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A Study of Stiffness of Steel Bridge Cross Frames  

 

 

Weihua Wang, Ph.D. 
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Supervisor:  Todd A. Helwig 

Co-supervisor: Michael D. Engelhardt 

 

Cross frames are critical components in steel bridge systems.  Cross frames brace 

girders against lateral torsional buckling and assist in distributing live loads to girders 

during the service life of the bridge.  In curved bridges, cross frames also serve as 

primary structural members in resisting torsion generated by the traffic loads. The 

conventional cross frames are often constructed in X- or K- type shapes with steel angle 

sections. However, the actual stiffness of these cross frames are not well understood or 

quantified, leading to potentially inaccurate prediction of bridge behavior and safety 

during construction and in service.   

 Previous studies have shown the possibility of employing new sections, such as 

tubular members and double angles, in cross frame designs. In addition, a type-Z cross 

frame, or single diagonal cross frame was also found to be a potential use to simplify the 

design. However, the effectiveness of these innovative cross frame types has not been 

completely examined.  And these new cross frames have yet compared with the 

conventional ones in terms of their stiffness and strength capacity. 
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This dissertation documents the results of a study on the stiffness of various types 

of cross frame systems.  Full size cross frames were tested to establish actual stiffness of 

the cross frames specimens. The tests results revealed a significant discrepancy between 

the actual measured stiffness and the stiffness calculated using methods commonly 

employed by bridge designers. The research showed that the major source of this 

discrepancy was the eccentricity in the connection. The stiffness reduction was quantified 

by employing analytical derivation and finite element modeling. As a result, methods 

were developed to account for the stiffness reduction.  
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Chapter 1:  Introduction 

1.1 INTRODUCTION  

The critical phase for the safety of straight or curved steel I-girder systems often 

occur during construction before the concrete bridge deck has cured.  The stiffness and 

strength of the girders during construction are highly dependent on the bracing systems 

that are used.  The most common bracing system that is used with I-girder systems are 

the cross frames that control twist of the girders.  For straight girder systems, the cross 

frames play the primary role of defining the unbraced length of the girders for lateral 

torsional buckling.  In horizontally curved girders, the cross frames are designated as 

primary structural members that play an important role in defining the stiffness and 

strength of the girder system.     

On per weight bases, cross frames represent one of the most expensive 

components on the bridge due to the complexity in fabrication of the braces.  The braces 

can also be difficult to install on bridges during erection due to fit up problems.  Because 

of the large number of welds or bolted fasteners in the cross frames, the brace locations 

can represent one of the more difficult regions to inspect for fatigue cracks or other 

maintenance issues.  Because of the high labor demand for cross frames during 

fabrication and long term inspections, the elements should be carefully considered during 

design with regards to placement and geometrical detailing.   

Although the AASHTO (American Association of State Highway and 

Transportation Officials, 2010) specifications do not recommend specific details for the 

cross frames, most state Departments of Transportation have standard details for cross 

frame and diaphragm systems.  Historically, the AASHTO Standard Specification 
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required that cross frames be placed at a maximum spacing of 25 feet. The spacing limit 

was removed in the AASHTO Load and Resistance Design Specification (2010), which 

instead recommends the cross frame spacing to be based upon a “rational analysis” to 

minimize the number of fatigue-prone attachment details on the bridge. Unfortunately, 

the specification does not provide guidance on what constitutes a “rational analysis”, and 

many states and jurisdictions use rules based on previous experience to set the size and 

spacing of cross frames.  

The actual behaviors of cross frames are generally not well understood.  The 

typical details that are frequently utilized by most bridge owners employ angle or WT 

sections, both of which result in eccentric connections.  The eccentric connections lead to 

member bending that result in uncertain behavior for strength, stiffness and fatigue.  The 

importance of cross frames on bridge behavior justify in-depth study on these important 

braces.  The study should consider both conventional braces as well as investigating new 

details that may result in improved structural behavior and more simple fabrication.  This 

chapter provides an introduction outlining a TxDOT (Texas Department of 

Transportation) sponsored research investigation focused on the behavior of cross frames 

for steel I-girder systems.  The typical geometries of conventional bracing systems are 

discussed first along with some of the potential problems with these details.  The 

conventional details are those that are utilized by TxDOT; however these details are 

similar to the conventional details used by many states DOTs.  An overview of some of 

the geometries that were investigated on the research study is then provided.  The goals 

of the research are then outlined followed by an overview of the remainder of the 

dissertation.   
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1.2 CONVENTIONAL CROSS FRAME 

The most common cross frames that are used in Texas (and other states) are 

depicted in Figure 1.1 and Figure 1.2, which are designated as X-type or K-type, 

respectively. The most common structural members that are used in these cross frames 

are steel angles.  The angles are frequently used since the members can be easily 

connected to gusset plates by fillet welding around the edge of one of the legs of the 

angle.  Despite the relative ease of connecting a single cross frame to a plate, the 

fabrication of the entire cross frame requires substantial handling that requires the 

member to be flipped to gain access to both sides.   

