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ABSTRACT 

This repon outlines d1e research program undertaken at the Earthquake Engineering Resear-ch Center 

(EERC) to inve>tigat~ the fatigue life of retrofined Changeable Message Sign (CMS) strucrure posts. This 

1ype 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 ann) 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 dte post cross-section adjacent to the electrical conduit 

hole was also susceptible to fatigue-induced cracking. To increase the fatigue life of CMS structures, 

Cui trans engineers identified the follo\~ing retrofit strategies: I) 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. 

T\\o retrofit schemes corresponding to the first retrofit strategy were developed and tested: a steel 

gusset-retrofit (GR I). and o cast-in-place concrete-jacket retrofit (CIP 1). Both retrofit schemes "ere 

designed and detai led 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. Spec1mer1 GRI was tested to approximately one million cycles before significant cracking 

developed. Spec 1m en CIPI was subjected to 4,500,000 cycles of loading "itbout failing. 
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CHAPTER 1: INTRODUCTIO:"j 

1.1 General 

Changeable Message Sign (CI\.15) structures are widely used in Califomi3 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 stntcrure on Interstate 80, near Rodeo 

California. Jn the field, the CMS structures are subjected to \ariable environmental and wind-vibration 

conditions. They are designed by Calrrans using the AASHTO Standard Specifications for Structural 

Supports for H1ghway Signs, Luminaries, and Traffic Signals (AASHTO. 1994). 

Following the failure of a CMS structure in 1995. Caltrans investigators inspected the ml're than 

200 CMS structures in use in California. Several CMS structures were instrumented to characterize their 

dynnmic response. The field dara indicated that: a) the welded connections in the CMS strucrures are 

subjected 10 stress levels that substantially exceeded the allowable stress levels reeommended by the 

AASHTO specifications (AASHTO. 1994), and b) CMS structures are relative!) flexible wi!h little 

structural damping (Winter. 1996). 

As a result of these fi ndings, Caltrans identified three topical areas for immediate investigation: I) 

evaluation of the response of existing CMS srrucrures: :!} 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 ofCMS structures. 

1.2 Changeable Message Signs 

CMSs are composed of an electronic message sign hung from a mast arm. \\hich is supported in 

tum by o vertical cantilever post The approximate weight of the sign is 2.5 lo.ips (II kN). The mounting 

brackets, shelf angles, and walkway we1gh approximately 2.1 ldps (9.2 kN} 

The structural framing1s composed of a 25ft (7.6 m) long mast arm with an outside diameter of 18 

in . (457 mm) and a wal l thickness of 318 in. (9.5 mm), which is connected to a vertical cantilever post with 

a ma.ximum height of29 ft 5 in. (7.3 m), an outside diameter of 18 in. (457 mm). and a wall !hickness of II 

2 in. (12.7 mm). The mast arm and the post are connected via annular !lange plates. The annular flange 

plates, which have an ourside diameter of24 in. (610 mm). an inside diameter of 16 in. (406 mm), and o 

thickness of 1-3/8 in. (35 mm), are groove welded to !he ends of the mast arm and !be post: 26 No. J/4 m. 

( 19 mm) bolts are used to connect these plates. 
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The post m a CMS structure is welded at its base to an octagonal2-3/4 in. (70 mm) thick base plate 

(hereafter termed the post-to-base plate connection), "hieh. in tum, is anaehed to a reinforced concrete 

foundation using eight high-strength. 2-l/4 in. (57 mm) diameter anchor bolts. Two welded details are 

used for the post-to-base plate connection: a full-penelration detail, and a socket detail. A rectangular steel

reinfOI'Ced conduit hole measuring 4 by 6 m. (102 x 152 mm) is typically flame cut in the post 

approl<~m~tel) 18 in. (457 mm) above the base plate on the face of the post opposite 10 the mast arm 

(hereafter termed the tension side of the post). T"o retrotit schemes for the post-to-base plate connection 

were studied b) the authors: a steel-gusset retrofit, and a concrete-jacket retrofit Both retrofit details were 

designed and detailed b} Caltrans. 

The gusset-retrofit detail consisted of welding eight gusset plates of 9/16 in. ( 14 mm) thick A36 

5teel to the post-to-base plate connection. The triangular gusset plates "ere "elded to the post and the base 

plate using full-penetration groove welds. The radial gussets were centered be!"een the base p late anchor 

bolts. The gu~set coinciding with the conduit hole on the tension face of the post "as 17 in. (432 mm) tall 

and was tenninated approximately I in. (25 mm) below the underside of the condu it hole The other seven 

gussets were 24 in. (610 mm) tall and tenninated at the level of the top of the conduit hole. All eight 

gussets were 6.5 in. (165 mm) wide at their base. Figure I 2 sho"s the dimensions of a gusset-retrofitted 

Model .500 CMS structure. The fo"er 15ft (4.6 m) of a gusset-retrQfitted 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 6ft (1.8 m) tall The jacket was anached to the 

existing foundauon b} drilling and bonding a total of 16 #7 vertical reinforcement bars The transverse 

remforcement in the jacket consisted of #4 hoops I' ith a 15 on (381 mm) lap placed at 4 in. (I 02 mm) 

spacing. Trim reinforcement ~as added around the condurt 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 10 Chapter 5 for details. 

1.3 Objectives and Seope 

Caltrans contnlcted with the Earthquake Engineering Research Center (EERC) to study the first 

two topical areas identified in Section 1.1. TI1is 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. 
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1.4 Organization of the Report 

Chapter 2 provides limited background infonnation on the subjectS of wind loading and fatigue. 

Chupter 3 describes the experimental program for the retrofit work, and Chapters -1 and 5 detail th" 

experimental results for the gusset-retrofit and concrete-retrofit post specimens. respective!}. Conclusions 

and recommendations are presented in Chapter 6. For additional information on wind loading and fatigue 

tililure of steel structures and weldmentS, refer to the appendices ofGIIani, et al. ( 1997). 
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Figure 1.1: Photograph of gusset retrofined CMS structure on lntersate 80 
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CHAPTER 2: BACKGROUND lNFORMA TION 

2.1 General 

TI1e study described in th is report was funded by Caltrans witl1 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 cuJTent AASHTO design 

procedures to avoid fatigue failure are presented. A more comprehensive treatment of this material is 

presented in the companion report by Gilani, er al. {1997). The last section in rhis 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 strucrural motion). Two 

aerodynamic effects, narural and truck-induced wind gusts. and two neroelastic effectS. \'Ortex shedding 

and galloping, can influence the response ofCMS 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 

structllre 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 ann. The horizontal pressur~ 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 

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

VS 
/, = D (2. 1) 

where D is the dimension of the structure perpendicular to the flow, Vis the mean wind velocity, and Sis 

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 now 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 
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suucture, large osciUatory motions may occur. 

Gal loping corresponds to large-amplitude motions in the direction normal to the wind flow, at 

frequencies smaller than f.; in Equation 2.1- ]fa structure experiences motion in the across-wind direction. 

the flow around the structure can become unsymmetrical, gene.rating a lift force. This force will increase 

the motion oftlte 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 ( ~10101 ) may be expressed as: 

~ - " +E. ~lotg/ - "":'mech - aero (2.2) 

where f,mech is the mechanical or equivalent viscous damping of the oscillator (always positive). and 

;
0
.,

0 
is the aerodynamic damping (often negative). Galloping instability (the Glauen-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, I 996). 

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, wh ich 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 ftllcr 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 appl ied stress 

range is defined as the total stress amplitude in a given cycle. Using this definition, the fatigue life of a 

spe.:imen at difrerem 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. n•e 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 cracl.. and the number of cycles needed to propagate tbe crack to failure. Typical S-N curves 
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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 fatig~~e 

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 Fat:igu~ Failure 

The AASHTO specifications (AASHTO, 1994) for the design of cantilever sign post structnres 

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 g.alloping, natural wind 

f,'Usts, 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 struorure 

are categorized as class E'. As such, they have a theoretically infinite fatigue life for Stress ranges below 

2.6 ksi (17.9 MPa.). TheE' classification is based on the difficulty associated with inspecting these welds 

due to the presence oftbe back-up ring inside the post immediately above the base plate. 

2.5 Retrofit Strategies 

To improve the fatigue life of rhe CMS structnres. 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: I) 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 g~~ssets 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 infonnation. 

2.5.1 Fatigu~ Rupons~ of Gusseted Connections 

Gusset and stiffener plates are commonly used in steel bridge members. Fatigue problems are 

likely to occur at the welded connections t>etween the gusset plates and the main bridge members m the 

tensile stress regions (Fisher, et aL. 1974). AASHTO recognizes various \\eld 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 l)pc shown in Figure 2.1 (similar to those used in the 

retrofit nf CMS stroctunos) are most likely classified as Category C (see Figure 2.2), with nominal stress 

ronge of 13 ksi (89 MPa). For this case, cracks are expected in the \\eld at the base of the stiffenes- plate. 

