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ABSTRACT

This report outlines the research program undertaken at the Earthquake Engineering Research Center
(EERC) to investigate the fatigue life of retrofitted Changeable Message Sign (CMS) structure posts. This
type of sign structure is an inverted “L” shaped structure, fabricated from steel pipe sections, and
composed of a vertical (post) section that is connected to a horizontal (mast arm) section by a flanged
connection. These steel structures are inherently flexible and have low structural damping. Following the
failure of one CMS structure in Southern California, field studies were undertaken that indicated that the
groove-welded post-to-base plate connections were susceptible to wind-induced fatigue cracking.
Laboratory studies on CMS posts indicated that the post cross-section adjacent to the electrical conduit
hole was also susceptible to fatigue-induced cracking. To increase the fatigue life of CMS structures,
Caltrans engineers identified the following retrofit strategies: 1) increase the section modulus of the post
near the post-to-base plate connection and the conduit hole to reduce the cyclic stress ranges at the critical

cross-sections; and 2) increase the mechanical damping of the sign structure.

Two retrofit schemes corresponding to the first retrofit strategy were developed and tested: a steel
gusset-retrofit (GR1), and a cast-in-place concrete-jacket retrofit (CIP1). Both retrofit schemes were
designed and detailed by Caltrans. The steel-gusset retrofit consisted of welding eight gusset plates to the
post-to-base plate connection. The concrete-jacket retrofit consisted of adding a reinforced concrete shell
to the steel post. Specimen GR1 was tested to approximately one million cycles before significant cracking

developed. Specimen CIP1 was subjected to 4,500,000 cycles of loading without failing.
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CHAPTER 1: INTRODUCTION
1.1 General

Changeable Message Sign (CMS) structures are widely used in California by the California
Department of Transportation (Caltrans) for communicating information on road conditions to the driving
public. Figure 1.1 shows a newly installed gusset-retrofitted CMS structure on Interstate 80, near Rodeo
California. In the field, the CMS structures are subjected to variable environmental and wind-vibration
conditions. They are designed by Caltrans using the AASHTO Standard Specifications for Structural
Supports for Highway Signs, Luminaries, and Traffic Signals (AASHTO, 1994).

Following the failure of a CMS structure in 1995, Caltrans investigators inspected the more than
200 CMS structures in use in California. Several CMS structures were instrumented to characterize their
dynamic response. The field data indicated that: a) the welded connections in the CMS structures are
subjected to stress levels that substantially exceeded the allowable stress levels recommended by the
AASHTO specifications (AASHTO, 1994), and b) CMS structures are relatively flexible with little
structural damping (Winter, 1996).

As a result of these findings, Caltrans identified three topical areas for immediate investigation: 1)
evaluation of the response of existing CMS structures; 2) development and testing of retrofit details for
vulnerable groove-welded post-to-base plate connection; and 3) the use of energy dissipation devices to

mitigate the wind-induced response of CMS structures.
1.2 Changeable Message Signs

CMSs are composed of an electronic message sign hung from a mast arm, which is supported in
turn by a vertical cantilever post. The approximate weight of the sign is 2.5 kips (11 kN). The mounting

brackets, shelf angles, and walkway weigh approximately 2.1 kips (9.2 kN).

The structural framing is composed of a 25 ft (7.6 m) long mast arm with an outside diameter of 18
in. (457 mm) and a wall thickness of 3/8 in. (9.5 mm), which is connected to a vertical cantilever post with
a maximum height of 29 ft 5 in. (7.3 m), an outside diameter of 18 in. (457 mm), and a wall thickness of 1/
2 in. (12.7 mm). The mast arm and the post are connected via annular flange plates. The annular flange
plates, which have an outside diameter of 24 in. (610 mm), an inside diameter of 16 in. (406 mm), and a
thickness of 1-3/8 in. (35 mm), are groove welded to the ends of the mast arm and the post; 26 No. 3/4 in.

(19 mm) bolts are used to connect these plates.



The post in a CMS structure is welded at its base to an octagonal 2-3/4 in. (70 mm) thick base plate
(hereafter termed the post-to-base plate connection), which, in turn, is attached to a reinforced concrete
foundation using eight high-strength, 2-1/4 in. (57 mm) diameter anchor bolts. Two welded details are
used for the post-to-base plate connection: a full-penetration detail, and a socket detail. A rectangular steel-
reinforced conduit hole measuring 4 by 6 in. (102 x 152 mm) is typically flame cut in the post
approximately 18 in. (457 mm) above the base plate on the face of the post opposite to the mast arm
(hereafter termed the tension side of the post). Two retrofit schemes for the post-to-base plate connection
were studied by the authors: a steel-gusset retrofit, and a concrete-jacket retrofit. Both retrofit details were

designed and detailed by Caltrans.

The gusset-retrofit detail consisted of welding eight gusset plates of 9/16 in. (14 mm) thick A36
steel to the post-to-base plate connection. The triangular gusset plates were welded to the post and the base
plate using full-penetration groove welds. The radial gussets were centered between the base plate anchor
bolts. The gusset coinciding with the conduit hole on the tension face of the post was 17 in. (432 mm) tall
and was terminated approximately 1 in. (25 mm) below the underside of the conduit hole. The other seven
gussets were 24 in. (610 mm) tall and terminated at the level of the top of the conduit hole. All eight
gussets were 6.5 in. (165 mm) wide at their base. Figure 1.2 shows the dimensions of a gusset-retrofitted
Model 500 CMS structure. The lower 15 ft (4.6 m) of a gusset-retrofitted CMS was tested at EERC; refer
to Chapter 4 for details.

The concrete jacket retrofit detail consisted of adding a reinforced concrete shell to the steel post.
The jacket had a outside diameter of 42 in. (1.1 m) and was 6 ft (1.8 m) tall. The jacket was attached to the
existing foundation by drilling and bonding a total of 16 #7 vertical reinforcement bars. The transverse
reinforcement in the jacket consisted of #4 hoops with a 15 in. (381 mm) lap placed at 4 in. (102 mm)
spacing. Trim reinforcement was added around the conduit hole. Figure 1.3 shows the dimensions of a
concrete jacket retrofitted Model 500 CMS structure. The lower 15 ft (4.6 m) of a concrete jacket
retrofitted CMS was tested at EERC; refer to Chapter 5 for details.

1.3 Objectives and Scope

Caltrans contracted with the Earthquake Engineering Research Center (EERC) to study the first
two topical areas identified in Section 1.1. This report addresses the second topic, namely, the response of
retrofitted CMS structures. The reader is referred to Gilani, et al. (1997) for results of the studies on the

response of components of existing CMS structures.



1.4 Organization of the Report

Chapter 2 provides limited background information on the subjects of wind loading and fatigue.
Chapter 3 describes the experimental program for the retrofit work, and Chapters 4 and 5 detail the
experimental results for the gusset-retrofit and concrete-retrofit post specimens, respectively. Conclusions
and recommendations are presented in Chapter 6. For additional information on wind loading and fatigue

failure of steel structures and weldments, refer to the appendices of Gilani, et al. (1997).
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Photograph of gusset retrofitted CMS structure on Interstate 80

Figure 1.1
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CHAPTER 2: BACKGROUND INFORMATION

2.1 General

The study described in this report was funded by Caltrans with the purpose of developing
procedures and details for retrofit CMS construction. Prior to discussing the result of the research program,
brief background information on wind effects on structures, fatigue, and current AASHTO design
procedures to avoid fatigue failure are presented. A more comprehensive treatment of this material is
presented in the companion report by Gilani, et al. (1997). The last section in this chapter provides a brief

outline of possible retrofit strategies for CMS structures including information on fatigue.
2.2 Wind Loading

Wind effects on CMS structures can be classified as either aerodynamic (due solely to external
loading) or aeroelastic (due to the interaction of aerodynamic forces and structural motion). Two
aerodynamic effects, natural and truck-induced wind gusts, and two aeroelastic effects, vortex shedding

and galloping, can influence the response of CMS structures.

Wind gusts occur naturally from a change in the flow direction and/or amplitude of wind. The
wind turbulence will cause a structure to vibrate, and the resulting variable stresses introduced in a

structure and its connections can contribute to fatigue-induced cracking.

The passage of trucks underneath a CMS structure induces wind pressure (horizontal and vertical)
gradients on the CMS sign and its attachments to the mast arm. The horizontal pressure acting on the faces
of the sign introduce torsion and bending moment in the vertical post. The vertical gust pressures acting on
the underside of the sign introduce bending moment in the vertical post. The resulting stresses must be

considered in the design of CMS structures.

Regular vortex shedding occurs when alternating regular vortices are shed in the wake of a

structure. The frequency of these vortices is given by the Strouhal equation:

f = KD‘E @.1)

where D is the dimension of the structure perpendicular to the flow, ¥ is the mean wind velocity, and S is
the Strouhal number. The value of S depends on the geometry of the structure and the Reynolds number
(which is used to characterize the nature of wind flow as either laminar or turbulent). When the frequency

expressed by Equation 2.1 approaches one of the natural frequencies of a flexible and lightly damped



structure, large oscillatory motions may occur.

Galloping corresponds to large-amplitude motions in the direction normal to the wind flow, at
frequencies smaller than f in Equation 2.1. If a structure experiences motion in the across-wind direction,
the flow around the structure can become unsymmetrical, generating a lift force. This force will increase

the motion of the structure in the across-wind direction, and large amplitude motions may result.

For a prismatic, single-degree-of-freedom oscillator in a smooth wind flow and oscillating in the

across-wind direction, the total system damping (&, ,,,,) may be expressed as:

&-vtotal = EJmech + gaero (2'2)

where §, ., is the mechanical or equivalent viscous damping of the oscillator (always positive), and
€4ero is the aerodynamic damping (often negative). Galloping instability (the Glauert-Den Hartog
criterion) will occur when the total system damping is negative, that is, when the value of the aerodynamic
damping, if negative, is larger than the mechanical damping. Steel CMS structures possess small

mechanical damping and are susceptible to galloping instability (Gugino and Woody, 1996).
2.3 Fatigue

Fatigue, which is often classified as either low-cycle or high-cycle, is a problem that occurs in
many types of structures utilizing welded connections, such as bridges, off-shore platforms, and sign
support structures. The fatigue failure of a CMS structure is related to high-cycle fatigue, which is

associated with a large number of loading cycles at strain levels less than the yield strain.