 

 

Figure 1.1: Single Angle X-frame 
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Figure 1.2: Single Angle K-frame 

 

The primary cost in the cross frames is the significant labor required in 

fabrication. In addition to significant fabrication cost, poor structural performance has 

been found related to the use of single angle members. Although the individual members 

of the cross frame are often idealized as axially loaded members, the eccentric connection 

between the angle and connection plate cause significant bending as shown in Figure 1.3. 

The bending in the member reduces the effective axial stiffness of the member (Battistini, 

2012). Since the stabilizing capacity of a cross frame is highly dependent on its stiffness, 

this reduction in the stiffness can have a measurable impact on the stabilizing effect that 

the cross frame has on the girder system.  
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The primary concern with regards to the strength of the cross frames are rooted in 

the fatigue performance of the single angle members.  The fatigue rating of single angle 

are usually assumed to be an AASHTO category E (American Association of State 

Highway and Transportation Officials, 2010) (McDonald & Frank, 2009); however the 

details that have been tested are not well representative of the connection details used in 

the angles.   

 

1.3 SINGLE-DIAGONAL CROSS FRAMES 

As noted in the last section, the X-type cross frames are often idealized as 

“tension-only” diagonal systems.  In computational models for such an idealized cross 

frame, a single diagonal is typically specified which uses a 2-node truss element.  Since 

the truss element is not susceptible to buckling, the stiffness of the idealized cross frame 

is the same regardless of whether the diagonal is in tension in compression.  Such a 

computer representation of the cross frame introduces a potential geometry that might 

improve the structural efficiency of the cross frame.  Utilizing a single diagonal that has 

adequate buckling strength will result in a cross frame that only requires three members: 

a single diagonal and a top and bottom strut.  In addition, the diagonal can be selected 

with a concentric connection to minimize the bending concerns that exist with the 

eccentric angle connection.  In this study, two possible options were considered for the 

diagonals: tubular members and double angle members. 
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1.3.1 Tubular Cross Frame 

The large compression buckling strength of tubular members allows the diagonals 

to potentially perform well in both tension and compression. Figure 1.4 shows an 

example of a single diagonal tubular cross frame.   

Either square tubes or circular tubes will serve the purpose, so it is the connection 

details that will dictate which one is a better choice. In the building industry, tubes are 

frequently used for bracing with a welded connection that consists of a slot to allow the 

reception of the connection plate, or a knife plate connection.  Other potential connection 

details that were considered as part of the research included tubes with a WT end 

connection as well as a steel casting (Battistini, 2012).  

 
Figure 1.4: Z-frame composed of tubes 
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(a) Knife Plate 

 

(b) T-Stem 

 

(c) Cast Connection 
 

Figure 1.5: Connection Details for Tubes 

1.3.2 Double Angle Cross Frame 

Another potential diagonal configuration that was considered in the project was 

the use of double angle members as shown in Figure 1.6. Double angle members that are 

connected at intermediate locations behave as members with concentric connections that 

do not experience the bending problems associated with single angles.  In addition, the 

built up members have considerably higher compressive strength compared to single 

angles. As shown in Figure 1.7, this cross frame utilizes the same material as the 

conventional Single Angle X-frame, but provides much stronger diagonal strength.  In 

this dissertation, this type of frame is referred as double angle cross frame, but it should 

be noted that only the diagonal of the frame is composed of double angle sections. 
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Figure 1.6: Double Angle Section  

 

Figure 1.7: Z-frame with Double Angle in Diagonal 

1.4 RESEARCH GOALS AND DISSERTATION OUTLINE 

The research outlined in this dissertation is part of a larger study sponsored by 

TxDOT.  The research was carried out at the Ferguson Structural Engineering Laboratory 

at the University of Texas at Austin.  The goals of the research included improving the 

understanding of the behavior of cross frame systems used in steel bridges and to 

investigate improved details.  The study included laboratory tests and parametric finite 
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element investigations.  The laboratory experiments consisted of tests on the stiffness, 

strengths, and fatigue performance of cross frames.  The tests were conducted on both 

individual cross frame components as well as full size cross frames.  The focus of this 

dissertation is on the stiffness and strength of the full size cross frame.   