2.5.2 Fatigue Respo11u of RW.forced Concrete 

ln\'estigations into the fatigue propenies of plain concrete in compression (e.g., ACI, 1974; and 

Bennet. et al., 1967) have been carried oul The findings indicate that the fatigue life of the plain coucrete 

depends on the range of loading. rate of losding. eccentricity of loading, load history. material properties, 

and enVIrOnmental conditions. In the S-N plots for plain concrete. the ordinate S comsponds to the stress 

level ns a percentage of the static strength. A typical S-N cur\e for plain concrete is sho"'n in Figure 2.3. 

For concrete tested up to 10 million cycles. it was found that the ~atigue 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 Pnlml!ren-Miner equation takes the 

foiiO\ving fonn : 

(2.3) 

"'here,,. designates the number of cycles at a panicular stress range. and N, denotes the number of cycles 

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

the relative stress level, and may be as lo\\ as 0.2. 

The fatigue strength of reinforcing bars under either uniaxial loading or Oexural loading. in 

reinforced concrete beams has been studied by SC\'eral authors (e.g., Bury and Domone. 1974). TI1e 

findings indicate that the fatigue life of reinforcing bars depends on minimum stress level, bar size, 

geometry ofdefonnation, yield strength, prior bending of the bar, and welding. As is typical for metals, the 

fatigue life of reinforcing steel is detennined by the stress range and not the absolute values of minimum 

and maximum applied stresses. Figure 2.4 shows a typical S·N cur\e of reinforcing steel bars. 
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Figure 2.!: Gusset welded connection details (adapted from Daniels and Herbeio, 1980) 
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Figure 2.2: S-N curve for a gusseted connection (adapted from Daniels and Herbein, 1980) 
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Figure 2.3: S-N curve for plain concrete (adapted from Bury and Demone, 1974) 
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CHAPTER 3: EXPERIMENTAL PROGRAM 

3.1 General 

The experimental program for the retrofit spe<:imens 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 GRJ ): the second post was retrofrtted by casting a reinforced 

concrete jacket around U1e steel post (hereafter referred to as Specimen ClPl ). Table 3.1 summarizes the 

key infonnation on rh" two retrofitted specimens. 

This chapter describes rhe two test specimens (fabrication. material properties, welding procedure, 

and inspection) and the associated experimental program (test setup. test parameters, im;trumentation. and 

data acquisition S)Stem). 

3.2 Fabrication Procedure 

3.2.1 Fahricati011 

The canti lever post structure for the gusset-retrofit Specimen GR 1 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 CtPI was also fabricated by Sierra Nevada Steel Corp. as part of three CMS structures 

designated for field installation. East Bay Stee l Products, Inc. of Oakland. California (a local Caltrans

approved v•ndor) modified the cantilever tip of the steel post for connection to the te.stlng hardware at 

EERC. DOT Constructors of Berkeley, California. was responsible for the placement of the reinforced 

concrete jacl..et. 

3.2. 2 Material Pmperries 

Coupon testing of the anchor bolts and the post material was undertaken to determine the 

m«:hanical properties of the test specimens. Good agreement between the mill certificate and coupon test 

data wa_~ obtained. For Specimen CJP I, compressive cylinder tests of the foundation and jacket concrete. 

tensile tests of reinforcement bar;. and pull-out ll:S!S of the bonding ageut were conducted. Material 

properties for both specimens are summarized in Table 32 . 

. f.2.3 Welding Procedure mrd Inspection 

Prior to the failure reported in Chapter I, Callrans inspection ofCMS weldments consisted solely 
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of visual inspection of a completed CMS structure immediately prior lo its shipmen! to the field. Baslld on 

e~perience gained during the SAC testing program at EERC (Whittaker. et al.. 1997). ultmsonic testing 

(UT) was utiliz.ed by the authors [()detect weld imperfections in both retrofit specimens. Although no 

ultrasonic test data was available for Specimen GRI prior to cyclic testing. the ultrasonic 1ests conducted at 

the conclusion of the cyclic testing ofGRI detected flaws in the groove-welded gusset-to-pos~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 CIP! likewise revealed a number of rejectable flaws in I he 

groove-welded post-to-base plate connection. 

3.3 Experimenlall'rogram 

1.3.1 Test Setup 

A reinforced concrete foundation blocks were cast and anchored to !he strong floor in the 

Structure~ 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. spcdal ly 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 levellld using nuts placed 

underneath the base plate. The anchor bolts at the base plate were initially snug tightened and then 

tightened fun her using the tum-of-the-nut method (AlSC, 1995). Tltc gar 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 cat\valks and a supporting framework were built to provide access to the top of the lest 

specimen at its connection to the actuator (see Figure 3.2). Figures 3.3 1111d 3.4 show the test setup for 

Specimens GRl and C!Pl. respectively. 

The specimens were loaded at their tips using a servo-hydraulic actuator allached 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 of200 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 shnulate the weight of the mast arm and the s ign, 

was not imposed on any of the specimens. Other post deformations observed in the field, such as those due 

LO 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 I to 13 
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Hz used in other studies (Fisher. et al., 1974; Schilling, eta I.. 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'Jhc servo-actuator. The teS1S were conducted at this frequency. and d~11amic resonance effects were nor 

observed. All tests were perfonned at room temperature. 

The mean stress for Specimen CIP I was zero. Static dead-load Stresses varying across the pipe 

diameter '~ere imposed on Specimen GR I to simulate the bending mom em induced in the specimen by the 

dead weight of the sign. 

1.3.3 ltmrum~matlon 

The instrumentation for the two specimens consisted of: an L VDT 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 nlong the height of the specimens measuring local 

;trcsse~. Chapters 4 and 5 detail the mstrumentotion used for each spectmen. Figure 3.5 shows part of 

Specimen CIPI instrumented with strain gages 

3.3.4 Dill a Acquisition 

The test machine and data acquisition system are run by a PC Windows-based conrrol and 

acquisition program, known as the Automated Testing System (ATS). developed by SHRP Equipment 

Corporation of Walnut Creek. Califomia, This program is capable of signal generation. four channel servo

actuator command. and sixteen-channel data acquisition. For the te'ts reported on herein, the A TS system 

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

Other duta was monitored and recorded using an AutoNet data acquisition system with u capacity 

of 64 channels. Pacific signal conditioners were used to amplify the transducer signals and to remove 

frequencies above I 00 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 fi le 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 sbo"lt in 

Figure 3.6. 
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Table 3.1: Retrofit test specimen data 

Connection detai~ 

Specimen ID 
RetTOtit 

Post-to-base Drainage 
Conduit hole 

plate weld hole1 

GRI steel gussets socket fillet no rectangular, tension side 

CIPI concrete jacket full-penetration yes rectangular, tension s ide 

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

Table 3.2: Material properties of retrofit test specimens 

Yield stress 
Ultimate stress (ksi) (ksi) 

M=ber Size Grade 
mill coupon mill coupon 

cenificare test cenificate test 

GRI 

Post 18" OD, t = 112" BIX421A5J 61 64 71 71 

Base plate t = 2·3/4" A36 42 NTI 70 NT 

Anchor bolts d =2-J/4",1 • 39-314" AJ6 46 41 70 69 

Gussets I~ 518'' AJ6 42.2 NT 65,2 NT 

CIP\ 2 

Post ts·· oo, t ~ 112'' BlX421A53 67 NT 75 NT 

Anchor bolts d = 2-114", I= 39-3/4" AJ6 46 41 70 69 

Base plate t = 2-1/4" A36 42 NT 70 NT 

Reinforcement #7 Gr. 60 66 5'1 107 9'1 

Remforcement ;;.4 Gr.60 65 NT 102 NT 

Reinforcemeot #3 Gr. 60 72 NT 110 NT 

I , NT denotes Not Tested. 
2. Foundation: 4,000 psi in 28 days; concrete jacket: 5,600 psi in 28 days: bond stn!ngth >20 kips. 
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Figure 3.1: Foundation details for Specimen CIPI 

Figure 3.2: Test setup for Specimen GR I 
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Figure3.3: Main components of the test setup for Specimen GRl 
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Figure 3 .5: Instrumentation of Specimen CIP I 

Figure 3.6: View of the data acquisition system 
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CHA_fiTR 4 • R£SPONSE OF " P£ CU1EJII GRl 