Geometry, the metallurgical characteristics of the steel and the weld filler metal, and the presence
of defects all affect the fatigue life of a connection. Material strength alone is not a significant factor in the
fatigue life of a structure. However, the ratio of the applied stress to the yield stress has a significant effect

on fatigue life.

Although structures are typically subjected to complex loadings, constant amplitude sinusoidal
loading is usually used to characterize the fatigue life of components and connections. The applied stress
range is defined as the total stress amplitude in a given cycle. Using this definition, the fatigue life of a
specimen at different stress ranges can be represented by an S-N curve (where S is the stress range and N is
the number of loading cycles to failure). A point on the S-N plot indicates the number of cycles a
component or connection can sustain at a given stress range prior to failure. The S-N curve is typically
plotted in logarithmic form, that is, the logarithm of the stress range is plotted versus the logarithm of the
number of loading cycles to failure. The cycle count in the plot is the sum of the number of cycles required

to initiate a crack and the number of cycles needed to propagate the crack to failure. Typical S-N curves



consist of a descending branch and a constant value branch. In the descending branch, fatigue life is
reduced as the stress range is increased. The fatigue limit is the stress level at which the number of cycles
to failure is infinite. Theoretically, a component or connection loaded to stress ranges below the fatigue
limit will have infinite fatigue life. For design, an S-N relation two standard deviations below the mean

relation is typically used.

For structures subjected to a variable loading history, the fatigue damage caused by each loading
cycle can be accumulated to determine the total fatigue life. A damage model known as the Palmgren-

Miner rule (Miner, 1945) is typically used to sum damage ratios for each loading cycle.
2.4 Design against Fatigue Failure

The AASHTO specifications (AASHTO, 1994) for the design of cantilever sign post structures
use equivalent static methods of analysis, and combine stresses due to different sources of loading. Wind
and vortex shedding effects are included in the stress check. New guidelines, based on the
recommendations of Kaczinski, et al. (1996), will likely include provisions for galloping, natural wind

gusts, and truck-induced gusts.

The design of sign structures for fatigue resistance is routinely based on criteria outlined in the
AASHTO Guidelines for Design of Highway Bridges (AASHTO, 1992). Welded connections are
classified into eight categories ranging from A (longest fatigue life) through E’ (shortest fatigue life). The
full-penetration or the socket welded connections at the post-to base plate connection of a CMS structure
are categorized as class E’. As such, they have a theoretically infinite fatigue life for stress ranges below
2.6 ksi (17.9 MPa). The E’ classification is based on the difficulty associated with inspecting these welds

due to the presence of the back-up ring inside the post immediately above the base plate.
2.5 Retrofit Strategies

To improve the fatigue life of the CMS structures, Caltrans investigated several retrofit strategies.
Galloping was identified (Gugino and Woody, 1996) as the primary loading condition that gave rise to
large dynamic stresses (exceeding the AASHTO design stresses) in the post-to-base plate welded
connections. The retrofit schemes concentrated on the following areas: 1) increasing the overall stiffness of
the system; 2) increasing the structural damping; and 3) moving the critical region away from the post-to-

base plate welded connection by increasing the section modulus at the base

One of the two retrofit specimens tested at EERC incorporated radial steel gussets groove-welded
to the post and the base plate. A reinforced concrete jacket was cast in place around the steel post to retrofit

the second specimen. A brief review of the fatigue response of gusseted connections and reinforced
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concrete members is presented below for additional information.

2.5.1 Fatigue Response of Gusseted Connections

Gusset and stiffener plates are commonly used in steel bridge members. Fatigue problems are
likely to occur at the welded connections between the gusset plates and the main bridge members in the
tensile stress regions (Fisher, et al., 1974). AASHTO recognizes various weld categories depending on the
type of the connection. A experimental study conducted by Daniels and Herbein (1980) for curved girder
assemblies indicated that gusset connections of the type shown in Figure 2.1 (similar to those used in the
retrofit of CMS structures) are most likely classified as Category C (see Figure 2.2), with nominal stress
range of 13 ksi (89 MPa). For this case, cracks are expected in the weld at the base of the stiffener plate.

2.5.2 Fatigue Response of Reinforced Concrete

Investigations into the fatigue properties of plain concrete in compression (e.g., ACI, 1974; and
Bennet, et al., 1967) have been carried out. The findings indicate that the fatigue life of the plain concrete
depends on the range of loading, rate of loading, eccentricity of loading, load history, material properties,
and environmental conditions. In the S-N plots for plain concrete, the ordinate S corresponds to the stress
level as a percentage of the static strength. A typical S-N curve for plain concrete is shown in Figure 2.3.
For concrete tested up to 10 million cycles, it was found that the fatigue strength was approximately 60
percent of the static strength, and the fatigue strength did not vary considerably for concrete strengths of up
to 8.7 ksi (60 MPa). For samples subjected to variable loading, the Palmgren-Miner equation takes the
following form:

Z% <1 (2.3)

r

where n, designates the number of cycles at a particular stress range, and N, denotes the number of cycles

causing fatigue failure at the same stress condition. The total sum depends on the sequence of loading and

the relative stress level, and may be as low as 0.2.

The fatigue strength of reinforcing bars under either uniaxial loading or flexural loading in
reinforced concrete beams has been studied by several authors (e.g., Bury and Domone, 1974). The
findings indicate that the fatigue life of reinforcing bars depends on minimum stress level, bar size,
geometry of deformation, yield strength, prior bending of the bar, and welding. As is typical for metals, the
fatigue life of reinforcing steel is determined by the stress range and not the absolute values of minimum

and maximum applied stresses. Figure 2.4 shows a typical S-N curve of reinforcing steel bars.
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Figure 2.1: Gusset welded connection details (adapted from Daniels and Herbein, 1980)
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 General

The experimental program for the retrofit specimens involved the full-scale testing of two CMS
cantilever posts; one post was retrofitted using welded radial gusset plates at the post-to-base plate
connection (hereafter referred to as Specimen GR1); the second post was retrofitted by casting a reinforced
concrete jacket around the steel post (hereafter referred to as Specimen CIP1). Table 3.1 summarizes the

key information on the two retrofitted specimens.

This chapter describes the two test specimens (fabrication, material properties, welding procedure,
and inspection) and the associated experimental program (test setup, test parameters, instrumentation, and

data acquisition system).
3.2 Fabrication Procedure
3.2.1 Fabrication

The cantilever post structure for the gusset-retrofit Specimen GRI was fabricated by Sierra
Nevada Steel Corp. of San Fernando, California (a Caltrans-approved vendor) specifically for testing at the
Earthquake Engineering Research Center. The vertical steel post for the cast-in-place concrete-jacket
retrofit Specimen CIP1 was also fabricated by Sierra Nevada Steel Corp. as part of three CMS structures
designated for field installation. East Bay Steel Products, Inc. of Oakland, California (a local Caltrans-
approved vendor) modified the cantilever tip of the steel post for connection to the testing hardware at
EERC. DOT Constructors of Berkeley, California, was responsible for the placement of the reinforced

concrete jacket.
3.2.2 Material Properties

Coupon testing of the anchor bolts and the post material was undertaken to determine the
mechanical properties of the test specimens. Good agreement between the mill certificate and coupon test
data was obtained. For Specimen CIP1, compressive cylinder tests of the foundation and jacket concrete,
tensile tests of reinforcement bars, and pull-out tests of the bonding agent were conducted. Material

properties for both specimens are summarized in Table 3.2.
3.2.3 Welding Procedure and Inspection

Prior to the failure reported in Chapter 1, Caltrans inspection of CMS weldments consisted solely
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of visual inspection of a completed CMS structure immediately prior to its shipment to the field. Based on
experience gained during the SAC testing program at EERC (Whittaker, et al., 1997), ultrasonic testing
(UT) was utilized by the authors to detect weld imperfections in both retrofit specimens. Although no
ultrasonic test data was available for Specimen GR1 prior to cyclic testing, the ultrasonic tests conducted at
the conclusion of the cyclic testing of GR1 detected flaws in the groove-welded gusset-to-post and gusset-
to-base plate connection at 90° to the direction of cyclic loading. Ultrasonic tests conducted prior to the
placement of the concrete jacket in Specimen CIP1 likewise revealed a number of rejectable flaws in the

groove-welded post-to-base plate connection.
3.3 Experimental Program

3.3.1 Test Setup

A reinforced concrete foundation blocks were cast and anchored to the strong floor in the
Structures Research Laboratory at EERC. The concrete foundation simulated the CIDH pile typically used
as the foundation for 18 in. (46 mm) diameter CMS structures. As shown in Figure 3.1, specially fabricated
anchor bolts, identical to bolts used in the field, were embedded in the foundation. The test specimens were
attached to the foundation using these anchor bolts. Each specimen was leveled using nuts placed
underneath the base plate. The anchor bolts at the base plate were initially snug tightened and then
tightened further using the turn-of-the-nut method (AISC, 1995). The gap between the base plate and the

foundation was then grouted with mortar cement.

A support frame was designed for the dynamic servo-actuator and attached to an existing reaction
frame. Two catwalks and a supporting framework were built to provide access to the top of the test
specimen at its connection to the actuator (see Figure 3.2). Figures 3.3 and 3.4 show the test setup for

Specimens GR1 and CIP1, respectively.

The specimens were loaded at their tips using a servo-hydraulic actuator attached to the reaction
frame. The actuator consisted of a double acting ram with a capacity of 100 kips, a stroke of 20 in. (508

mm), and a servo-valve with a maximum flow rate of 200 gpm (757 lpm).
3.3.2 Test Parameters

The specimens were tested vertically. A unidirectional constant amplitude cyclic displacement
history was imposed at the top of the post. Axial load, to simulate the weight of the mast arm and the sign,
was not imposed on any of the specimens. Other post deformations observed in the field, such as those due

to torsion and bidirectional displacements, were not accounted for.

