the length of the rebar cage were measured. However, the analytical result for this point is
showed. Ratios of the experiment results over the analytical model results are tabulated in Table
4.2. The profile of the deformed shape was captured by the analytical model. For resultant cable
displacements less than-16 in, the displacements were overestimated by an average of 28%. For
resultant cable displacements larger than 29-in, the displacements were underestimated by an
average of 22%. The agreement between computational and experimental results of Specimen II
was not as good as the one obtained for Specimen I. However, it could be considered a good
agreement for the elastic range and ultimate strength.

Figures 4.30 and 4.31 show the location of the fractured tie wire connections up to 70-in
of resultant cable displacement obtained from the computational model of Specimen II. The
fracture of the tie wire connections initiated at 55-in of resultant cable displacement. A total of
forty two (42) tie wire connections were fractured, about 1.5% of the total of tie wire connections
used in Specimen II. Only two of them were located at the template hoops and the rest of them
were located at the field zone.
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In general, there was a good overall correlation between the experimental and the
analytical results for resultant cable displacements less than 72-inch. This range of displacement
covers the linear behavior and the ultimate strength of the bridge column rebar cage which is the
scope of this investigation.

Based on the results obtained from the analysis, it could be concluded that the correlation
level in both computational models is good in relation to the overall response, elastic and inelastic
stiffness, and ultimate strength. It is to note here that both calibrated models were obtained with
equal force-deformation relationship for the vertical translational spring at the bracing elements
boundary conditions. Therefore, the computational models can be used to predict the lateral
behavior of bridge column rebar cages with X-braces and Square braces.

4.4 Influence of Critical Parameters on the Overall Behavior of Bridge Column Rebar
Cages

A series of analytical models were investigated to identify the effect of critical aspects in
the behavior of bridge column rebar cages. The below parameters were investigated:

Tie wire gauge

Type and number of tie wire connections
Longitudinal and transverse reinforcement ratios
Presence and type of internal braces

Location of pick-up bars to internal braces
Height of braces

The dimensions, and longitudinal and transverse reinforcement ratios of the
computational models were the same as the experimental specimens. The minimum tying consists
of only tie wire connections along the length of pick-up bars and at template hoops representing
the lower bound. The maximum tying consists of tie wire connections at every intersection
between longitudinal and transverse bars representing the upper bound.

4.4.1 Effect of Tie Wire Gauge

Analytical studies were conducted to determine the effect of the tie wire gauge on the
lateral response. No. 15 gauge tie wire connections and No. 16 gauge tie wire connections were
used in models of column rebar cages without braces. The dimensions of both tie wires gauges
are presented in Table 2.1, the diameters of No. 15 and No. 16 gauge tie wires are equal to 0.072
in and 0.062 in, respectively. Therefore, the geometric length scaling factor is equal to 0.861.
Based on this factor, the force-deformation relations and the torque-rotation relations for tie wire
connections made of No. 15 gauge were scaled to obtain the relations for tie wire connections
made of No. 16 gauge. The force scaling factor was calculated by raising the geometric length
scaling factor to the second power, and the moment scaling factor was calculated by raising the
geometric length scaling factor to the third power. The force was scaled by 0.742, the
deformation by 0.861, and the torque by 0.639. Figure 4.32 compares the results obtained from
the analyses of Specimen I without braces and minimum tying with No. 15 gauge and No. 16
gauge wrap-and-saddle tie wire connections. The force-displacement curves show that the
response of bridge column rebar cages is affected by the tie wire gauge of the tie wire
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connections. The use of No. 16 gauge tie wires in the tie wire connections reduced the lateral
stiffness of the bridge column rebar cages by 40%. The use of a smaller tie wire gauge produces
connections with lower strength, which reduces the stiffness and strength of bridge column rebar
cages.

4.4.2 Effect of Tying

4.4.2.1 Tie Wire Connections at Template hoops

Based on the mapping of tie wire connections for the test specimens discussed in Section
3.3.1, the most common types of tie wire connections used at template hoops were wrap-and-
saddle and strong-tie. In Specimen I, around 50% of the tie wire connections at the template
hoops were wrap-and-saddle and 22% were strong-tie. The remaining 28% was a combination of
quadruple-snap and column-tie connections, as shown in Table 3.11. In Specimen II, the
distribution of tie wire connections at template hoops was 68% wrap-and-saddle, 16% strong-tie,
and 16% other tie wire connections (double-snap, quadruple-snap, and column-tie), as shown in
Table 3.14. Computational models of column rebar cages without braces and consisting of wrap-
and-saddle and strong-tie tie wire connections at template hoops were analyzed. The results of
these analyses are compared with the results of rebar cage models without braces and with
experimental tying in Figs. 4.33 and 4.34. It is clear that the use of strong-tie tie wire connections
at the template hoops increases the stiffness and strength of bridge column rebar cages. The
increase is most evident in Specimen II because there are more intersections between longitudinal
bars and template hoops due to the larger longitudinal reinforcement ratio. The increase in the
stiffness and strength of bridge column rebar cages due to the use of strong-tie tie wire
connections at the template hoops could be attributed to the large stiffness assigned to this type of
connection in the computational model. The use of strong-tie connections increases the framing
action between longitudinal and transverse reinforcement bars which, in turn, increases the
stiffness and strength of column rebar cages. The curves in Fig. 4.30 show that the stiffness of the
model with experiment tying is larger than the stiffness of the model with wrap-and-saddle tie
wire connections at the template hoops. The use of strong-tie in 22% of the connections of
template hoops increased the stiffness by almost 3.2 times. A similar observation can be made in
Fig. 4.31; the use of strong-tie in 16% of the connections of template hoops increased the stiffness
by almost 8 times.

Based on the results presented above, it could be concluded that the lateral stiffness of
bridge column rebar cages is increased by the percentage of strong-ties at template hoops.

Welded Template Hoops

Analytical studies were conducted to determine the effect of welding the template hoops
to the longitudinal bars. In the computational model, the connections template hoops to
longitudinal bars were modeled rigid in all the degree of freedoms (Ax, Ay, Az, 6%, By, and 6z).
Figures 4.35 and 4.36 show the results for Specimen I and II without braces and experimental
tying condition, and template hoops welded to the longitudinal bars, respectively. It is evident
that welding the template hoops to the longitudinal bars increases the lateral stiffness and strength
of bridge column rebar cages. The strength of Specimen I with template hoops welded to
longitudinal bars is almost seven times the strength of the cage with experimental tying. The
strength of Specimen II increased nearly nine times with the welded template hoops. Similar

40



conclusions can be made for the stiffness, for both specimens the increase was almost ten times.
Therefore, welding the template hoops to the longitudinal bars has a significantly effect on the
behavior of bridge column rebar cages without braces.

4.4.2.2 Tie Wire Connections at Pick-up bars

Based on the mapping of tie wire connections for the test specimens, most of the tie wire
connections used at pick-up bars were double-snap and quadruple-snap. In Specimen I, 24% of
the connections at pick-up bars were double-snap and 66% were quadruple-snap. In Specimen II,
the distribution of tie wire connections at pick-up bars was 86% double-snap and 6% quadruple-
snap. Computational models of column rebar cages without braces and with double-snap and
quadruple-snap tie wire connections at pick-up bars were analyzed. Figures 4.37 and 4.38 show
the comparison of the results of these analyses with the results of rebar cage models without
braces and with experimental tying. The stiffness and strength of bridge column rebar cages are
increased by the strength of the tie wire connections used at the pick-up bars. Similar trends are
apparent when comparing the response curves of the analyzed models with slightly greater
stiffness and strength of models with quadruple-snap tie wire connections at pick-up bars. The
response curve for experimental tying is located between the upper bound (quadruple-snap tie
wire connections at pick-up bars) and lower bound (double-snap tie wire connections at pick-up
bars) due to the combination of both types of connections at the pick-up bars.

The increase in the stiffness produced by the use of quadruple-snap at pick-up bars was
around 6% for Specimen I and 4% for Specimen II. Therefore, it can be concluded that the lateral
response of bridge column rebar cages is slightly affected by the type of tie wire connection used
at pick-up bars.

4.4.2.3 Number of Tie Wire Connections

The number of tie wire connections was varied between minimum tying and maximum
tying. The responses of Specimen I without braces for minimum and maximum tying conditions
using wrap-and-saddle connections are shown in Fig. 4.39. The curves show how the number of
tie wire connections affects the stiffness of bridge column rebar cages. The lateral stiffness of
Specimen I without braces and with maximum tying is nearly 2.5 times greater than with
minimum tying. Therefore, it can be concluded that the stiffness of bridge column rebar cages
increases with the number of tie wire connections.