4.1 G eoe ntl 

Spo.-.:imcn CiR I Y>as a cantil~\·c:r >1~-cf posl from a CMS structure mcoiJ>C!rdtint; a sod.et post-to

ha."' plare conneo;lh>ltlhat wa> retrofilt<-d "'''h et!;}u mangu!ar gu~~<:t plat.ei .,.elded both ro the post and th~ 

ba>c plate. lhe Ql>je.oli~c of this relr.:tfil ,ch,-mc was to mcr~:~t~< 1he >«~lon mod\Jiu> .:.r th~ l"'>st near IIi 

bo~" und tn dccr~ase th~ ~tresses at th~tP<"I-t.rb:;,e plate ..:onne<lion Th" ilJSScl plates "ere:!~ in ~fllfl 

mm) Ulll ro accllnmttKiate the 4 m b> b '" 1102 mm by 1 S2 mmt conduit hole local'-'<! ! H in. (457 mm) 

aboH: the ba.;e plate. one uf the gusseL~ piJI"' "as cut short. Thtt spt;<;imC!II "a.' fubr•caled b)' "C~hra•t.,_ 

.tppro~ed \~nJ,>r 1..:1 Caltrans gu•dolmc~ '''' C'I.IS SU'Ucturc> ·n,e >peeimen "ll~ ln>pc.:t<..:l and appro,cd 

h> t'altrnns pnur lA• •lupm<!nt ro EERl 

hgtnc 1.1 sho"" the demll' ot lhc gu!S!>et-retmfined posl de~Hgned by Callnltls !Gugino and 

w,,.,J). 1996). Shown in the ligure an: !he plan view, elevat1o11 of I he gusset-re!lolltt~cl po1t. d~r.nils of the 

p<»H,,.na,~ plat" >Qck.:t·welded coonct:lion. dm1t,nsions of the gu:<>l'l plate;;. and details of the ccmduit 

hole TI1e wndUII hole ts t)pically tlamc .ut. tt:s edges an; nc•thr:r ground 5mOOth fl(lf lb L<'lliCfS C'UI t• • 

rad11" to minimiu ''""~ u1ncentrauon;. \ ,llffcnin_g rube 1< tillct "elded to the Sl«l po>t '"''ok tht flame · 

..:.ut b.ole. 

4.2 Retro fit St rat<'g)' 

E.x:unmaliton t)y Gilani, "I ~I 1.1 ... Q71 ot result; fTom th< lat:>oratol) t""hng <•I c\•rnronenlsofCMS 

<pt'Crrnr:n' identified '"'" lucnrions in J .to<t lMS P<J!il that ore Sll>.;cptible to fati!lu• (aolun:: !he !"0"1-1•~ 

b11..w plate conncchon, and the regll>n un•und the o.:onclu.t h1>k. fhe gusset-retNtil •.:.heme inc~ d.., 

;ection modulus ncur the [lOst-to-base pl•tc .:.onnection and n:duo.:ccl the eye he 'ITt" range at the lm•c ul 

the posl 

4..3 Te.t Conli~unotiun 

The tc" ;.po:c•men ~as fnbncltc:d ~ ~1111ing 1 CMS pu<t w1th ;m out:sidr diameter Q( Ill in {J5-

mm't and .l \\all th1"kn~s of l 2 10 \ I J mm) to a length ol 14 ft. 4 '" (<.-I m) l•' eccommodare the fmmoo.< 

but It for u=-tm~ ot other CMS corup<lllents (<..iilani, et ai., 19971. n,., post was >ockcl lillet welded at ots 

rose (see figure 4 1) to a1-3/4 in. t70 111m) thick octagonal -ted plate. The specim~n \\115 connected tu the 

fmmdall<'" usinQ cisht 2-1'4 10. (51 mm) dtumctcr anchor boll> l'oiii'Wmg C31tran~ s•ttd<line• The upper 

uuiS "ere fml "'"11 tij!.btened. then furth~tr tightened b~ tt.c tum-ot:the-nul method (A!Sl W5) \ 



'"'t:ongular plate 1\ .u wdded to !be lop uflbe post to factltiMt 1lS coon~cuon 10 the sen·o-acwatnr 

The reuofil V.(•rl. m•·olved groo~c \\tldffi!! etgbt mangular 9116 in. II~ mm) llud. stc.:l I(IISStl 

plates connected to the post and the ba~c plate. The gusset plates had a base lcnglh of 6.5 in ll (,\ mn11 and 

•l hei~u of 24 in (610 mm) except for the gusserlocared heiOI\ the condwt hole, 1\htch had a ll~tght nf 17 

m t43~ rom). 

The po't "1s positioned S\tCh thai the dtreclion ot J<,JJ,ng. a; sho"n in h~ure 4 ~ ''II>"""""'' • 
the lcnica.J fru:e of O•c .::ondwt hole tMde Cl> ur North stdc) The bolt deSI~;n.•ltt>n m the figure uJc:nuJies 

thl' dtrccuon of loadmg and the gu55Cl plates. 

4 4 Malerial Properties. Welding Pro<edur-tl.. and lospc(linn 

T ~ble 42 <IUillti.U..tc;, mAICnal prQ(ICrPes for Specuncn GR l The su:el (1<.'51 .. ,as fabnc~tcd irom 

ltl"'lde A 53 st<:cl (API, 199.5, ASTM l<.l'liJ exlt3 Strong ripe The gusset plates nnd the ha~ plate \\ere 

lubncntcd using AJ6 slecl The fount.l.;rin" dochorbolrs \\Crt AJ07 steel. The test 'pccimco wn-' fohncaled 

Cnltrans-appro1ed 1endor and mspect.:d b\ Cal~r.u~s pnm t• >btpment to E.I:RC. 

-\t lhc conduston oflhc cychc ICSIIO)l of Specimen GRI, ullrasonic lesrio~ !OT 1 \\n~ u· cd !o 

r~aJuatc the inu:gnh of the ''clds in th~ posHcrbllSc plate, guS>Ct·IO-Jl<'<t. ,tnll gu,s.:Ht•·bJ~'-' plntc 

cunnectJotiS De feels 11ere obsel'led 111 ~II of these welds nnd the ultrasomc tcsung 1 cnfied the presence of 

those cr•cks tdennficd h\· other mearu dunn~ the testing pro!lrnm ln addition lluws were dctcclcd in the 

b,'t()(JI c·" cld~d J!USS..:l·lt>-Jl()>l .md gusscl•te>-l>ru:e pl;u.: > C•OOctltOII of gusset \H. "ho,· h \\ i1S ~ncmcJ 'II r" C(l 

the direction oflh~ "dt• londtog. h 1> not knO\\ n "!tether llo.'>t' l1a11s e~stcd ('rtur to the tesung pto ;ntm 

4.S. Sp«imen Testin~ 

Spec em en liR I \IUS tested under di~lnrement <OIIltol. "•th di;;pl~'cment$ .1pphcd at the up of rhc 

,,._,st l <ee Ftgure ~ 1 t. Th~ untdll'~:cuon:tl ~cite loading" .u ,,pphed 111 3 fn:qucnc~ of S H1.. T ~ ~imulnt.e ihe 

dc..d-lo6d cff.eciS. 'ir«tmcn GRJ 11a• tc>t~d with nn initiDI mean (sr.ui(t ,lfcss The cychc tc•~·; 11~re 

c•rried out symmctricnll) "ilh respect t<> thts mc.m siT~Ss \nine. The target stress range for SpccllltCII GRl 