A testing frequency of 5 Hz was selected for the test. This frequency is within the range of 1 to 13
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Hz used in other studies (Fisher, et al., 1974; Schilling, et al., 1978; Fisher, et al., 1979), and is smaller than
the specimen frequency (approximately 10 Hz for the steel cantilever post) and the oil-column frequency
of the servo-actuator. The tests were conducted at this frequency, and dynamic resonance effects were not

observed. All tests were performed at room temperature.

The mean stress for Specimen CIP1 was zero. Static dead-load stresses varying across the pipe
diameter were imposed on Specimen GR1 to simulate the bending moment induced in the specimen by the

dead weight of the sign.
3.3.3 Instrumentation

The instrumentation for the two specimens consisted of: an LVDT on the actuator center-line
measuring the imposed displacement; a load cell in-line with the actuator measuring the axial force in the
actuator; and strain gages placed at strategic locations along the height of the specimens measuring local
stresses. Chapters 4 and 5 detail the instrumentation used for each specimen. Figure 3.5 shows part of

Specimen CIP1 instrumented with strain gages.
3.3.4 Data Acquisition

The test machine and data acquisition system are run by a PC Windows-based control and
acquisition program, known as the Automated Testing System (ATS), developed by SHRP Equipment
Corporation of Walnut Creek, California. This program is capable of signal generation, four channel servo-
actuator command, and sixteen-channel data acquisition. For the tests reported on herein, the ATS system

was used to monitor and control the displacement and force-feedback signals.

Other data was monitored and recorded using an AutoNet data acquisition system with a capacity
of 64 channels. Pacific signal conditioners were used to amplify the transducer signals and to remove

frequencies above 100 Hz from the analog signal.

In order to limit the size of the data files, data was recorded for two seconds for every 16 minutes.
Each two-second data file records 10 cycles, which represents 200 sample points for each recorded
channel. The data was constantly monitored during the test. Part of the data acquisition system is shown in

Figure 3.6.
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Table 3.1: Retrofit test specimen data

Connection details

Specimen ID Post-to- Drai
Retrofit st-to-base ramzllge Conduit hole
plate weld hole
GR1 steel gussets socket fillet no rectangular, tension side
CIP1 concrete jacket full-penetration yes rectangular, tension side

1. Small hole for discharge of galvanizing material flame-cut into the groove weld on the tension side.

Table 3.2: Material properties of retrofit test specimens

Yiezissit)ress Ultimate stress (ksi)
Member Size Grade
mill coupon mill coupon
certificate test certificate test
GR1
Post 18”OD,t=1/2” B/X42/A53 61 64 71 71
Base plate t=2-3/4” A36 42 NT! 70 NT
Anchor bolts d=2-1/4",1=39-3/4” A36 46 4] 70 69
Gussets t=5/8" A36 422 NT 65.2 NT
cIp1?
Post 18" OD, t=1/2" B/X42/A53 67 NT 75 NT
Anchor bolts d=2-1/4",1=39-3/4” A36 46 41 70 69
Base plate t=2-3/4" A36 42 NT 70 NT
Reinforcement #7 Gr. 60 66 59 107 99
Reinforcement #4 Gr. 60 65 NT 102 NT
Reinforcement #3 Gr. 60 72 NT 110 NT

1. NT denotes Not Tested.
2. Foundation: 4,000 psi in 28 days; concrete jacket: 5,600 psi in 28 days; bond strength >20 Kips.
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CHAPTER 4 : RESPONSE OF SPECIMEN GR1

4.1 General

Specimen GR1 was a cantilever steel post from a CMS structure incorporating a socket post-to-
base plate connection that was retrofitted with eight triangular gusset plates welded both to the post and the
base plate. The objective of this retrofit scheme was to increase the section modulus of the post near its
base and to decrease the stresses at the post-to-base plate connection. The gusset plates were 24 in. (610
mm) tall. To accommodate the 4 in. by 6 in. (102 mm by 152 mm) conduit hole located 18 in. (457 mm)
above the base plate, one of the gussets plates was cut short. The specimen was fabricated by a Caltrans-
approved vendor per Caltrans guidelines for CMS structures. The specimen was inspected and approved

by Caltrans prior to shipment to EERC.

Figure 4.1 shows the details of the gusset-retrofitted post designed by Caltrans (Gugino and
Woody, 1996). Shown in the figure are the plan view, elevation of the gusset-retrofitted post, details of the
post-to-base plate socket-welded connection, dimensions of the gusset plates, and details of the conduit
hole. The conduit hole is typically flame cut; its edges are neither ground smooth nor its corners cut to a
radius to minimize stress concentrations. A stiffening tube is fillet welded to the steel post inside the flame-

cut hole.
4.2 Retrofit Strategy

Examination by Gilani, et al. (1997) of results from the laboratory testing of components of CMS
specimens identified two locations in a steel CMS post that are susceptible to fatigue failure: the post-to-
base plate connection, and the region around the conduit hole. The gusset-retrofit scheme increased the
section modulus near the post-to-base plate connection and reduced the cyclic stress range at the base of

the post.
4.3 Test Configuration

The test specimen was fabricated by cutting a CMS post with an outside diameter of 18 in. (457
mm) and a wall thickness of 1/2 in. (13 mm) to a length of 14 ft. 4 in. (4.4 m) to accommodate the framing
built for testing of other CMS components (Gilani, et al., 1997). The post was socket fillet welded at ité
base (see Figure 4.1) to a 2-3/4 in. (70 mm) thick octagonal steel plate. The specimen was connected to the
foundation using eight 2-1/4 in. (57 mm) diameter anchor bolts following Caltrans guidelines. The upper

nuts were first snug tightened, then further tightened by the turn-of-the-nut method (AISC, 1995). A
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rectangular plate was welded to the top of the post to facilitate its connection to the servo-actuator.

The retrofit work involved groove welding eight triangular 9/16 in. (14 mm) thick steel gusset
plates connected to the post and the base plate. The gusset plates had a base length of 6.5 in. (165 mm) and
a height of 24 in. (610 mm) except for the gusset located below the conduit hole, which had a height of 17
in. (432 mm).

The post was positioned such that the direction of loading, as shown in Figure 4.2, was normal to
the vertical face of the conduit hole (side CD or North side). The bolt designation in the figure identifies
the direction of loading and the gusset plates.

4.4 Material Properties, Welding Procedures, and Inspection

Table 4.2 summarizes material properties for Specimen GR1. The steel post was fabricated from
Grade A53 steel (AP, 1995; ASTM, 1991) extra strong pipe. The gusset plates and the base plate were
fabricated using A36 steel. The foundation anchor bolts were A307 steel. The test specimen was fabricated

by a Caltrans-approved vendor and inspected by Caltrans prior to shipment to EERC.

At the conclusion of the cyclic testing of Specimen GR1, ultrasonic testing (UT) was used to
evaluate the integrity of the welds in the post-to-base plate, gusset-to-post, and gusset-to-base plate
connections. Defects were observed in all of these welds, and the ultrasonic testing verified the presence of
those cracks identified by other means during the testing program. In addition, flaws were detected in the
groove-welded gusset-to-post and gusset-to-base plate connection of gusset AB, which was oriented 90° to

the direction of the cyclic loading. It is not known whether these flaws existed prior to the testing program.
4.5 Specimen Testing

Specimen GR1 was tested under displacement control, with displacements applied at the tip of the
post (see Figure 4.2). The unidirectional cyclic loading was applied at a frequency of 5 Hz. To simulate the
dead-load effects, Specimen GR1 was tested with an initial mean (static) stress. The cyclic tests were
carried out symmetrically with respect to this mean stress value. The target stress range for Specimen GR1
was 10.5 ksi (72 MPa) at 27 in. (610 mm) above the base plate (Gugino and Woody, 1996). The mean
(static) stress range at the base of the post was set at 13 ksi (90 MPa).

In practice, the displacement needed to achieve the target stress range for Specimen GR1 was
obtained by monitoring the stress range at a point 36 in. (914 mm) above the top of the base plate, at a
point where the stresses in the post were likely not affected by the presence of the conduit hole and the
gusset ‘plates. At this location, the computed cyclic stress range was 10 ksi (69 MPa) and the mean (static)
stress range was 11 ksi (76 MPa).
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Accordingly, the target stresses for Specimen GR1 ranged from 6 ksi (41 MPa) to 16 ksi (169
MPa) on the tension or conduit hole side (North side or side CD) of the post, and from -6 ksi (-41 MPa) to
-16 ksi (-169 MPa) on the compression side (South side or side GH) of the post; all measured at 36 in. (914

mm) above the base plate.
4.6 Crack Detection and Propagation

The presence of the cracks was monitored by a combination of visual observation and liquid dye
penetrant, and confirmed by real-time analysis of key strain gage data. The liquid penetrant and strain gage
monitoring techniques proved to be most reliable in determining the presence and growth of cracks in

Specimen GR1.
4.7 Instrumentation

The instrumentation for Specimen GR1 consisted of the following: an LVDT mounted on the
servo-actuator center-line measuring the imposed displacement at the tip of the post; a load cell in-line
with the servo-actuator measuring the imposed force; thirty-six vertical uniaxial strain gages placed along
the height of the post at strategic locations, either at the extreme fibers (with respect to the imposed
loading) or on the bolt lines adjacént to the extreme fibers, measuring axial strains parallel to the vertical
axis of the post; four strain gages placed at the corners of the conduit hole monitoring local stresses; nine
pairs of uniaxial strain gages placed on opposite faces of gusset plates, with each pair of gages combined
into a single data channel, used to identify the crack formation and estimate the stresses in the gusset
plates; and four units of four uniaxial strain gages, attached to four anchor bolts, used to estimate the
stresses in the anchor bolts, with each unit combined into a single data channel. The instrumentation list

and a schematic diagram of the strain gage locations are shown in Table 4.1 and Figure 4.3, respectively.
4.8 Experimental Results
4.8.1 General

The total number of loading cycles for Specimen GR1 slightly exceeded 1,000,000. A total of 221
individual tests, each of 16 minutes duration, were recorded. Table 4.2 summarizes the key observations;
more information is presented below. Prior to testing, the specimen was accidently subjected to a half-

cycle of loading with a peak displacement of nearly twice the yield value.