4.4.2.4 Type of Tie Wire Connection

The effect of the type of tie wire connection on the lateral response of bridge column
rebar cages was also investigated. Models of column rebar cages without braces and with
minimum tying condition using double-snap, column-tie, and wrap-and-saddle tie wire
connections were analyzed. Figure 4.40 compares the response curves of the analyzed models and
the effect of the type of tie wire connection on the stiffness of bridge column rebar cages. The
lowest stiffness was obtained from the model with double-snap tie wire connections which is the
connection with the lowest strength among the three connections. The use of column-tie
connections increased the stiffness almost two times. The stiffness was increased almost 2.8 times
by using wrap-and-saddle, which is the tie wire connection with the highest strength among the
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three connections. Therefore, it can be concluded that the stiffness of bridge column rebar cages
increases with the strength of tie wire connections.

4.43 Effect of Transverse and Longitudinal Reinforcement Ratios

Computational models of column rebar cages without braces and with minimum tying
using wrap-and-saddle connections and longitudinal and transverse reinforcement ratios between
1% and 2% were analyzed. Figure 4.41 shows the results of models with transverse reinforcement
ratios of 1% and 2%. Increasing the transverse reinforcement ratio reduced the stiffness of the
column rebar cages. The stiffness was reduced almost 12%. Although increasing the transverse
reinforcement ratio increases the number of tie wire connections at pick-up bars, the total weight
of the reinforcement is also increased. Therefore, the reduction in stiffness could be attributed to
the increase in weight produced by the greater number of hoops in the column rebar cage. The
results of models with longitudinal reinforcement ratios of 1% and 2% are compared in Fig. 4.42.
The increase of the longitudinal reinforcement ratio nearly doubled the stiffness.

Based on the results of the analyses presented previously, it could be concluded that the
lateral stiffness of bridge column rebar cages is slightly affected by the transverse reinforcement
ratio in comparison to the effect of the longitudinal reinforcement ratio. Therefore, the effect of
the lateral reinforcement ratio on the stiffness of column rebar cages can be neglected.
Furthermore, it can be concluded that the stiffness of bridge column rebar cages increases with
the longitudinal reinforcement ratio.

4.4.4 Effect of Presence and Type of Internal Braces

Analytical analyses were conducted to determine the effect of the presence and type of
internal braces on the lateral stiffness and strength of bridge column rebar cages. The two
calibrated computational models were used. These models have the same geometrical properties
and tying as the experimental specimens without braces. The response curves of the models for
Specimen I with X-braces, Square braces, and without braces are compared in Fig. 4.43. The
response curves of the models for Specimen II are compared in Fig. 4.44. It is evident that the use
of braces increased the lateral stiffness and strength of the column rebar cages. The strength of
Specimen | using X-braces is almost three times the strength of the cage without braces. The
strength of Specimen II without braces was nearly doubled when X-braces were used. The use of
Square braces had a greater effect on the strength of both specimens without braces. The strength
was increased almost 4.8 times for Specimen I and 3.6 times for Specimen II. Adding X-braces to
Specimen I and Specimen II increased the lateral stiffness by 2.5 and 1.8 times, respectively. The
use of Square braces generated a greater increase of the lateral stiffness for both specimens
without braces; almost 3.2 times for Specimen I and 2.3 times for Specimen II.

Based on the results from the models with and without braces, it could be concluded that
the stiffness and strength of bridge column rebar cages is significantly increased by the presence
of internal braces. Furthermore, the increase in the lateral stiffness and strength produced by the
use of Square braces is greater than X-braces.

42



4.4.5 Effect of the Location of Pick-Up Bars

Analytical analyses were conducted to determine the effect of the location of pick-up bars
on the lateral stiffness and strength of bridge column rebar cages. Two locations were defined: 1)
pick-up bars not coincident with internal braces and 2) pick-up bars coincident with internal
braces. Figure 4.45 illustrates the locations of the pick-up bars for the two types of internal
braces. The comparisons of the responses of column rebar cages with minimum tying using wrap-
and-saddle with different locations of the pick-up bars are presented in Figs. 4.46 and 4.47. The
curves show how the location of pick-up bars affects the behavior of bridge column rebar cages.
When the pick-up bars were located coincident with the internal braces the strength of column
rebar cages with X-braces was increased 1.41 times. A similar effect was presented for column
rebar cages with Square braces; the increase in strength was around 1.43 times. Therefore, it
could be concluded that locating the pick-up bars coincident with the internal braces increases the
strength of column rebar cages, due to the enhancement of the boundary condition of the braces.

4.4.6 Effect of Height and Inclination of Internal Braces

Parametric studies were conducted to determine the effect of the height of internal braces
on the elastic lateral stiffness of bridge column rebar cages. The height of the computational
models was 34 ft, the longitudinal and transverse reinforcement ratios were 2%, and the type of
brace studied was the Square brace. The height of the brace was varied from 4-ft to 12-ft, and the
diameter of the rebar cages was varied from 4-ft to 8-ft. The results of the parametric analyses are
presented in Fig. 4.48. It is clear that the elastic lateral stiffness of bridge column rebar cages
increases with the inclination angle (f) of the internal braces. However, the elastic lateral stiffness
of bridge column rebar cages is sensitive to the height-diameter ratio of bridge column rebar
cages. For the same value of inclination angle (f), the elastic lateral stiffness of bridge column
rebar cages is larger for small height-diameter ratios. When considering a constant height-
diameter ratio, the stiffness increases with the inclination ratio. Therefore, it can be concluded
that the lateral stiffness of bridge column rebar cages increases as the height-diameter ratio
decreases and the stiffness becomes greater with the inclination angle.

4.5 Frequency Analysis of Calibrated Computational Models

Frequency analyses were conducted on the calibrated computational models to determine
the mode shapes and periods of the test specimens. Figures 4.49 and 4.50 show the three principal
mode shapes obtained from the analytical analyses for each specimen. It can be observed that the
profile of the deformed shape shows a double curvature. It is also evident that modes 1 and 2 are
not symmetrical for either of the specimens. The lack of symmetry on the mode shapes is
attributed to the unsymmetrical tying of the specimens along the height of the column rebar
cages. Mode 3 for both specimens is a torsional mode. The periods of Specimen I were equal to
2.03, 1.83 and 1.61 seconds for the first, second and third mode, respectively. The first, second
and third periods for Specimen II were equal to 2.13, 1.90 and 1.33 seconds, respectively.

The principal mode shapes and periods of computational models for the specimens
without braces were also determined. The first three principal mode shapes of Specimen I and II
without braces are shown in Fig. 4.51 and 4.52, respectively. The first and second periods for
Specimen [ without braces were equal to 3.26 sec and 2.66 sec, respectively. The periods of
Specimen II without braces were equal to 2.03 sec and 1.83 sec for the first and second modes.
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The modes are cantilever flexural with displacements in the X and Y directions. However, the
profile of the deformed shape is single curvature unlike the column rebar cages with braces which
were double curvature. Therefore, the internal braces change the profile of the mode shapes of
bridge column rebar cages. Furthermore, the periods were increased when the internal braces
were removed, confirming the significant role of internal braces in the lateral stiffness of bridge
column rebar cages.

4.6 Static Analysis of Bridge Column Rebar Cages under Accidental loading

Analytical analyses were conducted to determine the response of the test specimens under
accidental lateral loading. The rebar cages were modeled without any lateral support system, i.e.
without guy cables. The accidental lateral loading was defined as an incremental distributed load
at the top of the column rebar cage as shown in Fig. 4.53. The load was only applied to half of the
cross section and only to the top 4 ft of the column. This type of loading represents contact by a
crane block to which the bridge column rebar cage could be subjected. Figure 4.54 shows the
lateral response of Specimen II under accidental lateral loading. The maximum lateral load
obtained from the push-over analytical analysis was equal to 7,100 lb. Similar trends were
observed when comparing the response of Specimen I in Fig. 4.54 and the analytical curve in Fig.
4.27. Elastic lateral behavior was seen until about 55-in of lateral displacement and 6,600 1b of
lateral force. Thus, the elastic lateral stiffness of Specimen II under accidental loading is equal to
120 1b/in. Figure 4.55 shows the deformed shape of Specimen I under accidental lateral loading.
The profile of the deformed shape is double curvature. The zone where the braces are located is
more rigid, thus less displacement was obtained; unlike the zone between braces, where the
displacement was greater.

Other type of accidental lateral loading was defined similar to the presented above to
determine the effect of an unsymmetrical loading. The new load was only applied to a quarter of
the cross section and only to the top 4 ft of the cage a shown in Fig. 4.56. The response of the
rebar cage under unsymmetrical loading was the same as under symmetrical lateral loading.

4.7 Static Analysis of Bridge Column Rebar Cages under Torsion

A computational model of Specimen II under torsion was analyzed to determine the
torsional response of a rebar cage. The load was defined at the top of the cage as shown in Fig.
4.57. The response of the cage was obtained in the form of base torque vs. top twist and Fig. 4.58
shows the results of the analysis. The deformed shape of the longitudinal bars of the cage and a
top-view of the deformed shape are shown in Fig. 4.57. The computational model exhibited a
linear behavior until the maximum torque was reached. The analysis was interrupted due to a fail
in the connection between the longitudinal bar and hoop where the load was applied. The
maximum torque was around 28,800 Ib-in at 0.95 rad (54 degrees) of twist, therefore it could be
concluded that the rotational stiffness of Specimen II without braces is around 30,315 1b-in.