\\JS Jl!; ks.t 172 MPa) ut 27 lll. thiCI tnm) abme tbc base plalr (Gugmn and Wood}. 19961. The 11\Cun 

~~~uo;) <tress ran~c lllth~ ba<e of tho= po.»t 1\.U ~I al 131.~i (YiJ .~11'4). 

In proclicc. th~ di.Splaccment needed w achcc1. the target suess ran£C for Spectmcn <iR 1 \\ a£ 

(ltrta<ncd b) monllorlll~ the stress l'itllt;C at o pmnt3b 10 tfll·l mm) above the ltlp oflhe base plntc ,u ~ 

paul! when: the slre,scs in !he post were ltkel' DOt affecled b1 lhc prescmr nl the ~ondwl hole 1111LI rhc 

f.U.SSel pl~= At this lcx:alton the computed~ clJc SIRS> r1111« v.a~ It kst (t••l Ml'a) and !he mc,tll l•t~uc) 

Strt',.$ range "a;, II l.5t C7b MP~ l 

http:comput.cd


2 l 

AccordmgJ), th~ target 'In'''"> ior Spectmcn GRl ranged fn>m 6 ksi (41 M.l'a) to 16 51.,, ll'•~ 
MPaJ ilulh~ l~tmo11 or cunduit hole ~•de: !North stde or Sill~ CO) of the post. and from -6 ksi (-41 MP>JI In 

-I (1 t.,_,; (-16'l 1\!Pa) "Ill he <'t>mpr(!J•tron $ld~ (South ''d" ,,r side GHI ofth~ Pl'st: all m~:a• >n:d at3o "' t914 

mm) uhuvL the ba'e plntc. 

4.6 CrMk Detection .and Propagatonn 

l he presence ot the cr~cks was rnilOiltlred b~ " combmall~>n ••I 'l>Uilf ob=•~ll'•'l \l.lld hquod d)c 

ren~trnnL und ~<>nfirrn~J h} rl!lll-ume anal>,;, ,,fle~ stmin ,~,.., d:.l!J! The liqunl pc:netran• and strnrn gag• 

m10nolurll•!l hochniqucs pro•ed lo l>c tnO>I n<huhk m d~lenninine the presence nnd !<fOwth of crnc~s in 

"ipecimen Cok I. 

4.7 lrt\trumeotutiun 

'Th~ ln'trumC1>UIIon t.•r 'lp.'\.'lmcn GRI Cllns"rcd of the follo\\illg: an L\'DT mounted on the 

><:n o-achulnr center-line mcaJunng The 1m posed dioplaccn1ent ut the ttr ni tJ1e po>t· • Ito ad eU m-linc 

1\ nh the :;eJ'\'v-nctuaror measurtng the ornpo..:d force: th1rt1- ;, verucal un•a"al •ltllUt &•lie' rfoc,-J along 

the heiJ;hl nf aJ1~ post :11 >tr.negtc focaoon, either at th~ C\!Nffi<; lit""' f\\ith resp.xl to the lmpo·,o;J 

l••ao.lin!!i eor ''"'""'bolt hn,.., .to.l)J.:.:nt to Th~ o ,trcme fiber... mca,uring. D\lal >lntins pamll~l to the vert ical 

.;,;, <>f the posl. lour lolrtlin gag~• pla~ed al lh~ comers of the conduil hok mnmtnrml? '"''"' '"~"ses. mnc 

pJir, of unia.,nl strain gage' placed on opp<hil< faces of I.!W•-'"' plates,"' ilh ca<:h f)an of ga~e; combtned 

inln a ,;ngle dut• dtannel u'><.'<l 10 tdentih the cmc:l.. formaliun and esumo~tc lhc streSSC!> in the gusset 

rlat~~ ano.l four units of fuur unia,iaJ ~rrnut gago!:.. attached In four an~hor bvh.>, Ubccl 10 estumue the 

,rn:.,;cs m 1he <1nchor bolts. with each unit t~>mbined inl<> u 'ingle data chan11d. n ... m.~•rurncon.atton ''"' 

"'"' a schcmnnc tfta~mun of the •111ltn gage Inc, I inns are sho"n in T o~ble ~ i 111J Fi~ure 4 J , r.:>f"'~tivel) . 

.jJf u:perim.,ntal R<:Wit> 

<#./(./ Gt!neru/ 
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detemtine the effectiveness of th.e 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 I ,000,000 

cycles. 

4.8.:Z Data Analysis Procedure 

1l1e computer program MATLAB (The Mathworks, 1997) was used to process the experimental 

data TI1e experimental data was reduced in lhree steps. ln 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 dte peak-to-peak strains by Young's modulus for 

steel, assumed 10 be equal to 30,000 ksi (208 GPa). Response histories were plotted in the third step. 

4.83 Cracks ill tile Test Specimell 

Several cracks were identified duting cyclic testing, including cracks iu 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 comers 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 (a I) and right (b l) comers 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 comer of the conduit hole (a I), 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 (a4) at I ,055,000 cycles. Crack B, starting at the lower right corner of the 

conduit hole (b I), 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 (aS) and crack B to the left (b5) at me conduit hole, these cracks met below the bottom edge of the 

conduit hole at approximately 860,000 cycles. 

Figure 4. 7 shows lhe 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 ace representative of the response of Specimen GR 1 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 c.omet 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 a11212 tests. 

Figure 4.9 shows the response maxima of the actuator force history, the stress range at the lower comer 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 eye les due to stress redistribution in the post following cracking adjacent to the conduit holo. After 

approximately 700.000 cycles, cracks propagated to the gage, and the strain readings dropped to zero. 

4. 8. 6 Strai11 Gage Histories 

Figure 4.10 shows the average stress (strain) response, near the lower comer 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 essentiaUy SYffiffielric 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 Sluss Profiles 

Figure 4.11 shows the stress profile on the tension and compression faces of the post. Tbe stresses 

are plotted for every 200.000 cycles. The srress 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 numbet 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 srresses 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 ofT~t Sp«lmeo 

4.9.1 General 

An elastic analysis was performed to estimate the response of Specimen GRI and to identify !he 

regions of like!) str~s concentration m the specimen. The computer program SADSAP (Wilson, 1992} 

\\as used to perform the analysis. The program MA TLAB (The Mathworks, 1997) was used to post

process the analysis data. The influence of residual stresses, weld profile, gusset plate co~ (see Figure 

.1 I), and cracking were not considered. 

4.9.2 Modtling 

A Iinne element mesh consisting of three-dim~nsional quadrilateral shell elemems (available in 

the SADSAP library) "'as used to model the cantilever post, the gusset plates, and the base plate. The shell 

element has six degrees-of-freedom per node (three translalion and three rotation) and accounts for 

membrane and bending effects. A fme mesh was used to model the lower portion of the post, and a mesh of 

larger elements "as used near the top of the post. Each gusset \\as modeled using 64 quadrilateral shell 

elements of variable size. The base plate was modeled using 128 quadrilateral shell e lements. The post-to· 

base plate connections were assumed to be rigid. Equi,alent springS were used to model the \enical 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 a lithe 

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 GRI. 

4.9.3 Stlffners of Spec~n GRl 

The deformation of the gusset-retrofined 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 ftxed 

base. The application of a horizontal of 1 kip at the cantilever tip results in a tip displacement of0.0625 in. 

(1.6 mm} and a lateral stiffness (of the retrofined post) of 16 kips/in. (2.8 MN/m). This stiffness value is 

close to the experimentally calculated value of IS kips/ln. (2.6 MN/m). Analysis of the Specimen GRl 

without the gusset plates results in a tip displacement of 0.078 in. (2 mm) and a lateral stiffuess of 12.8 

kips/in. (2.2 MN/m). The gusset plates increased the lateral stiffuess of the post tested at EERC by about 

15 percent. The deformed configuration 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 

strucrure. 
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4.9.4 St~es.v 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. Hlgb 

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

4.10 Summary 

Specimen GRJ was tested to approximately I ,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 I 0 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. 

I. 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. Stres.~ 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 conne.otions 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 GR I 

Ch.No. Inst. ID. Instrument I Location 

Global transducers 

I load load cell actwuor center line; top of the post 

2 d1splacement lvdt actuator center line; top of the post 

umgitudinal 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 abo1-e 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; 2T' above base plate 

10 sg8 S1rain gage between bolt-lines C & D; 27" above base plate 

II sg9 I strain gage above bolt-lineD; 27" above base plate 

12 sglO strain gage above bolt-line G; 27" above base plate 

13 sgll strain gage between bolt-lines G & H: 2T' above base plate 

14 sgl2 strain gage above bolt-line H; 2.7" above base plate 

15 not used 

16 not used 

17 sgl5 strain gage above bolt-line G; 12" above base plate 

18 sgl6 strain gage above bolt-line H; 12" above base plate 

19 sgl7 strain gage above bolt-line C; 6" above base plate 

20 sg18 strain gage I above bolt-line D; 6" above base plate 

~I sgl9 strain gage above bolt-line G; 6'' above base plate 

::!2 sg20 strain gage above bolt-line H; 6'' above base plate 

,-_, sg21 strain gage above bolt-l ine C; 3.5" above base plate 

24 sg22 strain gage above bolt-lineD; 3.5" above base plate 

:!5 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 sg25 strain gage above bolt-line C; 2. 75" above base plate 

28 sg26 strain gage above bolt-lineD; 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 GRJ 