Specimen GR1 was assumed to have failed at approximately 800,000 cycles, when the resistance
of the post at the target displacement dropped to less than 90 percent of its initial value. The specimen
cracked substantially during the cyclic tests. In particular, two cracks formed and propagated in the post

from the lower corners of the conduit hole. Cyclic testing was continued beyond 800,000 cycles to
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determine the effectiveness of the gusset plates in arresting these cracks. The cracks propagated into the
gusset-to-post welds and then into the gusset plates. The test was terminated after approximately 1,000,000

cycles.
4.8.2 Data Analysis Procedure

The computer program MATLAB (The Mathworks, 1997) was used to process the experimental
data. The experimental data was reduced in three steps. In the first step, the raw data was read, the file
header was removed, and a test log was created. Next, the peak-to-peak extreme values of response were
extracted. Stress ranges were obtained by multiplying the peak-to-peak strains by Young’s modulus for

steel, assumed to be equal to 30,000 ksi (208 GPa). Response histories were plotted in the third step.
4.8.3 Cracks in the Test Specimen

Several cracks were identified during cyclic testing, including cracks in the gusset-to-base plate
welded connections, the gusset-to-post welded connection, the gusset-to-base plate welded connections,
the post-to-base plate welded connections, the gusset parent metal, and in the post initiating at the upper
and lower corners of the conduit hole. Figures 4.4 and 4.5 identify the cracks observed at the gusset-to-

base plate connection and at the conduit hole at the end of the testing.

Figure 4.6 shows the crack pattern around the conduit hole. In particular, two horizontal cracks
initiating at the lower left (al) and right (bl) corners of the conduit hole (designated as cracks A and B,
respectively) propagated substantially as the cycles accumulated. These cracks reached the gusset-to-post

welded connections (a2 and b2) at approximately 985,000 cycles.

Crack A, starting at the lower left corner of the conduit hole (al), propagated horizontally toward
the gusset-plate groove weld (a2), passed through this weld (a3) at 1,020,000 cycles, and then propagated
into the gusset parent metal (ad) at 1,055,000 cycles. Crack B, starting at the lower right corner of the
conduit hole (b1), propagated to the gusset-plate groove weld (b2), through the gusset plate-to-post weld
(b3) at 1,020,000 cycles, and then into the gusset parent metal (b4) at 1,055,000 cycles. Both cracks
continued to propagate into the gusset parent metal. In addition, due to the propagation of crack A to the
right (a5) and crack B to the left (b5) at the conduit hole, these cracks met below the bottom edge of the
conduit hole at approximately 860,000 cycles.

Figure 4.7 shows the locations of the cracks (solid heavy line) in, and adjacent to, the gusset plates
at the conclusion of the cyclic test. Most of the cracks developed in the gusset plate-to-base plate welded
connections. Cracks also developed at the gusset plate-to-post connection in gusset CD (tension side)

below the conduit hole.
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4.8.4 Typical Test Data

Typical test data is shown in Figure 4.8. The data in these plots were collected at a cycle count of
10,000 cycles and are representative of the response of Specimen GR1 prior to substantial cracking. The
stresses were obtained by multiplying the strain gage values by Young’s modulus for steel, assumed to be
30,000 ksi (207 GPa). The plots show the response histories of the actuator force and displacement, the
post stresses 36 in. (914 mm) above the base plate (sg2), the stresses at the lower left corner of the conduit
hole (sg39), the stresses at the gusset plate CD (sg43), and the stresses at the anchor bolts in the tension
side (sg52).

4.8.5 Response Maxima

The minimum and maximum responses were computed for each data channel and for all 212 tests.
Figure 4.9 shows the response maxima of the actuator force history, the stress range at the lower corner of
the conduit hole (sg 39), and the stress range in the post at 1.25 in. (32 mm) above the base plate on the
tension side (sg33). The actuator force is relatively constant up to approximately 800,000 cycles, and starts
to decrease noticeably thereafter. A similar trend is noted for the post stresses 1.25 in. (32 mm) above the
base plate. The post stresses at the lower end of the conduit hole increase substantially after approximately
300,000 cycles due to stress redistribution in the post following cracking adjacent to the conduit hole. After

approximately 700,000 cycles, cracks propagated to the gage, and the strain readings dropped to zero.
4.8.6 Strain Gage Histories

Figure 4.10 shows the average stress (strain) response, near the lower corner of the conduit hole, at
200,000 cycle increments of loading. The data shown was corrected to remove the drift in the transducer
response history. Up to 600,000 cycles, the data is essentially symmetric and sinusoidal. At 800,000
cycles, the stress response has lost both its symmetry and its sinusoidal shape, and the stresses are
significantly smaller indicating the presence of adjacent cracks. At 1,000,000 cycles, the stresses are

negligible due to cracking at the sensor location.
4.8.7 Stress Profiles

Figure 4.11 shows the stress profile on the tension and compression faces of the post. The stresses
are plotted for every 200,000 cycles. The stress distribution on the compression side does not change with
the number of test cycles. However, on the tension side, the stress distribution varies with the number of
cycles. Up to 600,000 cycles, the stress distribution is stable, but varies thereafter as the cracks around the
conduit hole grow substantially. The highest stresses in the tension side occur 27 in. (686 mm) above the

base and above the gusset plate. Below this height, the stresses in the post are dramatically reduced due to
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the increase in section modulus resulting from the addition of gusset plates.
4.9 Analysis of Test Specimen
4.9.1 General

An elastic analysis was performed to estimate the response of Specimen GR1 and to identify the
regions of likely stress concentration in the specimen. The computer program SADSAP (Wilson, 1992)
was used to perform the analysis. The program MATLAB (The Mathworks, 1997) was used to post-
process the analysis data. The influence of residual stresses, weld profile, gusset plate copes (see Figure

4.1), and cracking were not considered.
4.9.2 Modeling

A finite element mesh consisting of three-dimensional quadrilateral shell elements (available in
the SADSAP library) was used to model the cantilever post, the gusset plates, and the base plate. The shell
element has six degrees-of-freedom per node (three translation and three rotation) and accounts for
membrane and bending effects. A fine mesh was used to model the lower portion of the post, and a mesh of
larger elements was used near the top of the post. Each gusset was modeled using 64 quadrilateral shell
elements of variable size. The base plate was modeled using 128 quadrilateral shell elements. The post-to-
base plate connections were assumed to be rigid. Equivalent springs were used to model the vertical axial
stiffness of the anchor bolts connecting the base plate to the foundation. A load acting in the direction
parallel to bolt lines AB and EF was applied at the top of the post; the load was distributed among all the
nodes at the top of the post to avoid undesirable local deformations associated with concentrated loads.

Figure 4.12 presents information on the modeling of Specimen GR1.
4.9.3 Stiffness of Specimen GR1

The deformation of the gusset-retrofitted post is similar to that of a cantilever structure; due to the
flexural rotation at the base of the post, the specimen is more flexible than that calculated assuming a fixed
base. The application of a horizontal of 1 kip at the cantilever tip results in a tip displacement of 0.0625 in.
(1.6 mm) and a lateral stiffness (of the retrofitted post) of 16 kips/in. (2.8 MN/m). This stiffness value is
close to the experimentally calculated value of 15 kips/in. (2.6 MN/m). Analysis of the Specimen GR1
without the gusset plates results in a tip displacement of 0.078 in. (2 mm) and a lateral stiffness of 12.8
kips/in. (2.2 MN/m). The gusset plates increased the lateral stiffness of the post tested at EERC by about
25 percent. The deformed conﬁguraﬁon of the post is shown in Figure 4.13. Note that such a percentage
increase will not be realized in the field because the test specimens represent only a segment of a CMS

structure.
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4.9.4 Stress Distribution

The distribution of longitudinal stresses along the height of the post is shown in Figure 4.14. These
values closely approximate the experimental stress values. The stresses on the post vary linearly along the
height, from the top of the post up to the top of the gusset plates, and below the top of the gussets the
stresses decrease nonlinearly due to the presence of the gusset plates. The conduit hole produces a stress
concentration factor of approximately two and a half; that is comparable to the experimental value of two.
Figure 4.14 also shows the stress contour at the tension gusset CD and at the compression gusset GH. High

stresses are developed at the bottom of the gusset, where it connects with the base plate.
4.10 Summary

Specimen GR1 was tested to approximately 1,000,000 cycles of loading. Significant cracking was
detected at approximately 600,000 cycles. At approximately 800,000 cycles, the resistance of the post had
dropped by 10 percent.

Although it is difficult to draw conclusions regarding the general performance of this type of

retrofit detail from only one test, the following general observations are made.

1. Effectiveness of gusset plates. As expected, the gusset plates reduced the stresses in the post-to-base
plate groove welded connections by increasing the section modulus of the post.

2. Stress Concentration. The addition of the gusset plates produced local stress concentrations in the post,

with large increases recorded in the vicinity of the conduit hole.