4.8 Dynamic Analysis of Bridge Column Rebar Cages under Accidental loading

Analytical analyses were conducted to determine the response of the test specimens under
a rectangular pulse force at the top of the cage. Newmark method was used in the time integration
of the governing dynamic equations. The special Newmark’s case, constant average acceleration
scheme was used; thus the parameters § and y were equal to 0.5 and 0.25, respectively. Most of
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the damping in bridge column rebar cages is from the deformation of the tie wire connections.
The damping was assumed be equal to 5% based on Rayleigh damping. It is to note that the first
and second period of Specimen I were equal to 2.03 and 1.83 seconds as discussed in Section 4.5.
Assuming the same damping for both modes, the coefficients of Rayleigh damping matrix are
defined by (Chopra, 2007):

2w, 2
ag=&— Y
w1 + w,

wq + w,
Using the first and second periods of Specimen I, and a damping ratio equal to 0.05 the
coefficients of the Rayleigh damping matrix, a, and a, are equal to 0.1627 sec” and 0.0153 sec.

The loading was defined as a distributed load at the top of the column rebar cage similar
as the accidental loading described in Section 4.6. The dynamic analysis of a single degree of
freedom system under a rectangular pulse force can be divided into two phases: forced vibration
phase and free vibration phase (Chopra, 2007). During the first phase, the system is subjected to a
step force. After the force ends, the second phase starts and the structure experiences free
vibration. The analysis of a single degree of freedom system (Chopra, 2007) shows that the
response history of the structure varies significantly by changing the duration of the pulse (z,).
The time history of the lateral displacement for different values of ratio of the pulse duration to
the natural period of Specimen I is shown in Figs. 4.59 and 4.60. Similar to the response of a
single degree of freedom system, the response of Specimen I varies by changing the duration of
the pulse (#,). During the application of the force, the bridge rebar cage oscillates about the static
displacement with decay of motion due to damping at approximately its own natural period. After
the end of the pulse, the rebar cage oscillates freely about the initial position with decay of
motion. The decay could be attributed to the damping of the system and to an increase in the
perpendicular displacement (Displacement-Y) due to a combination of modes as shown in Figs.
4.59 and 4.60.

The number of peaks during the forced vibration phase depends on the duration of the
pulse (¢,); it increases with the duration of the pulse. The overall maximum lateral displacement
of the rebar cage over the static displacement is plotted against the ratio of the pulse duration to
the natural period in Fig. 4.61. This type of plot is called shock spectrum, and it can be used to
find the maximum lateral displacement of the bridge column rebar cage as a function of the
natural period. For ratios of the pulse duration to the natural period larger than 0.50, the overall
maximum is less than 1.75 times the static displacement. For ratios less than 0.25, the overall
maximum varies approximately linearly with the ratio of the pulse duration to the natural period.
The maximum value of the shock spectrum is at a ratio equal to 0.50, where the maximum
dynamic displacement is equal to 1.71 times the static displacement. The maximum value of the
dynamic magnification factor in a single degree of freedom without damping is two. The lower
value for the rebar cage is attributed to the defined damping. Therefore, it can be conservatively
concluded that the maximum lateral displacement of a bridge column rebar cage under a pulse
force is less than 1.75 the static displacement no matter the duration of the pulse.

The accidental contact of a crane block over a bridge column rebar cage could be
described as sudden. The accidental contact could be idealized as an impulse force at the top with
duration less or equal to 1 second. Based on the dynamic analysis presented above, the maximum
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displacement on a bridge column rebar cage produce by a sudden contact of a crane hook block is
1.75 times the displacement produce by a static contact.

4.9 Parametric Analysis

Parametric analyses were conducted on bridge column rebar cages with square braces to
determine the effect of critical dimensions on the lateral elastic stiffness. The investigated
parameters are:

Height: 30 ft, 40 ft, 50 ft, 60 ft, 70 ft, and 80 ft

Column diameter: 4 ft, 6 ft and 8 ft

Longitudinal reinforcement ratio (p): 1.0%, 1.5%, 2.0% and 2.5%
Braces: #8 and #11

A typical layout of the rebar cage models with the braces and template hoops, tying, and
parameters investigated, is shown in Fig. 4.62. Figure 4.63 and 4.64 show the height of the rebar
cage models with the spacing between braces and template hoops. The loading used in the study
was the accidental static lateral loading defined in Section 4.6. All of computational models were
in the minimum tying condition and wrap-and-saddle tie wire connections were used. Based on
the study of critical parameters presented in Section 4.4, the pick-up bars were selected coincident
with the location of the braces. The results from the parametric analysis with brace bars #8 and
#11 are shown in Appendix II. Figures from 4.65 to 4.68 show the elastic stiffness obtained from
the parametric analysis. The elastic stiffness of bridge column rebar cages greatly decreases with
the height-diameter ratio. Furthermore, the relationship between these two variables (elastic
stiffness - height-diameter ratio) could be fitted as a linear regression using a power function as
shown from Figs. 4.65 to 4.68. The approach used to fit the linear regression models was the
ordinary least squares. The values of the coefficient of determination (R*) for the model curves
were larger than 0.97, which shows the goodness of fit of the model curves. The power functions
are plotted in Figs. 4.69 and 4.70 for #8 and #11 brace reinforcing bars, respectively. When these
figures are compared, it can be concluded that the elastic stiffness of bridge column rebar cage
increases with the size of the brace bars. It can be also observed that the elastic stiffness of bridge
column rebar cages increases with the longitudinal reinforcement ratio (p). However, the
differences between the curves of p (1%, 1.5%, 2% and 2.5%) decrease with the height-diameter
ratio (H/D) of the rebar cages. Furthermore, for values of H/D larger than 19 the elastic stiffness
tends to about 27 1b/in no matter the size of the brace reinforcing bars.

Based on the information obtained during this investigation, most of the collapsed bridge
column rebar cages had a minimum height-diameter ratio (H/D) of 8.0 and longitudinal
reinforcement ratio, p, between 1% and 2%. The elastic stiffness of a bridge column rebar cage
with #8 brace reinforcing bars, H/D equal to 8, and p equal to 1%, is equal to 91.8 1b/in. Doubling
the longitudinal reinforcement ratio increases the lateral stiffness about 43%. The same rebar cage
with #11 brace reinforcing bars, has an elastic stiffness equal to 97.7 1b/in with p equal to 1%, and
157.7 1b/in with p equal to 2%. For the latter case, the stiffness increases about 61%. For this
column rebar cage, the increase in the stiffness by the use of #11 brace reinforcing bars is equal to
6% with p equal to 1%, and 20% with p equal to 2%. It is evident the #11 brace reinforcing bars
is better for the lateral stability of bridge column rebar cages, particularly for a large longitudinal
reinforcement ratio.
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The exponents of the trend line curves for rebar cage models with #8 brace reinforcing
bars were equal to -1.68, -1.59, -1.59, and -1.63 corresponding to longitudinal reinforcement
ratios of 1.0%, 1.5%, 2.0%, and 2.5% as shown in Figs. 4.65 and 4.66. The average of these
exponents is equal to -1.62. The proximity of these values indicates that the elastic stiffness could
be approximately taken as an inverse function of the height-diameter ratio to the power of 1.62.
Furthermore, the constant of the trend line curves increases with the longitudinal reinforcement
ratio as shown in Fig. 4.71. The relationship between the constants and p could be fitted as a
linear regression, with a coefficient of determination (R?) equal to 0.93. Therefore, the elastic
stiffness of bridge column rebar cages with #8 brace reinforcing bars (Kus.srace) in 1b/in can be
approximately defined by the following equations:

_ G#S—brace (4-1)
Kyg_brace = w
()
where Gig prace iS: Gug—prace = 85000p + 2031 (4.2)

Taking the properties of Specimen II, height (H) equal to 34 ft, diameter (D) equal to 4 ft
and the longitudinal reinforcement ratio (p) equal to 0.02, the constant Gyg is equal to 3,731 using
Equation 4.2. Consequently, the elastic stiffness of Specimen II using Equation 4.1 is equal to
116 Ib/in. The lateral analysis under static accidental loading for Specimen II discussed in Section
4.6 showed that the elastic stiffness was equal to 120 Ib/in. Therefore, the stiffness calculated
with Equation 4.1 is within the 97% of the stiffness based on the analytical analysis.