Ch.No. lnsr. !D. Instrument Location 

31 sg29 strain gage above bolt-line C; 2" above base plate 

32 sg30 strain gage above bolt-line 0; 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-lineD; 1.25" above base plate 

37 sg35 I 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 comer of conduit bole 

40 sg38 strain gage above bolt-line D; top comer of conduit hole 

41 sg39 strain gage above bolt-line C; bottom comer of conduit hole 

42 sg40 strain gage I above bolt-line 0; bottom comer of conduit hole 

Strain ga e pairs placed on the opposite faces of gussets1 

43 sg41 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 sg4S strain gage gusset 'FG'; 12" above baseplate 

48 sg46 strain s"&e 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 g"&e bolt • 0'; 2" below foundation surface 

54 sg52 strain gage bolt 'G'; 2'' below foundation surface 

55 sg53 strain gage bolt 'H'; 2" below foundation surface 

I. Gusset cxP denotes the gusset plate located between bolts a and ll (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 GR I 

Cycle count Event 

0 Start of cyclic testing. 

60,000 
Two parallel cracks appeared at !he lower right comer of the conduit hole. A crack appeared 
at the flange-to-post welded connection on the gusset CD. 

260,000 
Two parallel cracks formed in the lower left comer of the post-to-stiffening r:ube weld at the 
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 tbe 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 dewloped 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 pant!lel cracks on the G face of gusset HG developed. 

420,000 
The crack on the lower left comer of the conduit hole propagated from the weld into the col-
umn, parallel to the base plate. 

440,000 
A new crack appeared on gusset BC on the top of the 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 4.4: Cracking of gusset-to-base plate weld for Specimen GR I 

Figure 4.5: Crack propagation at the conduit hole for Specimen GRl 
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Figure 4.6: Crack pattern around the conduit hole f6r Specimen GRl 
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CHAPTER 5: RESPONSE OF SPECIMEN CIPl 

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 el<tracted 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 rnm) diameter pipe with a wall thickness of ll2ln. 

( 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 name-cut in the groove-welded connection to facilitate the galvanizing process. A 

special pedestal foundation was cast for Specimen CIPI 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 suscepuble 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 oftbe poSt specimen. The 

objectives of this retrofit scheme were fourfold: I) 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 Coufiguration 

The test specimen was fabricated by cutting a CMS post ro 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 tum-of-the-nut method (AISC, 1995). 

The retrofit work included: I) removing the cover concrete to expose the foundation top 

http:StrUctu.re


46 

reinfore.ement (Figure 5J}; 2} drilling 16 No. 1-3/8 in. (35 mm) holes, two o" 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 (Figure 

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 ClP I . 

5.4 Material Properties, Welding Procedures, and Inspections 

The test specimen was a component of one of three CMS strucrures fabricated from Grade A 53 

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 CIPJ to provide a measure of the effectiveness of the 

proposed retrofit technique. Figure 5.10 shows some of the tlaws at the post-t<rbase plate welded 

connection for this specimen. 

5.5 Specimen Testing 

5. 5.1 Cyclic Tests 

Specimen ClPJ was tested with zero mean stress (i.e., no dead-load stress). Cyclic testing was 

carried Ollt symmetrically with respect to the zero mean stress. During the casting of the concrete jacket, 

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-amplirude vibrations, a small oval-shaped gap was introduced at the 

top of the jacket. 

The testing protocol for Specimen CIPI 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 14ft 4 in. (4.4 m) post without the concrete jacket, 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 ClPI, 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 under.aken 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 stiffuess of the test specimen. The tests were carried out prior to the placement of the 

concrete jacket, after the Iow-amplirude 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. I I. The linkage consisted of steel chains, a 

turnbuckle, a specially machined bolt (see Figure 5.12), and a load cell, aU in series. The components in the 

linkage were connected in series using steel shackles. Using a turnbuckle, a static load of approximately 4 

kips (I 8 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 tina! 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 lhe start of cyclic testing. Flexural 

cracks were monitored and marked on the specimen over !he course of the testing program. Real-time 

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

5. 7 Instrumentation 

The instrumentation for Specimen CIP J consisted of an L VDT on ihe servo-actuator center line 

measuring the applied displacement; a load cell in-line with the servo-actuator measurmg 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 
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post at the four corners of the conduit hole; etghtcen strain gages dtstnbuted along the hetghl or lh.e 

loogttudmal reinforcement adjacent 10 the tension and compression faces of the post; six Stram gages 

placed on three transverse hoops at locations adjacent to the tenston and compression face, and two Stram 

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

The Stress range was mocutored by sg9 placed on the eompresston stde of the post (opposite the 

conduit hole) immedia1ely above the lOp of the concrete Jackel The mstrumcnlallon list for S~tmen 

CIP I ts presented in Table .5.3. Figure 5 .13 presents a schematic vtew of the longitudinal stram gages 

placed on the steel post and the Jacket reinforcement. 

5.8 Experimental Results: Cyclic Tests 

5.8.1 Genl!f'(J/ 

Figure .5 , 14 shows SpecllDen C!Pl prior to cyclic tesung. Ftgure 5.15 shO\\S the spectmcn at the 

concluston of the cyclic testing. A total of 913 mdividual tests. each of 16-minutes durauon, were 

recorded Table 5.4 summarizes the key observations. more information is presented in the foiiO\\•Jng 

sections. The tot.al number ofloading cycles for Specimen CIP I exceeded 4.500,000. 

S.8.1 Dal4Anaiysis Procedures 

The computer programMA TLAB (The Mathworks, 1997) and its signal p~ssing toolbox were 

used 10 process the experimentaJ dnta The experimental data were reduced in three steps. In the fust step, 

the ntw data was read, the file header was removed, and a test log was created Ne~ the drift m the data 

was removed and the peak-to-peak extreme values of response were exttacted. Stress ranges were obtained 

by multiplymg the peal.:-t.o-peak strains by the Youog·s modulus for steel, assumed to be equal to 30,000 

kst (208 GPa) Response histories were plotted in the third step 

5.8.J Cracks in tire Tat Specimen 

The flexural cracks that formed in the reinforced concrete jacket at the start of cyclic lesling 

propagated slowly over the course of the testing program. The strain gage maxima remained relatively 

constant for the 4.000,000 loadmg cycles at the stress range of 20 ksi (135 1\.fPa). This obsen·ation 

mdicates that no substantiaJ Cf'I!Cks 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 sho'l'i'll m Ftgure 5 .16 Summary information on the response of the specimen follows. 
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5.8.5 Respo11se Maxinw 

The max.imum 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 di,~ding the 

actuaror force by the displacement at the tip of the post. Due to flexural cracking in the concrete jacket the 

lateral stiffuess of the specimen reduced gradually. At the conclusion of the cyclic testing, the lateral 

stiffuess of the spedmen was approximately 80 percent of its initial value. Figure 5.18 shows the response 

maxima histories for the actuator force and displacement and selected gages. The maxima histories for 

furce, displacemenl 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 oftbe change in the srress range (see Table 5.1 ). 

5.8.6 Strai11 Gage Histories 

Selected stress-range data were used to study the change in the response of the specimen as a 

function of !he number of accumulated cycles. To ac-count for drifting in !he transducers. !he 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 !he post and in !he 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 compression side of the steel post. and Figure 5.20 shows the srress

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 !he stress profile for !he steel post and the reinforcement in the reinforced 

concrete jacket. The top of the reinforced concrete jacket. the underside of the base plate. and !he 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 