Although the gusset-retrofitted post failed after only 1,000,000 cycles of loading at a stress range
of 10 ksi (69 MPa), further studies are warranted. Substantially improved fatigue life will likely be
achieved if a) the conduit hole is relocated to an elevation one post diameter or more above the top of the
gusset plates, and b) weld flaws are eliminated for all welded connections prior to field installation. Testing

of two or more additional gusset-retrofitted post specimens is recommended.
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Table 4.1: Instrumentation for Specimen GR1

Ch. No. Inst. ID. Instrument Location
Global transducers
1 load load cell actuator center line; top of the post
2 displacement lvdt actuator center line; top of the post
Longitudinal strain gages placed on the post
3 sgl strain gage above bolt-line C; 36” above base plate
4 sg2 strain gage between bolt-lines C & D; 36” above base plate
5 sg3 strain gage above bolt-line D; 36” above base plate
6 sg4 strain gage above bolt-line G; 36” above base plate
7 sg5 strain gage between bolt-lines G & H; 36” above base plate
8 sg6 strain gage above bolt-line H; 36” above base plate
9 sg7 strain gage above bolt-line C; 27” above base plate
10 sg8 strain gage between bolt-lines C & D; 27” above base plate
11 sg9 strain gage above bolt-line D; 27” above base plate
12 sgl0 strain gage above boit-line G; 27" above base plate
13 sgll strain gage between bolt-lines G & H; 27" above base plate
14 sgl2 strain gage above bolt-line H; 27" above base plate
15 not used
16 not used
17 sgls strain gage above bolt-line G; 12” above base plate
18 sglé strain gage above bolt-line H; 12” above base plate
19 sgl7 strain gage above bolt-line C; 6” above base plate
20 sgl8 strain gage above bolt-line D; 6” above base plate
21 sgl9 strain gage above bolt-line G; 6” above base plate
22 sg20 strain gage above bolt-line H; 6” above base plate
23 sg21 strain gage above bolt-line C; 3.5” above base plate
24 sg22 strain gage above bolt-line D; 3.5” above base plate
25 sg23 strain gage above bolt-line G; 3.5” above base plate
26 sg24 strain gage above bolt-line H; 3.5” above base plate
27 525 strain gage above bolt-line C; 2.75” above base plate
28 5826 strain gage above bolt-line D; 2.75” above base plate
29 sg27 strain gage above bolt-line G; 2.75” above base plate
30 sg28 strain gage above bolt-line H; 2.75” above base plate
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Table 4.1: Instrumentation for Specimen GR1

Ch. No. Inst. ID. Instrument Location
31 sg29 strain gage above bolt-line C; 2” above base plate
32 sg30 strain gage above bolt-line D; 2” above base plate
33 sg31 strain gage above bolt-line G; 2” above base plate
34 sg32 strain gage above bolt-line H; 2” above base plate
35 sg33 strain gage above bolt-line C; 1.25” above base plate
36 sg34 strain gage above bolt-line D; 1.25” above base plate
37 sg35 strain gage above bolt-line G; 1.25” above base plate
38 sg36 strain gage above bolt-line H; 1.25” above base plate
39 sg37 strain gage above bolt-line C; top corner of conduit hole
40 sg38 strain gage above bolt-line D; top corner of conduit hole
41 sg39 strain gage above bolt-line C; bottom corner of conduit hole
42 sg40 strain gage above bolt-line D; bottom corner of conduit hole

Strain gage pairs placed on the opposite faces of gussets1

43 sg4l strain gage gusset ‘GH’; 24” above base plate

44 sg42 strain gage gusset ‘BC’; 12” above base plate

45 sg43 _ strain gage gusset ‘CD’; 12” above base plate

46 sg44 strain gage gusset ‘DE’; 12” above base plate

47 sg45 strain gage gusset ‘FG’; 12” above base plate

48 sg46 strain gage gusset ‘GH’; 12” above base plate

49 sg47 strain gage gusset ‘HA’; 12” above base plate

50 sg48 strain gage gusset ‘CD’; 1.25” above base plate

51 sg49 strain gage gusset ‘GH’; 1.25” above base plate
Strain gage quadruplets placed at the opposite faces on the anchor bolt faces

52 sg50 strain gage bolt ‘C’; 2” below foundation surface

53 sg51 strain gage bolt ‘D’; 2” below foundation surface

54 sg52 strain gage bolt ‘G’; 2” below foundation surface

55 sg53 strain gage bolt ‘H’; 2” below foundation surface

1. Gusset aff denotes the gusset plate located between bolts o and B (see Figure 4.2). For example, gusset
GH is located between anchor bolts G and H.
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Table 4.2: Test summary for Specimen GR1

Cycle count

Event

0 Start of cyclic testing.
60.000 Two parallel cracks appeared at the lower right corner of the conduit hole. A crack appeared
’ at the flange-to-post welded connection on the gusset CD.
Two parallel cracks formed in the lower left corner of the post-to-stiffening tube weld at the
260,000 .
conduit hole.
A crack formed at the bottom of gusset CD; the crack initiated on the gusset center-line. Two
cracks appeared at the compression gusset FG, at the gusset-to-base plate connection.
300,000 Two new cracks appeared at the gusset HG, one at the bottom of the gusset at the other at the
gusset-to-plate connection, between the weld and the gusset. Cracks developed at gusset HA
at the top of the weld between the gusset plate and the base plate.
340,000 Two new cracks developed on the gusset HG on the G face near the base plate.
370.000 The crack on the tension gusset CD had propagated all the way across the width of the gus-
’ set.
390,000 New parallel cracks on the G face of gusset HG developed.
The crack on the lower left corner of the conduit hole propagated from the weld into the col-
420,000
umn, parallel to the base plate.
440.000 A new crack appeared on gusset BC on the top of thie weld between the base plate weld and

the gusset. Two new cracks appeared on gusset DE between the base plate and the weld.

1,000,000

Test terminated.
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Figure 4.5: Crack propagation at the conduit hole for Specimen GR1
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CHAPTER 5: RESPONSE OF SPECIMEN CIP1

5.1 General

This chapter presents the results of the experimental studies on the response of a retrofitted
cantilever post portion of a CMS structure. The post was extracted from a CMS structure that was initially
designated for field installation. As such, the quality of the test specimen is likely representative of those

CMS posts currently in service.

The steel post was fabricated from 18 in. (457 mm) diameter pipe with a wall thickness of 1/2 in.
(13 mm). The post-to-base plate connection consisted of a full-penetration groove weld. The backup ring
was left in place. Figure 5.1 shows the connection detail for the steel post. The 2-3/4 in. (70 mm) base plate
was attached to the foundation using 8 No. 2-1/4 in. (57 mm) anchor bolts. The drainage hole shown in
Figure 5.1(a) was flame-cut in the groove-welded connection to facilitate the galvanizing process. A

special pedestal foundation was cast for Specimen CIP1 to replicate field conditions.
5.2 Retrofit Strategy

Examination by Gilani, et al. (1997) of results from the laboratory testing of the components of
CMS specimens identified two locations in a steel CMS post that are susceptible to fatigue failure: the
post-to-base plate groove-welded connection, and the region around the conduit hole. To assess the
viability of a proposed retrofit scheme, a steel post from a CMS structure was retrofitted to details
developed by Caltrans following the exact sequence of the events which have been proposed for the field
work. The retrofit consisted of casting a concrete jacket around the lower portion of the post specimen. The
objectives of this retrofit scheme were fourfold: 1) increase the section modulus near the post-to-base plate
connection to reduce the cyclic stress range at the base of the post; 2) increase the overall stiffness of the
CMS structure; and 3) increase the mechanical damping of the system. Figure 5.2 presents information on

the retrofit scheme.
5.3 Test Configuration

The test specimen was fabricated by cutting a CMS post to a length of 14 ft. 4 in. (4.4 m) to
accommodate the framework built to test post and mast-arm specimens (see Gilani, et al., 1997 for details).
The post was connected to the foundation using eight 2-1/4 in. (57 mm) diameter anchor bolts. The top

nuts were first snug tightened, then further tightened by the turn-of-the-nut method (AISC, 1995).

The retrofit work included: 1) removing the cover concrete to expose the foundation top
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reinforcement (Figure 5.3); 2) drilling 16 No. 1-3/8 in. (35 mm) holes, two on each face of the octagonal
plate, in the existing foundation (Figure 5.4); 3) placing #7 longitudinal reinforcement in the drilled holes;
4) bonding the reinforcement to the existing foundation using SET-45 chemical action concrete (F igure
5.5); 5) placing #4 hoops at 4 in. (102 mm) spacing around the longitudinal reinforcement (Figure 5.6); 6)
reinforcing the opening around the conduit hole; 7) placing a steel jacket to serve as formwork (Figure
5.7); and 8) pouring a Caltrans-approved concrete mix around the post (Figure 5.8). Figure 5.9 shows the

test setup for Specimen CIP1.
5.4 Material Properties, Welding Procedures, and Inspections

The test specimen was a component of one of three CMS structures fabricated from Grade A53
steel (APL, 1995; ASTM, 1991) by a Caltrans-approved vendor. These CMS structures were inspected by
Caltrans prior to shipment to a local Caltrans-approved fabricator for modifications to suit the testing setup
at EERC.

Ultrasonic testing (UT) was used to establish the integrity of the welded post-to-base plate
connections for all three CMS posts. All three posts had rejectable flaws. The post with the greatest
number of defects was selected for Specimen CIP1 to provide a measure of the effectiveness of the
proposed retrofit technique. Figure 5.10 shows some of the flaws at the post-to-base plate welded

connection for this specimen.
5.5 Specimen Testing

3.5.1 Cyclic Tests

Specimen CIP1 was tested with zero mean stress (i.e., no dead-load stress). Cyclic testing was
carried out symmetrically with respect to the zero mean stress. During the casting of the concrete Jjacket,
the specimen was subjected to cyclic loading at a stress range of 1.5 ksi (10 MPa) at the base of the post,
about a zero mean stress, at a frequency of 1 Hz. The cyclic loading was intended to simulate the wind-
induced vibration of the post (at its natural frequency) likely to be present during the field installation of a
concrete jacket. As a result of the low-amplitude vibrations, a small oval-shaped gap was introduced at the

top of the jacket.

The testing protocol for Specimen CIP1 is presented in Table 5.1. The nominal stress range was
measured using the strain gage placed on the post immediately above the concrete jacket on the face of the
post opposite the rectangular conduit hole. For a 14 ft 4 in. (4.4 m) post without the concrete Jjacket, the
nominal stress range immediately above the jacket (6 feet [1.8 m] above the base plate) is 60 percent of the

nominal stress range at the base of the post. For Specimen CIP1, the same ratio for the nominal stress
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ranges between the above mentioned elevations was assumed.

5.5.2 Pull-back Tests

Pull-back, free-vibration tests were undertaken to assess the effectiveness of the concrete jacket in
adding damping and stiffness to the steel post. Such tests were undertaken over the course of the testing
program. The specific objectives of the pull-back tests were to compute the vibration frequency, modal
damping, and lateral stiffness of the test specimen. The tests were carried out prior to the placement of the
concrete jacket, after the low-amplitude vibration tests, at each change in the stress range, and at the

conclusion of the cyclic tests; see Table 5.2 for details.