The same observations can be made for rebar cage models with #11 brace reinforcing
bars. For this case, the exponents of the trend line curves are equal to -1.82, -1.77, -1.74, and -
1.79 for longitudinal reinforcement ratios of 1.0%, 1.5%, 2.0%, and 2.5%, respectively, as shown
in Figs. 4.67 and 4.68. The average of the exponents is equal to -1.78. The elastic stiffness could
be approximately taken as an inverse function of the height-diameter ratio to the power of 1.78.
The relationship between the constant of the curves and the longitudinal reinforcement ratio is
shown in Fig. 4.72. The coefficient of determination (R”) of the model curve was equal to 0.98
Therefore, the elastic stiffness of bridge column rebar cages with #11 brace reinforcing bars (Ky;;.
mrace) 1N 1b/in can be approximately defined by the following equations:

K _ Gy#11-brace (4~3)
#11—-brace = W
()
where Gi11prce 15: Gi11-brace = 188113p + 2412 (4.4)

These equations allows an easy, effective, and fast way to calculate the lateral elastic
stiffness of bridge column rebar cages knowing the height-diameter ratio (H/D) and longitudinal
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reinforcement ratio (p). To be able to use Equations 4.1 to 4.4, the bridge column rebar cage shall
have Square braces with height equal to 10 ft, minimum tying using wrap-and-saddle, pick-up
bars coincident with braces, and template hoop spaced at 7 ft.

Figures 4.73 and 4.74 shows the results of the parametric analysis for bridge column
rebar cages with #8 and #11 brace bars. The clastic stiffness was plotted against the ratio height to
longitudinal reinforcement ratio (H/p). It can be observed that it is not possible to obtain a
tendency as in Figs. 4.65 to 4.68. However, it can be concluded that the elastic stiffness decreases
with the ratio height to longitudinal reinforcement ratio (H/p). The increase in the elastic stiffness
produced by changing the size of the brace bars can also be observed when Figs. 4.73 and 4.74
are compared.

The drift limit from each computational model in the parametric analysis was obtained.
The drift limit was defined as the ratio of the lateral displacement before collapse to the height of
the bridge column rebar cage. A total of 72 values were obtained for each size of brace bars, #8
and #11. The average and standard deviation for the drift limits of bridge column rebar cages with
#8 brace bars were equal to 8.5% and 3.5%, respectively. The same parameters for bridge column
rebar cages with #11 brace bars were equal to 10.9% and 3.9%, respectively. A conservative drift
limit is calculated subtracting the standard deviation from the average drift limit; hence the drift
limits under incremental loading of bridge column rebar cages with #8 and #11 brace bars are
equal to 5% and 7%, respectively. The dynamic response of bridge column rebar cages under a
pulse force is 1.75 times the static response under the same force. Therefore, the static drift limit
should be divided by 1.75 to obtain a dynamic stability reference limit. Consequently, it is
proposed in this investigation a reference drift limit for bridge column rebar cages with #8 and
#11 brace bars equal to 3% and 4%, respectively. These drift limits take to account the stability
under a sudden accidental load such as the contact of a crane block.

4.10 Reinforced Concrete Section Analysis

Section analysis using XTRACT (TRC, 2006) were performed to determine the effect of
Square braces in the final ultimate strength of R/C bridge columns. The material properties were
defined base on Caltrans Seismic Design Criteria (Caltrans, 2004). A concrete compressive
strength equal to 4 ksi was defined and the Mander’s stress-strain model for confined concrete
was used. The diameter of the bridge column was equal to 4-ft and the longitudinal and transverse
reinforcement ratios were equal to 2% and 2%, respectively. The properties of the rebar cage are
the same as Specimen II. Five sections along the height of the column were analyzed as shown in
Fig. 4.75. The results of the sectional analysis are shown in Fig. 4.76. The plastic moment of the
R/C bridge column increases nearly 12% due to the internal Square brace at Section-2. This
section is the upper bound because the eccentricity of the brace bars in the other sections is lower.
At Section-5, where the brace bars have the lower eccentricity, the increase on the plastic moment
is around 10%.
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Chapter 5
Summary and Proposed Guidelines for Improved Rebar Cage
Stability

5.1 Summary

This report presents the results of experimental and analytical investigations of the lateral
behavior and stability of bridge column rebar cages. The main objective of this research was to
develop analytical tools and specifications to predict and control the properties of tied bridge
column rebar cages and reduce the potential of failure and collapse. To achieve this objective,
experimental investigations were conducted on individual components of rebar cages and on two
full-scale bridge column rebar cages. Using the results from the experimental studies, nonlinear
finite element analyses were conducted on computational models to determine the effect of
several parameters on the lateral behavior of bridge column rebar cages.

Experimental work was conducted on tie wire connections and reinforcing bars as
individual components of bridge column rebar cages. The stress-strain response of No. 15 gauge
tie wires were determined through coupon tests. A series of experiments were conducted to
determine the nonlinear translational (Ax, Ay, and Az) and rotational (0x) responses of the most
commonly used tie wire connections under various type of loading for. The connections tested
were: single-snap, double-snap, single-U, double-U, column-tie, and wrap-and-saddle. Tension
and torsion tests were also carried out on different sizes of reinforcing bars to obtain the response
relationships under these types of loading.

Two full-scale bridge column rebar cages were subjected to incremental loading which
provided information of the lateral behavior, and failure modes, and also provided data to
calibrate the computational models.

Analytical investigations were performed on a calibrated-three dimensional finite element
model. The results of these analyses were used to investigate the effect of several critical
parameters on the lateral behavior of bridge column rebar cages. The parameters included: tie
wire connections, internal braces, column diameter, longitudinal and transverse reinforcement
ratios, and column height. Based on nonlinear static and dynamic analyses, guidelines for
determining the lateral stiffness and drift limit of bridge column rebar cages were proposed.

5.2 Proposed Guidelines for Improved Rebar Cage Stability

The stability of bridge rebar cages depends on the lateral stiffness provided by the guy
cables and the inherent lateral stiffness of the rebar cage. Construction practices using only one
crane for the erection of rebar cages has the most significant influence on the rebar cage stability
for fixed base columns. When placing the steel column forms, at least two of the guy cables are
released from the rebar cage. At that instance, the stability of the column rebar cage depends on
its inherent stiffness, and any accidental load could easily result in the collapse of the cage. The
proposed guidelines are based on experimental and analytical investigations that will enhance the
lateral stiffness of the rebar cage. Any rebar cage instability based on these guidelines will be
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gradual since it involves buckling of the internal braces and yielding of the longitudinal “pick-up”
bars.

Based on the experimental observations, analytical results, and conclusions made in this

study, the following is proposed to be added to the Caltrans Standard Specifications in Section
52: “Reinforcement” under 1.07 “Placing”:

For bridge column rebar cages with diameters of 4 ft and larger:

1.

2.

Tie wire connections shall use No. 15 gauge tie wires, soft annealed black steel with a
minimum F,, = 40 ksi.

At least four vertical bars forming a square shall be tied at every intersection with at least
double tie wire connections. The strength of these connections shall be adequate for cage
pick-up.

At a maximum of 8 (eight) feet increments, template hoops shall be tied at every intersection
with at least wrap-and-saddle tie wire connections.

At a maximum of alternating 10 (ten) feet increments, internal braces with square
configurations, minimum #8 reinforcing bars, and with interlocking hoops at the ends shall
be provided and connected to the longitudinal bars by at least wrap-and-saddle tie wire
connections. This bracing shall be adequate for cage lift and transportation.

At least 20% of the remaining reinforcement intersections shall be tied with single tie wire
connections. The connections shall be staggered from adjacent connections.

5.3 Concluding Remarks

Based on the experimental and analytical investigations of this study the following

concluding remarks may be derived.

Tie Wire Connections

Tie wire connections made by an experienced iron worker are about 18% stronger than
connections made by an inexperienced worker. The stiffness of tie wire connections made by
an experienced iron worker is about 196% larger than the stiffness of connections made by an
inexperienced worker. This is attributed to a better tightening and “heeling” of the connection
made by an experienced iron worker producing a “tight-fit” connection.

The experimental results of single-snap and double-snap, and single-U and double-U tie wire
connections showed that doubling the wire nearly doubled the strength of tie wire
connections. The double-U and the wrap-and-saddle tie wire connections have the highest
connection strength among all the tested connections.

Bridge Column Rebar Cages

Internal braces have a significant effect on the lateral behavior and failure mode of bridge
column rebar cages. The stiffness and strength of bridge column rebar cages are considerably
increased by the presence of internal braces. The use of X-braces almost doubled the stiffness
and strength of bridge column rebar cages. The use of Square braces increased the stiffness
and strength by about 2.8 and 4.2 times, respectively.
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The tie wires gauge affects the stiffness and strength of bridge column rebar cages. The use of
No. 16 gauge produced connections with lower strength and reduced the stiffness of bridge
column rebar cages by 40%.

The tying at the template hoops is critical for the lateral behavior of bridge column rebar
cages. If the template hoops are welded to the longitudinal bars the lateral stiffness and
strength of column rebar cages are increased up to ten times.

The transverse reinforcement ratio (p,) has a small effect on the lateral behavior of bridge
column rebar cages. Increasing the longitudinal reinforcement ratio (o) increases the stiffness
and strength of column rebar cages. Doubling the longitudinal reinforcement ratio almost
doubles the stiffness of bridge column rebar cages.