!he 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 CIPI prior to 

cyclic testing, iii) Specimen CIPI after 2,500,000 cycles of loading, and iv) Specimen CIP I 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. 

5. 9.2 Analysis of E:>.perinre.ntal Data 

The data processing package MA TLAB 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 I 0.24 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 at200 Hz and for subsequent tests scanned at 500 Hz, respectively. Figure 5.23 shows the Fourier 

power spectra tor the acceleration records. 

5.9.3 ModJII Properties 

Modal properties of Specimen CJPI 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, 

(ro2- ro 1) 
;. = -;;.,...__;-
.. n 2ron 

1:,
11

, is estimated from: 

(5.1) 

where ro 11 is the modal frequency and ro2 and C!l 1 are the half-power frequencies. In the log-decrement 

method. an anal:ytical function of the form: 

y = Asin(w + $)e-ro£t (5.2) 

is fi~ to the response-history data, and the damping ratio is computed from the log decrement equation: 

; = 2lt~N) lnG~) (5.3) 

where N is the number of cycles between the two amplitude readings and y 2 and y 1 are the amplitudes of 

the analytic function. Table 5.5 summarizes the modal properties of Specimen CIP I. 
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5.10 E.'tperimental Results: Push-over Tests 

Figore 5.25 shows the push-over response of Specimen OPl. At the end of each step in the statio 

loading cycle. the displacement was held constant and the cracks were documented. This procedure Jed to 

load relaxation in the specimen as indicated. Shown in Figure 5.25 are: i) the force-displacement response; 

ii) the stress in the post just above the concrete jacket: iii) the stress in the longirudinal 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 yleld stress of the steel post (see Chapter 3). The photographs in Figure 5.25 show damage to 

the specimen following the push-over test 

5.1 J Summary 

A concrete-jacket retrofitted post was subjected to 4.500.000 cycles of loading. Although it is 

difticult to draw conclusions regarding the general perfomlaJlce of this type ofretrofit detail from only one 

test. the following general observations ar~ mJ~de. 

I. Increased damping and stiffness. The addition of the reinforced concrete jacket subsllllltially increased 

the stiffness and the damping ratio of the post (by factors e:~ceeding 25 and 5. respectively) for the test 

specimen. 

2. Effect of fl=s in the wl!ldmem. The groove-welded post-10-base plate connection in Specimen CIP l 

included a number of rejectable flaws. The addition of tl1e reinforced concrete jacket substantially 

reduced t11e stresses in the post- to-base plate connection and thus reduced the likelihood of fatigue 

failure. 

3. Application to field CMS slntclures. The beneficial effectS of adding d1e 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 armi 

exceeds 54ft (16.5 m) and the jacket \\ill 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 CIPI 

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

0-20.000 I ksi (7 ~pa) 1.5 ksi (10 MPa) 1Hz 

0-2.000,000 12 ksi (81 MPa) 20 ksi (13 5 MPa) 5Hz 

2,000,000-2.500.000 15 ksi (lOt 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) I 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_mlllion cycles 

6 4,500,000 500 Termination of cyclic tests 



Table 53: Instrumentation for Specimen CJPI 

Ch.No. Inst. !D. Instrument Location 

Global sensors 

I load load cell acr:ua10r center line; top of the post 

2 displacement lvdt 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 Slrain gage compression side of the post; r 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 poSl; 12" above the base plate 

8 sg6 strain gage compression side of the post: 2T" 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: n·· above the base plate {below jacket} 

II sg9 strain gage compression side of the post; 72" above the base plate (above }acket) 

12 sgiO strain gage compression side of the post~ 90"' above the base plate 

13 sgll Slrdin gage compression side oftbe post: 108" abov• tbe base plate 

14 not used 

15 dcdt2 dcdt compression side; b<tween the pedestal and the footing 

16 sgl4 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 sgl6 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 

21 sgl9 strain gage tension side of the post; n·· above the base plate (below jacket) 

22 dcdtl dcdt compression side: between the pedestal and the jacket 

23 sg21 strain gage tension side of the post; 90" above the base plate 

24 sg21 strain gage tension side of the post; 1 os·· above the base plnte 

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 comer conduit hole 

27 sg25 suain gage tension side of the post; NE comer conduit hole 



Sol 

Table 5.3: Instrumentation for Specimen CrPI 

28 ~826 suam gage tension side of the post; SW comer conduit hole 

29 sg,l7 strain gage tension side of the post, SE comer conduit hole 

30 sgl2 suain gage tension side of the post; just abo,·e the base plate 

31 sgl1 strain gage tension side of the post; :!T above the base plate 

strain gages placed on the concrete-jacket venical 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 sgJI .wain gage compression side reinforcement; just belo" base plate 

J6 sg32 strain gage compression side reinforcement; just above base plate 

37 sg33 strain gage compression side reinforcement; r abo\.e base plate 

38 sg34 strain gage compression side reinforcement 12" above base plate 

39 sgJS strain g_age compression side reinforcement; 36" above base plate 

40 sg36 Strain gage compression side remforcement; 72" above base plate (belo\\' jacl<et} 

41 sg37 strain gage tension side reinforcement; 3" below foundation 

42 sg38 stram gage tension side reinforcement: just below foundation 

43 sg39 strain gage tension side reinforcement; just above foundation 

44 sg40 straio gage tension side reinforcement; just below base plate 

45 sg41 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 <g44 strain gage tension s1de reinforcement; 36- above base plate 

49 sg45 strain gage tension side re1nforeement; 72" above base plate (below jacket) 

Strain gages placed on the concrete jacket transverse reinforcement 

50 sg46 strain ga&e compression side of the bottom hoop 

51 sg47 strain zage tension side of the bottom hoop 

52 not used 

53 sg48 strain gage compression side of !he third hoop ftom the bottom 

54 sg49 strain gage tension side of the third hoop ftom the bottom 

55 sg50 ;traio gage compression side of the top hoop 

56 sgSI strain gage tension side of the top boop 
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Table 5.3: Instrumentation for Specimen CIPl 

strain gages placed on the supplementary reinforcement around the conduit hole 

57 sg52 I strain gage I vertical face of reinforcement, nearest to the steel post 

58 not used 

59 not used 

60 not used 

61 dat3 acquisittOO COWI!et 

62 data acqwsition timer 

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

Table 5.4: Test summ111)' for Specimen CIPI 

Cycle count 
Eveot 

(millions) 

0 Start of test. 

0 Shrinkage cracks in the concrete jacket marked. 

0.1 
Cracks at the jacket-to-pedestal and pedestal-to-foundabon 
interface obsen·ed. 

4.0 
Completion of tests at 20ksi nominal stress range: no evidence 
offailure. 

45 Completion of tests at 40 ksi nominal stress range; no evidence 
of failure 

4 5+ 
Substantial cracking of the fowulahon during the push-Qver 
tests No e\idence of failure m the test >-pe<:unen. 

Table 5.5: Modal properties of the test specimen 

Pull-back test Cycle frequency Damping 
Comments 

number count (Hz) (% critical) 

I 0 13.1 0.3 Steel post alone 

2 0 13.4 1.5 CIP I, prior to cyclic testing 

4 2,500,000 21.5 I 6 ClPl , mtdway lhrou[!.h the cyclic testiDI?-

6 4,500,000 200 1.8 CIP I, at the end of the cyclic testtng 
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Figure 5.1: Connection details for the steel post of Specimen CIPI 
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figure 5.2: Retrofit detaol~ for Specimen CJPI 
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Figure 5.3: Removing the cover concrete and exposing top reinforcement 
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Figure 5.4: Drilling the existing foundation 
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Figure 5 .6: Placing the transverse hoops 
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Figure 5.8: Casting the concrete jacket 



61 

C m:ular connccuoo plllle 
(0;24", t= 1-11n 

Efl Duection oi lo.'ldtog 

Post -·--
(00 18'" fD=I T'l 

Concn:tt JO(~ct 
!OD=-1!-,ID-18") 

11~ 

~' f ~ -n 

Octagono.l b3Se-plate -· 
fr-2-JWl ' 

Pcdcstzd foundauon ' - ~ - -

I 

' 

F1gure 59: T~st ~tup for Speetmen CLPJ 

14'-r 

' 

f 1gure 5 I 0 l ocntion of llu" < <>n t.h' tenszon s1de or the post detected by ultl1l50nic testing 



62 

figure 5. ll . Test setup forth~ pull bock tests 

Figure 5.12. Machin~ bolt used for the sudden release of applied load 
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FigureS 14 Pn(l(oJgraph of Specimen CIPI pri<lf "' qclic t.:•ting 