The pull-back and quick-release tests were carried out by connecting the top of the specimen to the
reaction frame using the loading linkage shown in Figure 5.11. The linkage consisted of steel chains, a
turnbuckle, a specially machined bolt (see Figure 5.12), and a load cell, all in series. The components in the
linkage were connected in series using steel shackles. Using a turnbuckle, a static load of approximately 4
kips (18 KN) was induced in the linkage. The applied load was removed by cutting the machined bolt. The
instrumentation for the pull-back free vibration tests consisted of accelerometers mounted on top of the

specimen, a displacement transducer mounted parallel to the linkage, and the load cell.

5.5.3 Push-over Test

At the conclusion of the cyclic testing, a static-test-to-failure was undertaken. The specimen was
pulled back (such that the face of the post containing the conduit hole was in compression) in increments
of 0.25 in. to a final displacement of 10 in. (the stoke limit of the actuator). At the end of each loading step,

the displacement was maintained, and cracks in the specimen, pedestal, and footing were documented.

5.6 Crack Detection and Propagation

Shrinkage cracks in the concrete jacket were marked prior to the start of cyclic testing. Flexural
cracks were monitored and marked on the specimen over the course of the testing program. Real-time

analysis of strain gage data was used to monitor the response of the jacket reinforcement and the steel post.

5.7 Instrumentation

The instrumentation for Specimen CIP1 consisted of an LVDT on the servo-actuator center line
measuring the applied displacement; a load cell in-line with the servo-actuator measuring the actuator
force; two displacement transducers measuring the relative motion between the bottom of the jacket and
the pedestal and between the bottom of the pedestal and the foundation; twenty two strain gages distributed

along the height of the steel post (on the compression and tension faces); four strain gages placed on the



48

post at the four corners of the conduit hole; eighteen strain gages distributed along the height of the
longitudinal reinforcement adjacent to the tension and compression faces of the post; six strain gages
placed on three transverse hoops at locations adjacent to the tension and compression face; and two strain

gages (one vertical and one horizontal) placed on the supplemental reinforcement around the conduit hole.

The stress range was monitored by sg9 placed on the compression side of the post (opposite the
conduit hole) immediately above the top of the concrete jacket. The instrumentation list for Specimen
CIP1 is presented in Table 5.3. Figure 5.13 presents a schematic view of the longitudinal strain gages

placed on the steel post and the jacket reinforcement.
5.8 Experimental Results: Cyclic Tests

5.8.1 General .

Figure 5.14 shows Specimen CIP1 prior to cyclic testing. Figure 5.15 shows the specimen at the
conclusion of the cyclic testing. A total of 913 individual tests, each of 16-minutes duration, were
recorded. Table 5.4 summarizes the key observations; more information is presented in the following

sections. The total number of loading cycles for Specimen CIP1 exceeded 4,500,000.
5.8.2 Data Analysis Procedures

The computer program MATLAB (The Mathwdrks, 1997) and its signal processing toolbox were
used to process the experimental data. The experimental data were reduced in three steps. In the first step,
the raw data was read, the file header was removed, and a test log was created. Next, the drift in the data
was removed and the peak-to-peak extreme values of response were extracted. Stress ranges were obtained
by multiplying the peak-to-peak strains by the Young’s modulus for steel, assumed to be equal to 30,000
ksi (208 GPa). Response histories were plotted in the third step.

5.8.3 Cracks in the Test Specimen

The flexural cracks that formed in the reinforced concrete jacket at the start of cyclic testing
propagated slowly over the course of the testing program. The strain gage maxima remained relatively
constant for the 4,000,000 loading cycles at the stress range of 20 ksi (135 MPa). This observation

indicates that no substantial cracks formed in the steel post.
5.8.4 Typical Test Data

To provide the reader with information on the type of data collected throughout the testing
program, selected force, displacement, and stress histories after approximately 300,000 cycles of loading

are shown in Figure 5.16. Summary information on the response of the specimen follows.
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5.8.5 Response Maxima

The maximum peak-to-peak response for each data channel was obtained for each individual test.
Figure 5.17 shows the lateral stiffness history of the specimen,; the stiffness was calculated by dividing the
actuator force by the displacement at the tip of the post. Due to flexural cracking in the concrete jacket the
lateral stiffness of the specimen reduced gradually. At the conclusion of the cyclic testing, the lateral
stiffness of the specimen was approximately 80 percent of its iniﬁal value. Figure 5.18 shows the response
maxima histories for the actuator force and displacement and selected gages. The maxima histories for
force, displacement, and post strains are approximately constant throughout the test; the reinforcement
strains increase slightly during the test. The abrupt jumps in the response at 2,000,000 and 4,000,000

cycles are a direct result of the change in the stress range (see Table 5.1).
5.8.6 Strain Gage Histories

Selected stress-range data were used to study the change in the response of the specimen as a
function of the number of accumulated cycles. To account for drifting in the transducers, the data was
adjusted by removing the error, which was assumed to be linearly increasing (from zero) over the course of
an individual test. To best illustrate the changes in the stress range in the post and in the vertical
reinforcement, the corrected data are presented. Figure 5.19 shows the stress-response history (sg3) at 3 in.
(76 mm) above the base plate on the compressi.on side of the steel post, and Figure 5.20 shows the stress-
response history (sg32) at 3 in. (76 mm) above the base plate on the vertical reinforcement placed on the

compression side of the specimen.
5.8.7 Stress Profiles

Figure 5.21 shows the stress profile for the steel post and the reinforcement in the reinforced
concrete jacket. The top of the reinforced concrete jacket, the underside of the base plate, and the top of
foundation are identified in this figure. The data correspond to the compression face of the specimen and
are plotted following 1,000,000, 2,000,000, 3,000,000, and 4,000,000 cycles of loading. The stress profile
in the steel post is essentially unchanged for the 4,000,000 loading cycles. Along the post elevation, above
the concrete jacket, the stresses decrease linearly in proportion to the bending moment in the post. The
stresses decrease substantially below the top of the reinforced concrete jacket where the section modulus of
the test specimen is increased due to the presence of the jacket. Above the foundation, the stress profile for

the reinforcement shifts during the cyclic testing due to concrete cracking.
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5.9 Experimental Results: Pull-back Tests

5.9.1 General

Typical free vibration test data recorded for i) the steel post alone, ii) Specimen CIP1 prior to
cyclic testing, iii) Specimen CIP1 after 2,500,000 cycles of loading, and iv) Speéimen CIPI at the
conclusion of the cyclic testing, were selected for further analysis. Figure 5.22 shows the acceleration

histories recorded at the top of the specimen during the free vibration tests.
3.9.2 Analysis of Experimental Data

The data processing package MATLAB and its signal processing toolbox were used to process the
experimental acceleration response-history data. For each test, Fourier spectra were generated using
Hanning windows of 2048 data points. Samples had a duration of 10.24 seconds for the test of the steel
post and 4.1 seconds for the subsequent tests. For all Fourier analyses, the windows were overlapped by
200 points. The frequency resolution was approximately 0.24 Hz and 0.098 Hz for the steel post tests
scanned at 200 Hz and for subsequent tests scanned at 500 Hz, respectively. Figure 5.23 shows the Fourier

power spectra for the acceleration records.
5.9.3 Modal Properties

Modal properties of Specimen CIP1 at different cycle counts can be computed from either the
history plots (Figure 5.22) or the frequency domain plots (Figure 5.23). Modal frequencies were estimated
using the peaks of the Fourier spectra. Since the response is primarily a SDOF response, both the half-
power and the log-decrement methods (Clough and Penzien, 1993) can be used to estimate modal
damping. In the half-power method, the modal damping ratio, £, is estimated from:

(0, -0;)
§n=__2__1_

20
n
where ©,, is the modal frequency and ®, and ®; are the half-power frequencies. In the log-decrement

(5.1)

method, an analytical function of the form:
y = Asin(ot+ §)e~ P! (5.2)
is fitted to the response-history data, and the damping ratio is computed from the log decrement equation:
1 V2
B = e n| =2 5.3
: - sy 63
where N is the number of cycles between the two amplitude readings and ¥, and y; are the amplitudes of

the analytic function. Table 5.5 summarizes the modal properties of Specimen CIP1.
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5.10 Experimental Results: Push-over Tests

Figure 5.25 shows the push-over response of Specimen CIP1. At the end of each step in the static
loading cycle, the displacement was held constant and the cracks were documented. This procedure led to
load relaxation in the specimen as indicated. Shown in Figure 5.25 are: i) the force-displacement response;
i) the stress in the post just above the concrete jacket; iii) the stress in the longitudinal rebar at 3 in. (76

mm) above the base plate; iv) the hoop stress in a lateral reinforcement.

The maximum lateral resistance of the specimen was approximately 55 kips (245 KN). The
resistance reduced at large displacements due to cracking of the concrete and possible fracture of
reinforcement in the footing. At the conclusion of the test, the residual displacement at the top of the
specimen was approximately 5.5 in. (140 mm). The maximum stress in the post was 60 ksi (420 MPa) and
close to the yield stress of the steel post (see Chapter 3). The photographs in Figure 5.25 show damage to

the specimen following the push-over test.
5.11 Summary

A concrete-jacket retrofitted post was subjected to 4,500,000 cycles of loading. Although it is
difficult to draw conclusions regarding the general performance of this type of retrofit detail from only one

test, the following general observations are made.

1. Increased damping and stiffness. The addition of the reinforced concrete jacket substantially increased
the stiffness and the damping ratio of the post (by factors exceeding 2.5 and 5, respectively) for the test
specimen.

2. Effect of flaws in the weldment. The groove-welded post-to-base plate connection in Specimen CIP1
included a number of rejectable flaws. The addition of the reinforced concrete jacket substantially
reduced the stresses in the post-to-base plate connection and thus reduced the likelihood of fatigue
failure.