The number of tie wire connections in the field zone does not have significant effect on the
lateral stiffness and strength of bridge column rebar cages with internal braces.

Placing the pick-up bars coincident with the internal braces increases the strength of bridge
column rebar cages, regardless of the type of internal brace.

The elastic stiffness of bridge column rebar cages greatly decreases with increasing the
height-diameter ratio. Based on the parametric analyses conducted in this study, two
equations are proposed to calculate the elastic stiffness of bridge column rebar cages.

85000p + 2031 188113p + 2412
Kyg-vrace = 162 Ky11-brace = 178

(5) (5)

Kugbrace = elastic stiffness of bridge column rebar cages with #8 brace bars, (Ib/in)
K41 1-brace = elastic stiffness of bridge column rebar cages with #11 brace
bars, (Ib/in)

p = longitudinal reinforcement ratio

H = height of the column, (ft)

D = diameter of the column, (ft)

The elastic stiffness of bridge column rebar cages increases with the size of the reinforcing
bars used within the brace. The average failure drift of rebar cages with #11 brace bars is
almost 1.3 times the average failure drift of rebar cages with #8 brace bars.

The dynamic response of bridge column rebar cages under a step pulse force varies by
changing the duration of the pulse. However, the maximum dynamic response is less than
1.75 times the static response and occurs about 0.5 times the period of the bridge column
rebar cage.
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e The drift limits for bridge column rebar cages with #8 and #11 brace bars are equal to 2.9%
and 4.0%, respectively.

e The Square braces increase the final ultimate strength of R/C bridge column rebar cages
around 10%.

5.4 Future Research Work

An accidental contact could produce the collapse of a rebar cage during the fraction of
time that it is standing by itself or laterally supported by guy cables. However, if the rebar cage
has been constructed under the guidelines proposed in this investigation, the collapse will be
gradual. Regardless of this, contractors should take all care to avoid this to happen. Sometimes,
the collapse of a rebar cage is inevitable; therefore the engineer needs to decide what to do with
the collapsed cage. The options are to replace the complete rebar cage or repaired the damaged
reinforcing bars. Therefore, it is suggested for future work to perform analytical and experimental
investigations to study the behavior of R/C columns with repaired reinforcing bars after the
failure of the rebar cage. The repair of the reinforcing bars could be made either by heat
straightening, bar splices or other techniques that are normally used in these situations. The future
investigation could evaluate which of the options, replace or repair the rebar cage, is the most
economical and adequate.
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Table 2.1: Diameter and Area of Tie Wires

Gauge No. | Diameter (in) Area (in’)
16 Y5 0.058 0.0026
16 0.062 0.0030
15 0.072 0.0041
14 0.08 0.0050

Table 2.2: Properties of Guy Cables

Cable Diameter . 2, | Breaking Strength Weight
(in) Area (in°) (kips) (Ib/ft)
3/8 0.110 13.1 0.26
7/16 0.150 17.8 0.35
1/2 0.196 23 0.46
5/8 0.307 35.8 0.72
Table 2.3: Cross Section Properties of Elements
Nominal )
Element Type Diameter (in) Area (in)
Longitudinal #11 1.41 1.56
Transverse #8 1.00 0.790
Internal Braces Bars #8 1.00 0.790
Table 3.1: Tie Wire Ultimate Strength
Tie Wire Ultimate Strength (ksi)
Pacific Coast Steel UNR
Test
No. 16 1/2 No. 16 No. 15 No. 15
1 47.3 49.5 49.5 48.2
2 47.4 48.1 49.4 46.4
3 47.8 47.4 49.2 47.3
4 47.4 47.1 49.1 47.2
5 47.4 48.6 48.6 -
Average = 47.5 48.1 49.1 47.3
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Table 3.2: Nomenclature of Tie Wire Connections Specimens

Item Name
Single-Snap ST
Double-Snap 28T
Single-U U
Double-U 2U
Column-Tie CT
Wrap-and-Saddle WS
Normal Translational Direction X
Tangential Translational Direction Y
Vertical Translational Direction Z
Normal Rotational Direction R
Specimen 1,2,3,4

Table 3.3: Normal (Ax) Strength Compared with Number of Wires in the Connection

Normal (Ax) Strength (Ib)

. . Number
Connection Iron | Number Wires x | o ..
Worker | Yield Strength

Single-Snap 305 385 2
Double-Snap 465 770 4
Single-U 681 770 4
Double-U 1310 1540 8
Column-Tie 1101 1155 6
Wrap-and-Saddle 1393 1540 8

Table 3.4: Average Maximum Strength of Tie Wire Connections in Ax, Ay, Az, and 0x

Tie Wire Connections Strength

Connection Experienced Iron Worker Inexperienced Iron Worker
T
ype Ax (Ib) | Ay (b) | Ox (Ib-in) | Ax (Ib) | Ay (Ib) |0x (Ib-in)

Single Snap 305 269 223 281 186 198
Double Snap 465 506 469 403 313 510
Single-U 681 469 479 541 544 448
Double-U 1310 1034 912 1025 721 845
Column Tie 1101 810 518 972 608 513
Wrap-and 1393 | 1139 865 1235 999 692
Saddle
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Table 3.5: Average Stiffness of Tie Wire Connections in Ax, Ay, Az, and 0x

Tie Wire Connection Stiffness

Experienced Iron Worker

Inexperienced Iron Worker

Connection 0x (Ib- 0x (Ib-

Type Ax (Ib/in) | Ay (Ib/in) in/degree) Ax (Ib/in) | Ay (Ib/in) in/degree)
Single Snap 11870 1203 6.9 8227 223 1.1
Double Snap 17527 600 10.4 10344 338 1.7
Single-U 27009 1245 5.6 11084 755 1.3
Double-U 34097 1875 5.7 14781 932 1.8
Column Tie 27818 1584 32 12004 318 1.1
Wrap-and 30635 2476 5.7 19887 1468 9.1
Saddle

Table 3.6: Recommended Strength of Tie Wire Connections for Rebar Cage pick-up

Tangential Connection Ay Strength (Ib)

Connection Type Average Expe.rienced and| Recommended
Inexperienced (90%)
Single Snap 228 205
Double Snap 410 369
Single-U 507 456
Double-U 878 790
Column Tie 709 638
'Wrap-and Saddle 1069 962
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Table 3.7: Recommended Rotational Strength of Tie Wire Connections

Rotational Connection 0x Strength (Ib-in)
Connection Tvpe Average Experienced |Recommended
yp and Inexperienced (90%)
Single Snap 211 189
Double Snap 490 441
Single-U 464 417
Double-U 879 791
Column Tie 516 464
'Wrap-and Saddle 779 701

Table 3.8: Test Specimens Properties

Specimen Height | Diameter | Longitudinal Transversal Type of
P (ft) (ft) Reinforcement | Reinforcement Braces
I 34 3.67 i o 2 X-b
' 12 #11 #8@7.0 in Toraces
1% 1% -
I 34 3.67 : > 2 Square
12 #11 #8@7.0 in braces

Table 3.9: Mapping of Tie Wire connections in Specimen I

TIE o
CONNECTION | Number &
No tie wire 197 | 27.8%
connection
4-snap tie 290 41.0%
2-snap tie 150 21.2%
Wrap-and-saddle 42 5.9%
Column-tie 14 2.0%
Strong-tie 15 2.1%
Total = 708
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Table 3.10: Tie Wire Connections in Pick-up bars in Specimen I

Pick-Up Tie Wire Connection
Bar 2-Snap 4-Snap Colum-Tie |Wrap-&-Saddle|Strong-Tie
2 20.3% 69.5% 3.4% 6.8% 0.0%
6 25.4% 62.7% 5.1% 5.1% 1.7%
8 25.4% 66.1% 0.0% 6.8% 1.7%
12 25.4% 66.1% 0.0% 6.8% 1.7%
Table 3.11: Tie Wire Connections in Template hoops in Specimen I
Template Tie Wire Connection
Hoop 2-Snap 4-Snap | Colum-Tie | Wrap-&-Saddle |Strong-Tie
A 0.0% 33.3% 33.3% 0.0% 33.3%
B 0.0% 0.0% 41.7% 0.0% 58.3%
C 0.0% 8.3% 8.3% 83.3% 0.0%
D 0.0% 0.0% 0.0% 100.0% 0.0%
E 0.0% 0.0% 16.7% 66.7% 16.7%

Table 3.12: Mapping of Tie Wire connections in Specimen II

TIE o
CONNECTION | Number | %
No tie wire 1464 | 52.1%
connection
4-snap-tie 269 9.6%
2-snap-tie 919 32.7%
Wrap-and-saddle 114 4.1%
Column-tie 14 0.5%
Strong-tie 28 1.0%
Total=| 2808
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Table 3.13: Tie Wire Connections in Pick-up bars in Specimen I1