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65 

Actuator force Actuator Displacement 
10 0.5 

:., ~ .5 .. 5 

~~VVJ~~nA 
~ 

0 ~ AA/VvWV\A .Q. 
.X .. .. 0 . v I; ........... JJ J, .. 1 E 
!,! .. 

" 0 
·5 "' ... c. 

.5!1 c 
-1 0 -0.5 

7Z' above base plate, post (target) 12• above base plate,relnloreement 
10 10 

0 5 ·mf\l\t\1\ g) 5 
.:.: 
.; 0 .,; 0 • \)\ .~'> • '\ ' \ '\ r !\, (\ r. 
"' .. I - .. I\J V J ·:r\f _ . ~·· 
E! \ V v J .. L ~ {jj -5 -5 -· .. ·····-

-10 -10 

Just above base plate, post Just above base plate, reinforcement 
10 10 

Xi 
: !1AA!wvvlf~c~ 

... 5 1 

.:.: 

·f'V\._f'.,J\A/\f\/\./\.1' :i .; 0 "' 
~ 

l!! 
-5 I 1 {jj -5 

-10 -10 

At conduit hole, post At conduit hola. reinforcement 
10 10 1 

;;; 5 
~ 

5 

"' :i 0 - . 
J""\_ ,.\_1'\ ... /'\j-... J --\;.·/"\ ;r-\.,;,- .; 0 'J .. 

~ l!! 
iii -5 . . .. ··• .. {jj -5 

-10 -10 

Transverse hoop stress Jacket vertical gap at the base 

;l .. H:] 
~ JL_ __ .......,_--_-_-=---..;.· _·_-~ __ ~ _____ "_ . ..-_._-_-_- ....~I 

0 ~5 1 1. 2 

~ :::~ I -·· -: .......... . ·- l 
~ o .h. r\/·-. / .... /-, '"-.1'\_,;··~f.-,._.r-, 
G) ~ .... v v .J"' - - . ~ -

" ~ -0.01 
"' i5 

-0.02 L---------~----' 

0 0.5 1.5 2 
Time, seconds Time, seconds 

Figure 5.16: Typical response histories for Specimen CIP 1 



15 ~ 
10 

s-

00 0.5 

66 

' ' . -~ " . + .... ..... ,. .... 

... -.... 

.... , ·····-·······•····· ' ' ' 

1 1.5 2 2.5 3 3.5 4 
Millions of cyles 

· s ecimen CIPI • 17, Lateral stiffness history tor p Figure:>. · 

' ' 

J 

4.5 5 



Actuator force 

Post stress (compression side} 73" above base plate 
30 ~--------------~--~-----

~ 20 _ -~~~:- .---; --~ ___ ____ ·r---
~ 10-~ . ' ' 
(/) ' 

oL-------------------~ 

Post stress (compresston s1de} 12' above base plate 
30------------------------

~ 20 

~ iii I 0 -
0~~~~~~==~~ 

Rebar stress (compression side} 12" above base plate 
30,---------------------~ 

] 20 ···---
J ' 

.; '"' "' !' 

~11-
Rebar stress (compression side} just below grout line 
30,------------

o L-------~--~----~~ 
0 2 3 4 5 

Millions of cycles 

67 

Actuator displacemen< 

.£ 

~ 
"' J o.s 1-~---·--_,_..,--j~-....;~ _ _ _j·rr 
- ~ J I I a 

OL---------~--~--------~ 

Post stress (tension side} 90" above base plate 
30.-----------------------. 

~ 20 

~ in 10 

aL-----------~------~ 

Post stress (tenston slde) 12" ab.,ve base plate 
30.----------------------, 

-
o~==~========~~~~ 

Rebar slress (tension side) 12• above base p late 
30.------------------------. 

~ 20 
.; 

"' 
Ui I!! 10 r ' --0 
Rebar stress (compression side) just above grout line 

30,----------------------, 

~ 20 · 
,; 
"' .. 
iii 10 

Figlll'e 5.18: Response maxima for Specimen CJPI 



Stan of test 
5 . . 

: i 

0 ~ . 
.:.:. : . 

-5 L-------------------~ 

At 1 ,000,000 cycles 
5,--------------------. 

-5 '--------------~--__J 

At 2,000,000 cycles 
5,--------------------. 

~ t rt .~ "f ·(\ I, '\ ;" A ~ 0 .. I .. . .J.I ·/· \' . __ \__,, .. , . V· ' \ I \ 
~ \.11\. \J'<) · -~ -
00 

·5 ----------~--------__J 

At 3,000,000 cycles 
5,---------,-----~----. 

·5 '---~----------------' 

At 4,000,000 cycles 
5,----,---------------. 

~ rvr~'r·· \A r\ n ·f': r· r ~ 0 \ ; I; r t·'t·· . ! "1 ""1 ·v \ I 
~ - v \_ J \, < 

(i) 

-5'----------'------~----' 
0 0.5 1 t .5 2 

Time, seconds 

68 

At 500,000 cycles 
5,---------------~---. 

/'\ (1 [\ /\ A [\;- A" (\ r-
0 p \J v '- . J \t ,. \' . / \j 

-5'---~--------------~ 

At t ,500,000 cycles 
5.---~---------------. 

-5 ,_ __ __j_ ____ _,_ ________ __J 

At 2,500,000 cycles 

51 . . , I 
.~\ r·\ r,.., r1 t"' ·'\ '\ 1' 1·, }.\ 

0"/) ·r\;\l\:\1· !_.' \I ).., - 1./ - J ) l \/ 
. . . . 

·5 . . 

At 3,500,000 cycles 
5,---------------,----. 

. . 

·· A/V\/'U'~J 
-5 '---~--------------__J 

At 4,500,000 cycles 
5.---~---------------. 

-5 '---------~----"----__J 
0 0.5 1 1.5 2 

Time, seconds 

Figure 5.19: Post stress b.istory at 3 in. above the base plate (sg3) for Specimen C!Pl 



tO 

·~ 5 

Start of test 

·10 L---'------~----' 

At 1 ,000,000 cycles 

10 

At 2,000,000 cycles 

10 

~ : ~~ 
iii ·5 r 

·10 '-----

(\ /\ i\j\ .fl. r \ I\. j \ 
1
t•. ~ 

,_ J '-' \., ~· J - \1 

At 3,000,000 cycles 

10 

~ 5 

j ~~~\1\IINV\/\/'l\i 
~oL 1 

At 4,000,000 cycles 

10 

·10L---~--·~· --~----' 
1.5 2 0 0.5 

Time, seconds 

69 

At 500,000 cycles 

1 ~ t - ·- - - ·--·-· ·-·--·1 
: '-r • _1\/\J\rV\_tl~. ,f\J~ 

_;:L_~ -'----11 
At 1,500,000 cycles 

At 2,500,000 cycles 

10 

5 
,' (• /1 

0 t ' ' . ·\ . ~ 
.J 

·5 

·tO ._;-----------

At 3,500,000 cycles 

':r 

j 

0 r-~ . ./'· /\J\;\I' JI.J~/V\ J 
·5 

·10 ~...· -----------~ 

At4.500,000 cycles 

10 

5 • 

·10 '-------------
0 0.5 1 1.5 2 

Time, seconds 

Figure 5.20: Reinforcement stress bis10ry at 3 in. above Lbe base plate (sg33) for Specimen CIPI 



.. 
0 
.<:: 

~ 

Stress profile, post 
120.---------,-----

100 f-

80 -

top of jacket 

ti 60-., 
.8 
0 ,s .. 
"' .. ~ 40 

top of foundatiOn 

·20---------'----
0 5 10 15 

Stress, ksl 

70 

Stress profile, reinforcement 
120 

100 

j 

80 - l 

top of jacket~ 

80 

40 

20 

t ~ \ 
I I ~ 

! 1.\ 
' .,1 i~creasing cycles 
', ·~1 (million cycle increment) 
1 \\ > 

I ' '\.- _.- . 
I _....r-'•1 

.J I 
I 
•\ 

·! ~ 
·I 

tl 

: t 
' ' :f 

I~~ 
0 .I ·underside or base late 

\ I 
:--4h.ol.j,\ :i.i' '~;, ---,,-,-..,.,..,,....,.0'7.,.,..,.--- -l 
.- top or foundation 

·20 1...----~-------_J 
0 5 10 IS 

Suess, ksi 

Figure 5.21: Stress profiles for Specimen CIP! 



0> 

c 
.Q 

Steel post alone 

·5L------------' 

Specimen CIP 1 at 2.5 million cycles 
5.--~-------~ 

e o• ----.. 
a; 

~ 

.sL----------___; 
0 5 10 15 20 25 

Time, seconds 

71 

Specimen Cl?1 prior 10 cyclic teslS 

Specimen CIP1 at 4 5 million cycles 

0 5 10 15 20 
Time. seconds 

Figure 5.22: Free vibration acceleration response for Specimen CIPI 

25 



1 ',, 

Steel post alone 

" I " 
II 

j 
I 

oL-~-------------------

Spee1men CIP1 at2.5 mHilon cycles 

1 

hali-power : 
-g 
~ OA f 

E I 

l ': '-t ---'------'--) ___.J 

5 10 15 20 25 
Frequency, Hz 

72 

Specimen CIP1 prior to cyclic tests 

" half -power : 

.. '····-···-·· 

I. 

Specrmen CIP1 at 4.5 millron cycles 

. .... ............ 
' 

···---·· .......... I . 

half-power . 

I 
't 

5 10 15 20 
Frequency, Hz 

Figure 5.23: Acceleration frequency response for Specimen CIPI 

25 



Sleel post alone 

4,-------------~1 

: q t ~ .r I 1~ ~ 1'-f Jl t} 
1
1, i 

i ' " I Ill II ,; II 

:: 1,!-\
1 

• rn1ID \1 I 

-4L-----~-------' 

Specimen CIP1 at 2.5 million cycles 
2 

-2~ ------
0 0.2 0.4 0.6 0.8 

Time, seconds 

73 

Specimen CIP 1 prior to cyclic tests 

Specimen CIPt at 4.5 miilion cycles 

0 0.2 0.4 0.6 0.8 
Time, seconds 

Figure 5.24: Analytical acceleration curve fitting for Specimen CIPI 



Actuator force 
so 

70 ' ~ 

so l J 
··1"1·. ., 50 ,, .. ., . ~ '1 

,g. t' ........ 
• '. •'\ryj "'""" ..... ,..-:: 

~ // '. 'j .; 40 

I 
!,! 
0 
.... 30 ' l 

20 

1: l: ,/ 
/~ 

Typical longitudinal reinforcement stress 
80 

70 

60 

~so 1 

0 2 4 6 8 10 
Actuator displacement. in. 

74 

Typical post stress 
80 

70 

60 

~~:·dyrf1~f"l~111, 
~50 

::f 40 l · I !!! 
Cii 30 l ., ,/ 

I / 
. 

20 
J.J"" 

10 I k 

0 

Typical lateral hoop stress 
80 r-----------------------, 

70 

60 

~50 

::i 40 
!!! 
Cii 30 

0~~----------------~ 
0 2 4 6 8 10 

Actuator displacement, in 

Figure 5.25: Push-over response for Specimen CIPl 



75 

(a) Deformed configuration 

.· . 
., . 

• 

.........,.-J.... 
(b) Cracks m the footing 

Figure 5.26: Photos of Specimen CIP 1 at the conclusion of push-over tests 





77 

CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 Summary 

6.1.1 Introduction 

Changeable Message Sign (CMS) structures are w'idcly used in California by the California 

Department of Transportation (Caltrans) to deliver information to freeway motorists regarding road and 

weather conditJons. These structures are inverted L-shaped cantilever structures composed of a verucal 

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 10 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 ann. and the flange 

plates are bolted together with 26 No. 3/4-m. ( 19 mm) diameter high-strength bolts. The steel post is 

welded to a 2-3/4 in. (70 nun) 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 pnor 

to 1997, a 4 in. by 6 in. (101 mm by 152 mm) rectangular hole is flame-cut in tho post, approximately 18 

m. (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 connectton to facilitate the galvaruzmg 

process. 

The failure of 11 post-to-base plate welded connection in a CMS structure in Southern California 

prompted Caltr1tns to undertake widespread field investigations of CMS structures in California Several 

CMS structures were instrumented to charac!Crize their dynamic response. The field dalll indicated that a) 

the welded connections in the CMS structures are subjected to stress le\'els that substantially ellceed 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, Cahrans identified three topical areas for investigation: 

I. Full-scale laboratory expe-rimental 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 L 

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