3. Application to field CMS structures. The beneficial effects of adding the reinforced concrete jacket to
the steel post, which included increased strength and damping, are not expected to be matched in their
entirety in the field specimens. The test specimen was less than 15 ft (4.6 m) tall, and the jacket
extended for 6 ft (1.8 m), of its length. In the field, the linear length of the CMS (post plus mast arm)
exceeds 54 ft (16.5 m) and the jacket will only cover a small percentage of this total length. As such, the

large increases in damping and stiffness measured in the laboratory will not be replicated in the field.
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Table 5.1: Stress range for the cyclic tests of Specimen CIP1

Cycle count Test stress range Target stress range Test
(72 in. above base) (base) frequency

0-20,000 1 ksi (7 Mpa) 1.5 ksi (10 MPa) 1 Hz

0-2,000,000 12 ksi (81 MPa) 20 ksi (135 MPa) 5Hz

2,000,000-2,500,000 15 ksi (101 MPa) 25 ksi (169 MPa) 5Hz

2,500,000-4,000,000 12 ksi (81 MPa) 20 ksi (135 MPa) 5Hz

4,000,000-4,500,000 24 ksi (162 MPa) 40 ksi (270 MPa) 5Hz

Table 5.2: Sequence of pull-back tests

Pull-back test Cycle count Scan frequency Comments
number (Hz)

1 0 200 Steel post only
2 0 500 After placement of concrete jacket
3 2,000,000 250 Prior to increase in stress amplitude
4 2,500,000 500 Prior to decrease in stress amplitude
5 4,000,000 500 After four million cycles
6 4,500,000 500 Termination of cyclic tests
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Table 5.3: Instrumentation for Specimen CIP1

Ch. No. Inst. ID. Instrument Location
Global sensors
1 load load cell actuator center line; top of the post
2 displacement Ivdt actuator center line; top of the post
Strain gages placed on the steel post
3 sgl strain gage | compression side of the post; just above the base plate
4 sg2 strain gage | compression side of the post; 1.25” above the base plate
5 sg3 strain gage | compression side of the post; 3” above the base plate
6 sg4 strain gage | compression side of the post; 6” above the base plate
7 sg5 strain gage | compression side of the post; 12” above the base plate
8 sgb strain gage | compression side of the post; 27 above the base plate
9 sg7 strain gage | compression side of the post; 36” above the base plate
10 sg8 strain gage | compression side of the post; 727 above the base plate (below jacket)
11 sg9 strain gage | compression side of the post; 72” above the base plate (above jacket)
12 sgl0 strain gage compfession side of the post; 90” above the base plate
13 sgll strain gage _compression side of the post; 108” above the base plate
14 not used
15 dedt2 dcdt compression side; between the pedestal and the footing
16 sgld strain gage | tension side of the post; 3” above the base plate
17 sgl5 strain gage | tension side of the post; 6” above the base plate
18 sglé strain gage | tension side of the post; 12” above the base plate
19 not used
20 sgl8 strain gage | tension side of the post; 36” above the base plate
2] sgl9 strain gage | tension side of the post; 72” above the base plate (below jacket)
22 dedtl dedt compression side; between the pedestal and the jacket
23 sg21 strain gage | tension side of the post; 90” above the base plate
24 sg22 strain gage | tension side of the post; 108” above the base plate
25 sg23 strain gage | neutral axis side of the post; just above the base plate
26 sg24 strain gage | tension side of the post; NW corner conduit hole
27 sg25 strain gage | tension side of the post; NE corner conduit hole
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Table 5.3: Instrumentation for Specimen CIP1
28 sg26 strain gage | tension side of the post; SW corner conduit hole
29 sg27 strain gage | tension side of the post; SE comer conduit hole
30 sgl2 strain gage | tension side of the post; just above the base plate
31 sgl7 strain gage | tension side of the post; 27" above the base plate
strain gages placed on the concrete-jacket vertical reinforcement
32 sg28 strain gage | compression side reinforcement; 3” below foundation
33 sg29 strain gage | compression side reinforcement; just below foundation
34 sg30 strain gage | compression side reinforcement; just above foundation
35 sg31 strain gage | compression side reinforcement; just below base plate
36 sg32 strain gage | compression side reinforcement; just above base plate
37 sg33 strain gage | compression side reinforcement; 3” above base plate
38 sg34 strain gage | compression side reinforcement; 12” above base plate
39 sg35 strain gage | compression side reinforcement; 36” above base plate
40 sg36 strain gage | compression side reinforcement; 72” above base plate (below jacket)
41 sg37 strain gage | tension side reinforcement; 3” below foundation
42 sg38 strain gage | tension side reinforcement; just below foundation
43 sg39 strain gage | tension side reinforcement; just above foundation
44 sg40 strain gage | tension side reinforcement; just below base plate
45 sgdl strain gage | tension side reinforcement; just above base plate
46 sg42 strain gage | tension side reinforcement; 3 above base plate
47 sg43 strain gage | tension side reinforcement; 12 above base plate
48 sg44 strain gage | tension side reinforcement; 36” above base plate
49 sg45 strain gage | tension side reinforcement; 72” above base plate (below jacket)
Strain gages placed on the concrete jacket transverse reinforcement
50 sg46 strain gage | compression side of the bottom hoop
51 sg47 strain gage | tension side of the bottom hoop
52 not used
53 sg48 strain gage v compression side of the third hoop from the bottom
54 sg49 strain gage | tension side of the third hoop from the bottom
55 sg50 strain gage | compression side of the top hoop
56 sg51 strain gage | tension side of the top hoop
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Table 5.3: Instrumentation for Specimen CIP1

strain gages placed on the supplementary reinforcement around the conduit hole

57 sg52 strain gage | vertical face of reinforcement, nearest to the steel post
58 not used

59 not used

60 not used

61 data acquisition counter

62 data acquisition timer

63 sg53 strain gage | horizontal face of reinforcement, nearest to the steel post

Table 5.4; Test summary for Specimen CIP1

Cycle count

(millions) Event
0 Start of test.
0 Shrinkage cracks in the concrete jacket marked.
01 Cracks at the jacket-to-pedestal and pedestal-to-foundation
interface observed.
40 Completion of tests at 20 ksi nominal stress range; no evidence
of failure.
45 Completion of tests at 40 ksi nominal stress range; no evidence
of failure.
45+ Substantial pracking of 'the fqundation during the push-over
tests. No evidence of failure in the test specimen.
Table 5.5: Modal properties of the test specimen
b s | Gyl | Prency | Dt
1 0 13.1 0.3 Steel post alone
2 0 234 1.5 CIP1, prior to cyclic testing
4 2,500,000 21.5 1.6 CIP1, midway through the cyclic testing
6 4,500,000 20.0 1.8 CIP1, at the end of the cyclic testing
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57

| '/»——— Concrete jacket

| L Dirill and bond #7 tot. 16
. in 1-3/8”¢ x 15” deep hole

| L —  #4 @ 4” hoop with 15” lap

P :/— #3@3”
! 4/4” X 6” conduit hole

—#4 @ conduit hole corners

Al | P | L 1A

. Pedestal foundation

|
i
: '/’— Foundation
|
|
|
|
|
|

L e e e e ]
e - - - - - - — =

i
I
(a) Longituﬂinal Section
42” OD annular concrete jacket

(8) 2-1/4” anchor bolts

(16) #7 bars, 2 per face
of base plate, drill and bond

in 1-3/8”¢ x 15” deep holes
18” OD post

#4 hoop @ 4™

32” x 2-3/4” octagonal base plate

(b) Section A-A (plan view)

Figure 5.2: Retrofit details for Specimen CIP1



58

top reinforcement

ing

the cover concrete and expos

ing

Removi

3

5

igure

F

10on

the existing foundat

ing

Drilli

Figure 5.4



59

7

B

L2

1 reinforcement

ina

Grouting the lon‘gitﬁvd

Figure 5.5

ing the transverse hoops

Plac

Fgure 5.6



60

&

e

-

S

the steel formwork

Placing

Figure 5.7

st
cuebidg

ket

the concrete jac

Casting

Figure 5.8



61

Circular connection plate — @ Direction of loading

(D=24",t=1-1/2") = I — ‘
Post L~
(OD=18",ID=17") M

Concrete jacket —> 14°-4”

|
|
|
|
[
|
:
(OD=42", ID=18") L 60"
|
!
1
{
|
|
|
t
|

Octagonal base-plate |
(t=2-3/4")

Pedestal foundation — .

Figure 5.9: Test setup for Specimen CIP1

SRR

Figure 5.10: Location of flaws on the tension side of the post detected by ultrasonic testing



62




63

Compression Tension

108~

Top of
base plate

|

1.257
just above base pl.

?p just below base pl

——just above foundation
“— just below foundatione

~ 3” below foundation

AT

Figure 5.13: Schematic view of longitudinal strain gages on the post and jacket reinforcement



64

Figure 5.15: Photograph of Specimen CIP1 at the conclusion of the cyclic testing
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
6.1 Summary
6.1.1 Introduction

Changeable Message Sign (CMS) structures are widely used in California by the California
Department of Transportation (Caltrans) to deliver information to freeway motorists regarding road and
weather conditions. These structures are inverted L-shaped cantilever structures composed of a vertical
post and a horizontal mast arm. Both the post and the mast arm are fabricated from steel pipe sections. The
top of the post is bent 90° to make the connection to the mast arm. The mast arm is connected to the post
by a flanged connection; annular plates are groove-welded to the post and the mast arm, and the flange
plates are bolted together with 26 No. 3/4-in. (19 mm) diameter high-strength bolts. The steel post is
welded to a 2-3/4 in. (70 mm) thick base plate, which in turn is anchored to a concrete foundation
(typically a CIDH pile) by 8 No. 2-1/4 in. (57 mm) diameter anchor bolts. In all CMS structures built prior
to 1997, a 4 in. by 6 in. (101 mm by 152 mm) rectangular hole is flame-cut in the post, approximately 18
in. (457 mm) above the base plate, to provide access to electrical wiring in the post. In some CMS
structures, a small hole is flame cut in the welded post-to-base plate connection to facilitate the galvanizing

process.