Pick-Up Tie Wire Connection
Bar 2-Snap 4-Snap |Colum-Tie|Wrap-&-Saddle|Strong-Tie
89.7% 4.3% 0.0% 5.1% 0.9%
93.2% 0.9% 0.0% 6.0% 0.0%
76.9% 6.8% 0.0% 5.1% 0.9%
12 83.8% 13.7% 0.0% 2.6% 0.0%
Table 3.14: Tie Wire Connections in Template hoops in Specimen II
Template Tie Wire Connection
Ring 2-Snap 4-Snap | Colum-Tie | Wrap-&-Saddle | Strong-Tie
A 0.0% 16.7% 12.5% 50.0% 20.8%
B 0.0% 4.2% 25.0% 50.0% 20.8%
C 4.2% 0.0% 0.0% 83.3% 12.5%
D 4.2% 0.0% 0.0% 83.3% 12.5%
E 16.7% 0.0% 0.0% 70.8% 12.5%

Table 4.1: Experimental over Analytical Displacement Ratios for Specimen I

Resultant Cable Displacement (in)
Point Average
8.28 15.4 29.66 43.44 57.71
0 0.00 0.00 0.00 0.00 0.00 0.00
1 1.31 1.19 0.80 0.88 0.68 0.97
2 1.78 1.60 1.04 1.11 0.94 1.29
3 1.04 1.00 0.89 0.89 0.78 0.92
4 1.15 1.07 1.00 0.98 0.90 1.02
5 1.18 1.09 1.01 1.00 0.97 1.05
6 1.29 1.15 1.04 1.05 1.11 1.13
1.06 1.29 1.18 0.96 0.98 0.90 Average
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Table 4.2: Experimental over Analytical Displacement Ratios for Specimen II

. Resultant Cable Displacement (in)

Point Average
14.3 28.2 42.3 56.6 72.4

0 0.00 0.00 0.00 0.00 0.00 0.00

1 2.09 1.63 0.68 0.56 0.51 1.10

2 1.39 1.18 0.74 0.65 0.58 0.91

3 1.24 1.08 0.90 0.85 0.78 0.97

4 1.15 1.01 0.93 0.89 0.85 0.97

5 1.10 0.94 0.92 0.90 0.89 0.95
0.98 1.39 1.17 0.83 0.77 0.72 | Average
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Figure 1.2: Collapse of Bridge Column Rebar Cages in Bent 7 of Carquinez Bridge
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Figure 1.4: Bending and torsion suffered by Column Rebar Cages after collapse in Bent 7 of
Carquinez Bridge
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Figure 1.5: No presence of Internal Braces in Bridge Column Rebar Cage in Bent 7 of Carquinez
Bridge

Figure 1.6: Bridge Column Rebar Cage after Collapse in Sweetwater River Connection
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Figure 1.7: SFOBB West Approach Plans
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Figure 1.8: Column Rebar Cage supported by four Guy cables in bent 23 of SFOBB West Approach
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Figure 1.9: Bridge Column Rebar Cage Collapsed in bent 23 of SFOBB West Approach
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Figure 2.1: Placing of Hoops for the Assembly of a Rebar Cage
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Figure 2.2: Pick-up Bars in a Column Rebar Cage
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Figure 2.3: Template-hoops in a Column Rebar Cage
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Template hoops

Figure 2.5: No. 15 gauge Tie Wire Coils
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Figure 2.7: Double-Snap Tie Wire Connection
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Figure 2.9: Double-U Tie Wire Connection
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Figure 2.10: Wrap-and-Saddle Tie Wire Connection

Figure 2.11: Figure-Eight Tie Wire Connection
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Figure 2.12: Column-Tie Connection

Figure 2.13: Strong-Tie Connection
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Figure 2.15: Detail of Internal X-brace
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Figure 2.17: Rebar Cage with two X-braces ready to be lifted
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Figure 2.18: Column Forms with Temporary Support installed
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Figure 2.19: Column Rebar Cage being lifted by the Crane with the help of a Forklift
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Figure 2.20: Column Rebar Cage being set inside the Column Forms

Figure 2.21: Rebar Cage with two X-braces ready to be lifted
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Figure 2.22: Rebar Cage being swung into the location of the footing

Figure 2.23: Column Rebar Cage being Attached to the Bottom Mat of the Footing
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Figure 2.24: Column Rebar Cage being guyed at four locations

Figure 2.25: Column Rebar Cage with Two Levels of Four Guy cables
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Figure 2.26: Remove of slack in guy cables

Figure 2.27: Column Rebar Cage with four guy cables
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Figure 2.28: #8 Bar Boundary Conditions and Deformed Shapes: (a) Pinned-pinned, (b) Fixed-
pinned and (c) Fixed-fixed
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Figure 2.29: Axial force-Axial Displacement Response for a half length Brace Bar with different
Boundary Conditions
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inner ring

Figure 2.30: Close-up of the Connection Between the end of Braces to the Longitudinal Bar
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Figure 2.31: Idealization of the Boundary Conditions of the X-brace Bar

&3




Buckling Load [1b]

Lateral Spring Stiffness,k [N/mm]

0 35.0 70.1 105.1 1402 1752
B ———————— T ———— 668
‘ ‘ Upper Bound ‘ ‘
\
12,500 ‘ 55.7
10,000 445
7,500 334
5,000 23
2,500 [ 1.1
T T T T owaBond ||
0 | Lower Bound | ——150 |,
0 200 400 600 800 1,000

Lateral Spring Stiffness, k [Ib/in]

Buckling Load [kN]

Figure 2.32: Buckling load of #8 X-brace Bar varying the Boundary Conditions

Figure 2.33: Idealization of the Boundary Conditions of the Square brace Bar
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Figure 2.34: Buckling load of #8 Square-brace Bar varying the Boundary Conditions
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Figure 2.35: Tie Wire Connection Analytical Model
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X: normal direction
Y: tangential direction

Z.: vertical direction

Normal Direction Tangential Direction Vertical Direction
(Dx) (By) (A7)

Figure 2.36: Translational Truss Directions of Tie Wire Connections

X: normal direction
Y: tangential direction

7. vertical direction

Normal Rotation Tangential Rotation Vertical Rotation
(Ox) (By) (62)

Figure 2.37: Rotational Spring Directions of Tie Wire Connections
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Figure 2.38: Local Model of Tie Wire connection

Applied Displacement in x-direction
at the top [mm]

Applied Displacement in x-direction
at the top [in]

0 25 51 76 102 127 152
\ \ \ \ ! 0
| | | |
| | | |
| | | |
Y ~. 777}7777 4,450
\ \ \ \
\ \ \ \ |
\ \ \ =
N S L ee0 2
| | | | g
| | | | | S
| | | \ | N
\ \ \ \ S
,fff%,,ﬂfff+fff%fff} 113350 &
\ \ \ \
— Case 1 (Large) }
| - Case 2 (Small) 777‘rf —{ 17,800
-~ Case 3 (Large + Small) }
\ \ | ‘ \
\ \ | \ \ 22,250
0 1 2 3 4 5 6

Figure 2.39: Analysis results of Local Model of Tie Wire Connection
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Figure 2.41: Sensitivity Analysis for the Connection between Longitudinal and Transverse Bars

2/3H

AR

r '

Figure 2.40: Location of Guy cables in Computational Model
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Figure 2.42: Close-up of the Models Response with Release of Ax, Ay, Az, and 0x
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Figure 2.44: Comparison of the Response of Column Rebar Cage models with and without Braces
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Figure 2.45:Axial force in bars of the Bottom Brace in Column Rebar Cage with X-braces
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Figure 2.46: Axial force in bars of the Bottom Brace in Column Rebar Cage with Square braces

Figure 3.1: Tie Wires Coupon Test Set-Up
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Figure 3.2: Stress-Strain Response of Tie Wires

Figure 3.3: Failure of Tie Wire Coupon
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Figure 3.4: Tie Wire Connections: a) Single-Snap b) Double-Snap c) Single-U d) Double-U e)
Column-tie f) Wrapn-and-Saddle
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Figure 3.5: (a) Normal Translation (Ax) Test Fixture (b) Translational Directions in a Tie Wire
Connection
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Figure 3.6: (a) Tangential (Ay) and Vertical Direction (Az) Test Fixture (b) Translational Directions
in a Tie Wire Connection
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Figure 3.7: Normal Translation (Ax) Response of Tie Wire Connections made by Experienced Iron
Worker: a) Single-Snap b) Double-Snap
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Figure 3.9: Normal Translation (Ax) Response of Tie Wire Connections made by Experienced Iron
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Figure 3.10: Fracture of Single Snap Tie Wire Connection
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Figure 3.11: Tangential (Ay) and Vertical (Az) Translation Response of Tie Wire Connections made
by Experienced Iron Worker: a) Single-Snap b) Double-Snap
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Figure 3.12: Tangential (Ay) and Vertical (Az) Translation Response of Tie Wire Connections made
by Experienced Iron Worker: a) Single-U b) Double-U
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Figure 3.13: Tangential (Ay) and Vertical (Az) Translation Response of Column-Tie Tie Wire
Connections made by Experienced Iron Worker
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Figure 3.14: Response of Wrap-and-Saddle Tie Wire Connections made by Experienced Iron
Worker: a) Tangential Direction (Ay) b) Vertical Direction (Az)
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Figure 3.15: Fracture of Single-U Tie Wire Connection