The dissertation is organized into eight chapters including this introductory 

chapter.  An overview of previous research along with pertinent theoretical background 

of stability brace design is provided in Chapter 2.  Chapter 3 covers the detailed 

experimental program and the results.  In Chapter 4 results from the experimental tests 

are used to compare with computer models and validate the finite element models that 

were used for the parametric studies.  Chapter 5 develops analytical solutions of the brace 

stiffness as a function of the bending effects introduced by the eccentric connections.  

Chapters 6 and 7 provide an overview of the finite element parametric studies for Single 

Angle X-frame and K-frame, respectively.  In Chapter 8, cross frame design examples are 

presented with a variety of different cross frame systems to highlight the advantages and 

disadvantages of different systems.  And the bridge example is also used to illustrate the 

impact of the stiffness in cross frames on bridge behaviors. A summary of conclusions is 

provided in Chapter 9 along with recommendations for designers and future research 

efforts. 
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Chapter 2:  Background 

2.1 INTRODUCTION 

Steel plate-girders are commonly used in highway bridge construction.  The 

ability to fabricate, transport, and splice the girders are attractive for applications with 

spans larger than approximately 150 feet.  The 150 feet span limit is based upon shipping 

limitations that often preclude the use of precast concrete beams.  Steel members can be 

shipped in smaller lengths and spliced together in the field to create longer spans than 

possible with precast concrete bridges.  Plate-girder bridges are usually composed of 

multiple I-beams, concrete slab and other bracing components.  In straight bridges, the 

girders primarily support vertical loads that cause bending in the members.  In 

horizontally curved bridges, the geometry also results in significant torsion.   

I-shaped sections are very efficient sections for cases where bending is primarily 

in one plane.  The use of two flanges connected by the web makes efficient use of the 

material by maximizing the major axis moment inertia Ix, which gives large flexure 

stiffness. However, due to the relatively low lateral stiffness (Iy) the I-shape sections are 

susceptible to lateral torsional buckling unless adequate bracing is provided.  In the 

finished bridge, a composite concrete slab provides continuous lateral and torsional 

restraint to the girders and lateral torsional buckling is generally not a major problem.  

However, the wet concrete does not provide any restraint to the girder during 

construction.  Therefore, the critical stage for lateral torsional buckling typically occurs 

during construction and adequate stability bracing must be provided.   This chapter 

outlines the background information on lateral torsional buckling as well as previous 

research results on torsional bracing systems for beams. The background information 
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provides a basis for the following chapters that include laboratory test results, parametric 

finite element studies, and design recommendations. 

2.2 LATERAL TORSIONAL BUCKLING 

Timoshenko (Timoshenko & Gere, 1961) derived the buckling solution for 

doubly-symmetric sections subjected to uniform moment.  The solution was based upon 

the assumption that the sections were restrained from twist at the ends; however the end 

sections are free to warp as outlined below.  The expression for the critical lateral 

torsional buckling moment for a beam subjected to uniform moment is given in the 

following equation: 

	  (2.1) 

where: 

Mcr = buckling moment 

Lb = unbraced length 

Iy = weak-axis moment of inertia 

E = elastic modulus 

G = shear modulus of elasticity 

J = torsional constant 

Cw = torsional warping constant 

The torsional stiffness of a member can generally be divided into two 

components: a uniform torsional stiffness and non-uniform torsional stiffness. The first 

term under the radical in Equation 2.1 is often referred to as the St. Venant term, and is 

related to the uniform torsional stiffness.  The second term under the radical is related to 

the non-uniform torsional stiffness and is often referred to as the warping term. The 
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warping term the torsional stiffness that is related to lateral bending of the flanges that 

occurs during twisting of the girder.  The warping stiffness is significantly affected by the 

unbraced length of the flanges as well as the support conditions.  Equation (2.1) was 

derived with the assumption that the ends of the unbraced length are free to warp. 

Although design specifications do not typically include an effective length factor on the 

unbraced length to account for warping restraints, the methods of accounting for warping 

restraint are outlined in sources such as the SSRC Guide (SSRC, 2010).  