The failure of a post-to-base plate welded connection in a CMS structure in Southern California
prompted Caltrans to undertake widespread field investigations of CMS structures in California. Several
CMS structures were instrumented to characterize their dynamic response. The field data indicated that a)
the welded connections in the CMS structures are subjected to stress levels that substantially exceed the
allowable stress levels recommended by the AASHTO specifications (AASHTO, 1994), and b) CMS
structures are relatively flexible with little structural damping (Winter, 1996).

As a result of these findings, Caltrans identified three topical areas for investigation:

1. Full-scale laboratory experimental studies to develop an understanding of the fatigue life of

components of CMS structures.

2. Full-scale laboratory tests of proposed schemes for retrofitting CMS structures if deemed necessary by
the results of 1.

3. The use of energy dissipation devices to mitigate wind-induced vibrations in CMS structures.

Caltrans contracted with the University of California at Berkeley to study the first two topical

areas. This report addresses the second topical area, namely, the response of retrofitted CMS structures.
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The reader is referred to Gilani, et al. (1997) for results of the studies on the response of components of

existing CMS structures.
6.1.2 Retrofit Schemes

Examination by the authors of the results of the laboratory testing of components of CMS
structures identified two locations in the steel post that were susceptible to fatigue failure: the post-to-base
plate groove-welded connection, and the region around the conduit hole. Two retrofit schemes were
developed by Caltrans: a steel gusset-plate retrofit, and a cast-in-place concrete-jacket retrofit. Both

schemes sought to reduce the stresses in the post at the two critical locations identified above.

The steel gusset-plate retrofit scheme consisted of welding eight gusset plates of 9/16 in. (14 mm)
thick A36 steel to the post-to-base plate connection. The triangular gusset plates were welded to the post
and the base plate using full-penetration groove welds. The gussets were centered between the base plate
anchor bolts. The gusset coinciding with the conduit hole on the tension face of the post was 17 in. (432
mm) tall and was terminated approximately 1 in. (25 mm) below the underside of the conduit hole; the

other seven gussets were 24 in. (610 mm) tall. All eight gussets were 6.5 in. (165 mm) wide at their base.

The concrete-jacket retrofit scheme consisted of adding a reinforced concrete shell to the steel
post. The jacket had a outside diameter of 42 in. (1.1 m) and was 6 ft (1.8 m) tall. The jacket was attached
to a foundation by drilling and bonding a total of 16 #7 vertical reinforcement bars. The transverse
reinforcement in the jacket consisted of #4 hoops, with a 15 in. (381 mm) lap, placed at 4 in. (102 mm)

spacing. Trim reinforcement was added around the conduit hole.
6.1.3 Summary of Laboratory Experimental Data

A customized reaction frame was designed and built to facilitate high-cycle fatigue testing of
components of CMS structures. Each test specimen was loaded at its free end by a fatigue-rated servo-

actuator. The responses of the two retrofitted test specimens are summarized in Table 6.1 below.

Table 6.1: Summary data for retrofitted specimens

Retrofit scheme | EERC designation | Maximum cycles Comments
steel-gusset GR1 _ 1,000,000 Specimen failed at 800,000 cycles
concrete-jacket CIP1 4,500,000

The testing of Specimen GR1 was halted after approximately 1,000,000 cycles following 1) the
propagation of large fatigue-induced cracks, which had formed at the lower comers of the rectangular

conduit hole, into the gusset-to-post welds and the gusset parent material, and 2) the growth of fatigue
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cracks in the post-to-base plate welded connection.

The response of Specimen CIP1 was relatively stable for 4,500,000 cycles of loading; no

significant change in the strength or stiffness of the specimen was observed.

6.1.4 Modeling of CMS Structures

The gusset-retrofitted post was modeled as a canﬁlever structure, using the computer code
SADSAP, to provide information on the stress distributions in the post around the conduit hole, adjacent to
the post-to-base plate connection, and in the steel gusset plates. Quadrilateral shell elements weré used to
model the post, the gusset plates, and the base plate. Spring elements were used to model the axial stiffness

of the 2-1/4 in. (57 mm) diameter anchor bolts.

The analysis predicted that the local stresses in the post were increased by a factor of 2.5 around

the conduit hole. This value is consistent with experimental data.

6.2 Conclusions and Recommendations
6.2.1 Fatigue Life of Retrofitted CMS Posts

Specimen GR1 was tested to approximately 1,000,000 cycles of loading. However, significant
cracks formed after approximately 600,000 cycles and propagated thereafter. Although the gusset plates
were effective in increasing the section modulus of the post and decreasing the flexural stresses at the base
of the post, the retrofit scheme was unable to prevent, and likely contributed to, substantial cracking
around the conduit hole. On the basis of the laboratory tests, this scheme is not recommended for the

retrofit of existing CMS structures.

Specimen CIP1 was subjected to 4,500,000 cycles of loading. The addition of the reinforced
concrete jacket substantially increased the stiffness and the damping ratio of the post (by factors exceeding
2.5 and 5, respectively, for the test specimen), and substantially reduced the stresses in the post below the

top of the concrete jacket, thus reducing the likelihood of fatigue failure.

Of the two retrofit schemes studied by the authors, the concrete-jacket retrofit outperformed the
steel gusset-plate retrofit. The concrete-jacket retrofit detail served to reduce the stresses in the lower six
feet of the post, whereas the gusset plate retrofit only reduced the flexural stresses near the post-to-base

plate connection. As such, the response of the two retrofitted specimens should not be directly compared.

An improved steel gusset plate retrofit scheme would involve: a) reconfiguring the gusset plates to
clear the conduit hole by at least six inches (152 mm), and b) removing and replacing all flawed weldments

in the post-to-base plate connection (only possible for the full-penetration welded connection) using an
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approved WPS (see Section 6.2.2). The proposed retrofit detail should be tested in the laboratory prior to

field installation.

. If the construction details are replicated in their entirety in the field, the concrete-jacket retrofit

scheme will likely substantially increase the fatigue life of existing CMS structures with flawed welded

connections.

6.2.2 Recommendations for Improving the Fatigue Life of New CMS Structures

On the basis of the experimental studies conducted at EERC, recommendations can be made

regarding how Caltrans could improve the fatigue life of components of CMS structures. These

recommendations are listed below; some of these recommendations are repeated from the Volume 1 report

(Gilani, et al., 1997).

1.

Relocate and reconfigure the conduit hole in the post. The conduit hole should be moved at least one
post diameter from either the base plate or the top of any gusset plates. The rectangular conduit hole in
the post should be replaced by a circular conduit hole to reduce the stress concentrations around the
hole. The conduit hole should be drilled rather than flame cut to minimize residual strains. If stiffening
rings are to be welded into the conduit hole, AWS-conforming seal welds should be used.

2. Develop prequalified Welding Procedure Specifications (WPS) for groove-welded connections.
Standardized WPSs are commonly used for joining steel components in the building, bridge, and off-
shore oil industries. In the past, it has been the contractors’ responsibility to develop and implement a
WPS (Shepard, 1997) for Caltrans sign structures. To maintain high standards of construction,
Caltrans should prepare a WPS for groove-welded post-to-base plate, mast arm-to-flange plate, gusset
plate-to-post (mast arm), and gusset plate-to base (flange) plate connections. A WPS for the subject
connections should include, but not be limited to, information on welding type (i.e., shielded metal arc
welding, flux core-arc welding), end preparation, fit-up and root opening, maximum electrode
diaméter, electrode type, maximum current, maximum root-pass thickness, and pre-Heat and cool-
down requirements. The use of toughness-rated weld filler metal is recommended. Improved weld
profiles, such as those shown in Figure 3.10 of AWS D1.1 (AWS, 1997), should be investigated. It is
recommended that a welding consultant be engaged by Caltrans to develop the WPS.

3. Develop improved quality control and inspection (quality assurance) procedures. Current Caltrans

standards for quality control and inspection of welded components should be reviewed. Minimum
standards for quality control should be developed by Caltrans and imposed on all contractors
fabricating components for CMS structures. Visual inspection alone of non-redundant welded

connections is likely inappropriate. As a minimum, all groove-welded connections should be
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ultfasonically tested (UT) by an approved testing agency as part of the quality control program. Good
quality control and inspection are key to high-quality construction. All weld defects identified by UT
should be gouged out and replaced prior to shipment of the post to the field. Standard procedures for
repairing such defects must be developed. A Caltrans inspector should be present during the fit-up and
welding of all connections to ensure that the WPS is followed exactly. It is recommended that a

welding consultant be engaged by Caltrans to develop new quality control and inspection procedures.

6.3 Recommendations for Future Studies

The work described in this report and the companion Volume 1 report (Gilani, et al., 1997) has

focused on evaluating the fatigue life of existing and retrofitted components of CMS structures. This work

addresses one-half of the problem, namely, characterizing the fatigue life of key components at specified

stress ranges. To complete the research program in a comprehensive manner, the following studies are

recommended:

1.

Continue laboratory testing of components of CMS structures. New guidelines for the design of CMS
structures should not be prepared using a limited number of data points. Additional high-cycle fatigue
testing of components of CMS structures at different stress levels is needed to provide the requisite

information.

. Undertake additional field testing of CMS structures. Field testing of CMS structures in high-wind

areas could provide, at a substantially reduced cost with respect to wind-tunnel testing, valuable new
data relating wind speed and direction to both pressures on components of CMS structures and design
forces on these components. This work would address the other half of the problem, namely, do the
AASHTO procedures accurately predict, in an engineering sense, the loads that act on a CMS

structure? Without such information, a comprehensive solution to the problem is not possible.

. Develop and test vibration mitigation strategies. Stresses in components of CMS structures can be

reduced by either increasing the size and configuration of the structural components (e.g., increasing
the diameter of the post, by adding gussets or jackets) or by reducing the effects of the dynamic
component of the wind loads using damping technologies. Although attention to date has focused on
increasing the section modulus of the post and mast arm, it may be more cost-effective to reduce the
wind-load demands than to increase the strength of components of a CMS structure. It is likely that
existing vibration mitigation strategies developed for wind and oil pipeline applications could be
readily adapted to reduce the effects of wind loads on CMS structures. Such solutions should be
implemented into field, the response monitored, and the efficacy of the solution verified before

widespread implementation is undertaken.
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