Deformation [cm] Deformation [cm]
0 0.25 0.51 0.76 1.02 1.27 152 0 0.25 0.51 0.76 1.02 1.27 1.52
800 T T T T T T T T T T 3.56
S R 1 C S R . A
[ R S B e I S S R
700 ‘ﬁ T ‘T | | ‘ﬁ T T‘ | | 3.12
\ \ \ \
oof e g
| | | —— II-ST-X-1 | | | | |
ssof T ISTEX2 s
= } } } —— II-ST-X-3 } } | \ \
v
g a0f [ ISTXA4RL L |18
= L . s
\ \
3000 —— \ A T | —— II-2ST-X-1] | 135
} | | | | | } — II-2ST-X-2
200****‘ }***T***‘f**ﬂ‘**** A **}***T**’_‘D_ II-2S‘T-X-37 0.90
100 **J‘***J‘”***}****}**** » *‘L**J‘***J‘”***}****}**** 0.45
] \ \ \ ‘ ‘ \ \ \ \ \
0 ! ! ! ! ! ! ! ! ! ! 0
0 0.1 0.2 0.3 04 0.5 06 0 0.1 0.2 0.3 04 0.5 0.6
Deformation [in] Deformation [in]

Figure 3.16: Normal Translation (Ax) Response of Tie Wire Connections made by Inexperienced
Worker: a) Single-Snap b) Double-Snap
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Figure 3.17: Normal Translation (Ax) Response of Tie Wire Connections made by Inexperienced
Worker: a) Single-U b) Double-U
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Figure 3.18: Normal Translation (Ax) Response of Tie Wire Connections made by Inexperienced
Worker: a) Column-Tie b) Wrap-and-Saddle
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Figure 3.19: Tangential (Ay) and Vertical (Az) Translation Response of Tie Wire Connections made
by Inexperienced Worker: a) Single-Snap b) Double-Snap
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Figure 3.20: Tangential (Ay) and Vertical (Az) Translation Response of Tie Wire Connections made
by Inexperienced Worker: a) Single-U b) Double-U
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Figure 3.21: Tangential (Ay) and Vertical (Az) Translation Response of Column-Tie Tie Wire
Connections made by Inexperienced Worker
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Figure 3.22: Response of Wrap-and-Saddle Tie Wire Connections made by Inexperienced Worker:
a) Tangential Direction (Ay) b) Vertical Direction (Az)
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Figure 3.23: Average Normal Translation (Ax) response of Tie Wire Connections made by
Experienced Iron worker
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Figure 3.24: Average Normal Translation (Ax) response of Tie Wire Connections made by
Inexperienced Worker
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Figure 3.25: Average Tangential (Ay) and Vertical (Az) Translation response of Tie Wire
Connections made by Experienced Iron worker
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Figure 3.26: Average Tangential (Ay) and Vertical (Az) Translation response of Tie Wire
Connections made by Inexperienced Worker
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Figure 3.27: Normal Rotation Fixture Test

Figure 3.28: Normal Rotation Test Set-Up for Tie Wire Connection
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Figure 3.29: Normal Rotational (0x) Response of Tie Wire Connections made by Experienced Iron

Worker: a) Single-Snap b) Double-Snap
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Figure 3.30: Normal Rotational Response (0x) of Tie Wire Connections made by Experienced Iron

Worker: a) Single-U b) Double-U
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Figure 3.31: Normal Rotational Response (0x) of Tie Wire Connections made by Experienced Iron
Worker: a) Column-Tie b) Wrap-and-Saddle
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Figure 3.32: Fracture of Single-Snap Tie under Rotation
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Figure 3.33: Normal Rotational Response (0x) of Tie Wire Connections made by Inexperienced
Worker: a) Single-Snap b) Double-Snap
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Figure 3.34: Normal Rotational Response (0x) of Tie Wire Connections made by Inexperienced
Worker: a) Single-U b) Double-U
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Figure 3.35: Normal Rotational Response (0x) of Tie Wire Connections made by Inexperienced
Worker: a) Column-Tie b) Wrap-and-Saddle
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Figure 3.36: Average Rotational Response (0x) of Tie Wire Connections made by Experienced Iron
worker
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Figure 3.37: Average Rotational Response (0x) of Tie Wire Connections made by Inexperienced
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Figure 3.38: Coupon Test of Rebar

110



[PdIN] $5418

4

—
(e
—_
on

m
I I I I
| o
W | % #\\W |
| L
| T
| |

[18y] $§2.41€

0 0.015 0.03 0.045 0.06 0.075 0.09 0.105 0.12 0.135 0.15

Strain [in/in]

Figure 3.39: Stress-Strain curves for #6 Reinforcing Bars

Figure 3.40: Test Set-up for Torsion of a rebar
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Figure 3.41: Torsional moment-twist Responses of Reinforcing Bars
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Figure 3.42: Fracture of #6 Bar under Torsional Loading
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Figure 3.43: First Mode of Column Rebar Cage Model, (Left) 3D View, and (Right) Top View
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Figure 3.44: Second Mode of Column Rebar Cage Model, (Left) 3D View, and (Right) Top View
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Figure 3.45: Specimen I Dimension and Details
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Figure 3.46: Specimen II Dimension and Details
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Figure 3.47: X-braces of Specimen I

Figure 3.48: Square-braces of Specimen 11
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Figure 3.49: Tie Wire Connections used in the Specimens: a) Quadruple-Single-Snap b) Double-Snap
¢) Wrap-and-Saddle d) Column-Tie e) Strong-Tie
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Figure 3.51: Specimen II standing without any Temporary Support
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Figure 3.53: Coupon Test from Reinforcing Bars of Specimen 11
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Figure 3.55: Base of the Rebar Cage with the Longitudinal Bars Welded to the Base Plate
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Figure 3.57: Attaching of the cables at the Rebar Cage
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Figure 3.58: Winch and Displacement Transducer box located to the west of the Rebar Cage

Figure 3.59: Specimen I Test Set-Up
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Figure 3.60: Specimen II Test Set-Up
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Figure 3.61: Strain Gages Location for Specimen I
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Figure 3.65: South fixed point of the string pots
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Figure 3.66: Cable Force-Displacement response for Specimen I
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Figure 3.68: Resultant Displacement obtained from Displacement Transducers, Specimen I
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Figure 3.72: Failed Quadruple-snap tie
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Figure 3.78: Strains at the Third level (53-in) of Bottom Brace
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Figure 3.80: Strains at the Fifth level (88-in) of Bottom Brace
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Figure 3.82: Close up of buckled brace bar after collapse of Specimen I
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Figure 3.84: Top Brace after collapse of Specimen I
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Figure 3.85: Close up of bottom of Specimen I after collapse
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Figure 3.86: Cable Force-Displacement response for Specimen II
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Figure 3.87: Collapse of Specimen II
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Figure 3.88: Resultant Displacement obtained from Displacement Transducers, Specimen II
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Figure 3.91: Top brace after collapse of Specimen I1
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Figure 3.92: Strains at the Bottom of Specimen II (SG1-SG-12)
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Figure 3.93: Strains at the Bottom of Specimen II (SG13-SG-24)
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Figure 3.94: Strains at the Top of the Bottom Brace of Specimen II (SG57-SG-68)
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Figure 3.95: Strains at the Top of the Bottom Brace of Specimen II (SG69-SG-80)
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Figure 3.96: Strains at the First level (19-in) of Bottom Brace
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Figure 3.97: Strains at the Second level (40-in) of Bottom Brace
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Figure 3.98: Strains at the Third level (79-in) of Bottom Brace
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Figure 4.4: Computational model of Bar under Torsion
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Figure 4.12: Computational Model of Specimen IT
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Figure 4.14: Response of Specimen II with different Brace Boundary Conditions
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Resultant Cable Displacement [m]

0 025 051 076 102 127 152
3,500 : : ‘ ‘ ‘ 15.58
\ \ \ \
\ \ \ \
3,000 - ——— b —— 1335
\ \ \ \
\ \ \ \
250 /¥ n13ZF
N | \ \ \ \ =
N \ \ \ \ \ S
< 2,000 7777}7777}7 —#———‘L——J‘———f&% S
~ v
S | | | | 5
S0 S s 3
g B \ \ \ g
E } } — Experimental =
Y “©
& 1,000/ | = Model with Curve-1| | 445 &
| T T T
\ | | |
s /223
\ \ | | |
| | \ \ \
0 | | | | | 0
0 10 20 30 40 50 60