Co.ltrans 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 strucrures. 
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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 slructures. 

6.1.2 Retrvfu Sche.n~s 

Examination by the authors of the results of the laboratory testing of components of CMS 

slruclllres ideatified two locations in the steel post thaL 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 CaltrarLS: a steel gusset-plate retrofit, 1ll!d a C;ISt-in-place concrete-jacket retrofit. Both 

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

The steel gusset-plate retrofit scheme consisted of welding eight gusset plates of9/16 in. (I~ mm) 

thick A36 steel to the post-ro-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 plat.e 

anchor bolts. Tbe gusset coinciding with the conduit hole on the tension face of the post was 17 in. (432 

rnm) tall and was terminated appn:l.>cimarely I in. (25 mm) below the underside of the conduit hole: the 

other seven gussets were 24 in. (610 mm) tall. AU eight gussets were 6.5 in. ( 165 mm) wide at U1eir base. 

The coocret.e-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 6ft (1.8 m) tall The jacket was attached 

to a foundation by drilling and bonding a total of 16 117 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 

component~ of CMS 5lructures. 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. I below 

Table 6.1: Summary data for retrofitted specimens 

Retrofit scheme EERC desigrtation Maximum cycles Comments 

steel-gusset GRI 1,000,000 Specimen failed at 800,000 cycles 

concrete-jacket CIPl 4,500,000 

The testing of SpecLmen GRL was halted after approximately 1.000,000 cycles following I) the 

propagation of large fatigue-induced cracks, wb.ich had formed at the lower corners of the rectangular 

conduit bole, into the gusser-to-post welds and the gusset parent material, and 2) the growth of fatigue 
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cracksm the post-to-base plate welded connection 

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

significant change in the s1rength or stifliless of the specimen was observed. 

6./.4 Modeling of CMS Strudures 

The gusset-retrofitted post was modeled as a cantilever structure, using the computer code 

SADSAP, to provide information o n the stress distributions in the post around the conduit hole, adjacent to 

the post-to-base plate connection. and m the steel gusset plates. Quadrilateral shell elements were used to 

model the post, the gusset pi~ and the base plate. Spring elements were used to model the axial Hiffhess 

of the 2-1/4 m. (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 bole. This value is consistent with experimental data. 

6.2 Conclusions and Recommendations 

6.2.1 Fatigue Life of Retrofitted CMS PIJ$tS 

Specimen GRI was tested to approximately 1,000.000 cycles of loading. However. significant 

cracks formed after appr~'imately 600,000 cycles and propagated therea~.-. Although the gusset plates 

were effective m increasing the section modnlus of the post and decreasmg the tlexural suesses at the base 

of the post, the retrofit scheme was unable to prevent, and likely contnbuted 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 CIP I was subjected to 4,500,000 cycles of loading. The addition of the reinforced 

concrete jacket substantially increased the stiffness and the dampmg ratio of the post (by factors exceeding 

2.5 and 5, respectively, for the test specimen), and substantially reduced the stresses in the post belo1> the 

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

Of the two retrofit schemes studied by the authors, the concreto-jacket retrofit outperformed the 

steel gusset-plate retrofit The concrete-jacket retrofit detail served to reduce the stresses In the lower ~i'< 

feet of the posl whereas the gusset plate retrofit only reduced the flexural stresses near the post-to-base 

plate connect1on.. As such, the response of the two relrofitted spectmens should not he directly compared. 

An improved steel gusset plate retrofit scheme would involve; a) reconfiguring the gusset plates to 

clear the conduit bole by at least six inches ( 152 mm), and b) remo\ ing and replacing all fla\\ed weldments 

10 the post-to-base pl11te connection (only possible for the full-penetratton welded connectton) using an 



&0 

approved WPS (see Section 6.2.2). The proposed relrofit detail should be tested tn the laboraLOI) pnor to 

field installation. 

If the consuuctton details are rep!icared m their enUrety m the field. the concrete-jacket retrofit 

scheme will likely substantially increase the fatigue lif1: of existing CMS structures with Oawed welded 

connections. 

6.2.1 R~commendations for Improving th~ Fatigue Life of New CMS Structur~s 

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 theso recommendanons are repented from the Volume I report 

(Gil _ani, et a!., I 997), 

l. Relocate and reconfigure the conduit hole m che pose. The conduit hole should be moved at least one 

post diameter from either the base plate or the LOp of any gusset plates. The rectangular conduit hole in 

the post should be replaced by a circular ccndwt bole to reduce the stress concentrations around the 

hole. The condwt hole should be drilled rather than Oame cut LO minunize residual strains If stiffening 

rings are to be welded into the conduit bote, A WS-conforming seal welds should be used. 

2 Develop prequaltjied Welding Procedure Specifications (WPS) for groove-welded corrnections. 

Standardiud WPSs are commonly used for joining steel components in the building, bridge, and off

shore oil industries. In the past, it bas 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, mas! arm-to-flange plate, gusset 

plate-to-post (mast arm), and gusset plate-to bnse (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 

diameter, eleclrode type, maximum currenl maximum root-pass thickness, and pre-heat and cool

down requirements. The use of toughness-rated \\eld tiller metal is recommended. Improved weld 

profiles, such as those shown in Figure 3 .I 0 of A WS D 1.1 (A WS, 1997), should be investigated. It is 

recommended that a welding consultant be engaged b) Co.ll!ans to develop the WPS. 

3. Develop improved quality conirol 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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ultrasomcally rested <Un by an approved testing agency as pan of the quality coniTol 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. Stllndard procedures for 

repairing such defects must be de\ eloped A Callrans inspector should be pn:scnt durtng the fit-up and 

welding of all connections to ensure that the WPS is followed exactly It 1s recommended that a 

welding consultant be engaged by Caltrans 10 de\elop new quahty control and inspection procedures. 

6.3 Recommendations for Future Studies 

The work described m this report and the companton Volume l report (Gilaru, et al. 199i) bas 

focused on e,aJuaung the fatigue life of existing and retrofined components of CMS structures. Thas work 

addresses one-half of the problem, namely, charactenzing the fatigue life of key components at spec a lied 

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

recommended: 

l. Continue laboratory tes11ng ofr:omponents ofCMS stntctures. New guidelines for the design ofCMS 

structures should not be prepared using a limited number of data pomts Addallonal bigh-qcle fatigue 

testing of components of C MS structures at dllferent stress levels is needed to pro\ ide the requisite 

mformation 

2. Undertake o<idlttona/ )leld /esttng of CMS structures Field testmg of CMS structures an bigb-wtnd 

areas could provide. at n substantially reduced cost w1th re:;pect to wand-tunnel testing, valuable ne" 

data relatmg "md speed and direction to both pressures on components of CMS structures and des1gn 

forces on these components. This work would address the other half of the problem, name I) , do the 

AASHTO procedures accurate)} predict, m an engineering sense, the loads that act on a CMS 

structure'/ Without such informabon. a comprehensive solution to the problem is not possible. 

3. Develop nnd test vibration mmga11on strategtes Stresses in components of CMS structures can be 

reduced by either increasing the su~e and configuration of the structural components (e.g .. mcreasing 

the diameter of the post, by addmg gussets or jackets) or by reducmg the effects of the dynamal' 

component of the wind loads using dampmg technologies. Although attention to date bas focused on 

mcreasmg the section modulus of the post and mast arm. it may be more cost-effective 10 reduce the 

wind-load demands thnn to mcrease the strength of components of a CMS 3tructure. Jt IS like!~ that 

existing vabratJon m•ugation strategies developed for \\and and oil pipeline applications could be 

readily adapted 10 reduce the effects of wmd loads on CMS strUctures Such solutions should be 

implemented mto field, the response monitored, and the efficac) of the solution 'crificd before 

widespread implementation is undertaken 
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