Resultant Cable Displacement [in]
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Figure 4.36: Response of Specimen II without Braces with Experimental Tying and Welded
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Figure 4.38: Response of Specimen II without Braces with different Tie Wire connections at Pick-up
bars

Resultant Cable Displacement [m]

0 0.25 0.51 0.76 1.02 1.27 1.52
800 ‘ ‘ ‘ ‘ ‘ 3.56
\ \ \ \ \
[ R R S R A
700 | | T T 3.12
. ! \ \
— Minimum Tying
600 | — . T . DY
s —— Maximum Tying || | \ =
: T T ‘ ‘ ﬁ
S 500 7———F——4———f— —#———}———72.23 S
oy \ \ S
S
2 \ \ | | S
s 4400|178 £
N | | | | | S
§ | | | | S
Ll R e R et =
§ \ \ \ \ 2
200 ———}———%—— ‘————‘———70.89 =
\ \ |
ol S s
\ | \ \ \
0 \ \ \ \ \
0 10 20 30 40 50 60

Resultant Cable Displacement [in]
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Figure 4.41: Response of Column Rebar Cages without braces and Transverse Reinforcement Ratio
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Figure 4.42: Response of Column Rebar Cages without braces and Longitudinal Reinforcement
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Figure 4.55: Deformed Shape under Accidental Lateral Loading
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Figure 4.62: Typical Layout of Bridge Column Rebar Cage model in Parametric Analysis
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This Appendix shows the Material Testing Reports for the reinforcing bars used in the

full-scale rebar cage experiments.

meRKMDU

SRR

w | ou |ees foootior | 1zs |oos'se v |zor |eo |5 |ver [ez |z | seo |0 |ee |e2 89£00

wo | 81 |ive |oco'es arv |ooo'se |ev- |zzor |vor [eer |8 [0z ov | ieor |0 |ei o [s2 69200

| = lmmmux-mwmwu1|lhmwmmWWWW|| D| A |m|m| m| o8] 5| 4] wm “on
:Ag panjsoay

e \E\F

/€€ 'BE /

8E /

\!n¢aawﬁ)a:m&iﬁr mabuwwnessmuvﬂ

LE

/LZ 'BE /92

Lo

‘BE /62 'BE /B2

IS UN/e | Pug BSEQQ #1esH
(S UN/# | PUS %39&

ol|Li[s@
}AAJJ.LMN\.HHv =\

o 3vwal\
e o A

gt /g€

@90 WOOLV7BOLY SZ/B8#

Q9rvLe

‘ON

Jeddiys

YdvN
AvOod ¥3aSivid 0901

(v3dv AvE) VdvN - SDd

29)

LZEDQLE

YO o2Les vd 09310 NYvS

304800 NOISSIN SSiLL o1
Vd¥N - 13318 1SV0D Ovd

Figure Al.1: Material Testing Report (MTR) for #8 reinforcing Bars

197



861

saeg SuIoyurdx 14 10§ (Y.LIA) 310doy Sunsa |, [BLIIBA (T TV 2InSL]

TAMCO @ i IIIL\]II R O AT Shoper
No. 213942
Sold PAC COAST STEEL - NAPA 325,\\ 6\"0 Ship PCS - NAPA (BAY AREA)
To: 7155 MISSION GORGE ?{\ To: 1060 KAISER ROAD
NAPA
SAN DIEGO CA 92120 CA
[Custr No. [Customer Order No. F.0.B.Polrl  |OurOrderNo  [ShipDate  [Routing Frioght Carrior BL No.
17001 41291 IMILL 515904 4/08/10 [RC #BO Lx.c 117355
TV Z Tons
Commedity | Length Description Pounds | Shipbed Bdis Shipped
216247 60.00 [#11/36 A 706M 06a 51008 160 8 25.504
Heat# 9¥009 Bndl#/Units: 20/ 20, 21/ 20,
22/ 3/ 20, 24/ 20, 25/ 20,
a1/ 20, 32/ 20
‘. — 0;\
13 ( §-NAT
JGPMMAJ'('I oL &l'aas pr:z- TF\\E @ m 'EQ?E
T o.c. 12 200
oy
. oy
Received By:
HeatNo.| € | Mn | P [ s [si|cr| N | Cu M| V | CE 5 | wsa | Msa | EL |BD
91009 .26 1.02 .018 032 .36 25 16 .42 .04 029 .47 | 73,500 507 99,500 [1:13 18 oK
W&hefebycmﬁfyﬂuululhm#pmm , occurred in the: States of America. The steel has been sampied, tested
ezt accomoo it o S e AT e, Bonding Requverents, 700t gt a1d DeonTelon - nese 00ds




Appendix 11
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This Appendix shows the results from the parametric analysis performed in bridge
column rebar cages.
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Figure AIL2: Response of Rebar Cage Models with #8 Braces, Height = 30-ft and Diameter = 6-ft
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Figure AIL4: Response of Rebar Cage Models with #8 Braces, Height = 40-ft and Diameter = 4-ft
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Figure AILS: Response of Rebar Cage Models with #8 Braces, Height = 40-ft and Diameter = 6-ft
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Figure AIL6: Response of Rebar Cage Models with #8 Braces, Height = 40-ft and Diameter = 8-ft
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Figure AIL7: Response of Rebar Cage Models with #8 Braces, Height = 5S0-ft and Diameter = 4-ft
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Lateral Force [Ib]

Figure AIL8: Response of Rebar Cage Models with #8 Braces, Height = 5S0-ft and Diameter = 6-ft
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Figure AIL9: Response of Rebar Cage Models with #8 Braces, Height = 5S0-ft and Diameter = 8-ft
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Figure AIL.10: Response of Rebar Cage Models with #8 Braces, Height = 60-ft and Diameter = 4-ft
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Figure AIL11: Response of Rebar Cage Models with #8 Braces, Height = 60-ft and Diameter = 6-ft
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Figure AIL.12: Response of Rebar Cage Models with #8 Braces, Height = 60-ft and Diameter = 8-ft
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Figure AIL13: Response of Rebar Cage Models with #8 Braces, Height = 70-ft and Diameter = 4-ft
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Figure AIL.14: Response of Rebar Cage Models with #8 Braces, Height = 70-ft and Diameter = 6-ft
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Figure AIL.15: Response of Rebar Cage Models with #8 Braces, Height = 70-ft and Diameter = 8-ft
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Figure AIL.16: Response of Rebar Cage Models with #8 Braces, Height = 80-ft and Diameter = 4-ft
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Figure AIL.17: Response of Rebar Cage Models with #8 Braces, Height = 80-ft and Diameter = 6-ft
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Figure AIL18: Response of Rebar Cage Models with #8 Braces, Height = 80-ft and Diameter = 8-ft
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Figure AIL.19: Response of Rebar Cage Models with #11 Braces, Height = 30-ft and Diameter = 4-ft
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Figure AIL20: Response of Rebar Cage Models with #11 Braces, Height = 30-ft and Diameter = 6-ft
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Figure AIL21: Response of Rebar Cage Models with #11 Braces, Height = 30-ft and Diameter = 8-ft
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Figure AIL22: Response of Rebar Cage Models with #11 Braces, Height = 40-ft and Diameter = 4-ft
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Figure AIL23: Response of Rebar Cage Models with #11 Braces, Height = 40-ft and Diameter = 6-ft
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Figure AIL.24: Response of Rebar Cage Models with #11 Braces, Height = 40-ft and Diameter = 8-ft
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Figure AIL25: Response of Rebar Cage Models with #11 Braces, Height = 5S0-ft and Diameter = 4-ft
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Figure AIL26: Response of Rebar Cage Models with #11 Braces, Height = 5S0-ft and Diameter = 6-ft
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Figure AIL27: Response of Rebar Cage Models with #11 Braces, Height = 5S0-ft and Diameter = 8-ft
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Figure AIL.28: Response of Rebar Cage Models with #11 Braces, Height = 60-ft and Diameter = 4-ft
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Figure AIL29: Response of Rebar Cage Models with #11 Braces, Height = 60-ft and Diameter = 6-ft
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Figure AIL.30: Response of Rebar Cage Models with #11 Braces, Height = 60-ft and Diameter = 8-ft
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Figure AIL31: Response of Rebar Cage Models with #11 Braces, Height = 70-ft and Diameter = 4-ft
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Figure AIL.32: Response of Rebar Cage Models with #11 Braces, Height = 70-ft and Diameter = 6-ft
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Figure AIL.33: Response of Rebar Cage Models with #11 Braces, Height = 70-ft and Diameter = 8-ft
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Figure AIl.34: Response of Rebar Cage Models with #11 Braces, Height = 80-ft and Diameter = 4-ft
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Figure AIL35: Response of Rebar Cage Models with #11 Braces, Height = 80-ft and Diameter = 6-ft
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Figure AIL.36: Response of Rebar Cage Models with #11 Braces, Height = 80-ft and Diameter = 8-ft
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