In Timoshenko’s original derivation of the beam buckling solution, the stated 

assumptions for the support conditions included restraints of torsional and lateral 

deformations at the ends of the unbraced length; however only the assumption about twist 

restraint was utilized.  Provided that a point is restrained from twisting, whether the 

section can translate laterally has no impact on the lateral torsional buckling capacity.  

Twist of the section can be effectively controlled by either providing bracing that 

specifically prevents twist of the cross section (torsional bracing) or by providing braces 

that stop lateral movement of the compression flange (lateral bracing).  The focus of the 

research outlined in this dissertation are cross frames which fit into the category of 

torsional bracing since the braces control twist by connecting adjacent beams.  Although 

sometimes a plate diaphragm may be used, the most common form of bracing in steel 

bridges are cross frames that form a truss structure for controlling the girder twist.  Some 

of the factors that impact the behavior of torsional braces are discussed later in this 

chapter; however the next section focuses on the fundamental properties that are 

necessary for effective stability bracing.   
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2.3 BRACING REQUIREMENTS 

As outlined in Chapter 1, an adequate bracing system must possess both adequate 

stiffness and strength. This section describes how these requirements are determined 

basic column and beam systems.  Although the primary focus of the study is on beam 

systems, column bracing requirements are first discussed since the derivation of the 

column bracing requirements are relatively easy to convey.  In addition, the many of the 

basic stability requirements for column bracing are applicable to beam bracing.   

The concept of bracing requirements was first developed for column bracing by 

Winter (Winter, 1958).  For a perfectly straight column with discrete mid-height brace 

stiffness βL, the relation between Pcr and βL is shown Figure 2.1. As shown in the figure, 

the column will buckle between the brace points if the stiffness of brace, βL, is greater 

than 2Pe/Lb. In this case, the column will achieve the full buckling capacity predicted, 

Pe=π
2EI/Lb

2, which is often referred to as the Euler buckling load as a tribute to Leonhard 

Euler who was the first individual to recognize column buckling and developed much of 

the mathematical theory necessary to derive the buckling load. This minimum stiffness of 

the brace for the column to achieve full buckling capacity is referred to as the ideal 

stiffness (βi) of the brace.  Therefore, the ideal stiffness is the minimum brace stiffness 

necessary so that a perfectly straight member will buckle between the brace points.   
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Figure 2.1: Effect of Brace Stiffness for Column Buckling 
 

However, a real column that possesses out-of-straightness, will be unable to reach 

the load corresponding to buckling between the brace points if the ideal stiffness is 

provided (Winter, 1958), as shown by the large deformation that occur if the ideal 

stiffness, i, is provided in Figure 2.2. If instead a value of twice the ideal stiffness is 

provided, the amount of deformation that occurs at the brace will be equal to the 

magnitude of the initial imperfection, o.  Providing stiffness larger than twist the ideal 

value results in even smaller deformations at the brace location. 
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Figure 2.2: P vs. for Braced Winter Column with Initial Out-of-straightness 

 

Since the brace forces are a function of the brace stiffness and the amount of 

deformation that occurs at the brace, providing the ideal stiffness will also result in very 

large brace forces as the buckling load is reached.  This is demonstrated in Figure 2.3 

which shows the bracing force for an imperfect column (imperfection is in the magnitude 

of 1/500 of total column length) and three cases of different brace stiffness that are 

referenced relative to the ideal stiffness, i.  If only the ideal stiffness is provided, the 

brace force will theoretically tend towards infinity when the buckling load is approached.  

Therefore, a stiffness larger than the ideal stiffness needs to be provided to control brace 

forces. Winter developed a simple rigid link model that could be used for determining the 

ideal stiffness requirements (Winter, 1958).  Winter’s model also could be used to 

determine the brace forces as a function of the magnitude of the initial imperfection and 

the stiffness of the brace that was provided.   
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Figure 2.3: P vs. F for Braced Winter Column with Initial Out-of-straightness 
 

Many bracing provisions recommend a stiffness of two times ideal stiffness for 

braces to control brace forces and member deformations.  Figure 2.3 shows the brace 

forces that are predicted using Winter’s model and for a stiffness of twice the ideal value, 

the force requirement is 0.8% of Pe of the column.  The brace strength requirement that is 

published for column discrete (often referred to as nodal) bracing is actual 1.0% of the 

column load.  The higher requirement comes from finite element solutions of imperfect 

columns which result in a brace for of 1.05% of the column load for the case of a single 

brace at mid-height and an imperfection of Lb/500 (Helwig T. A., 1994). The larger force 

compared to Winter’s model comes from internal forces that develop in the column 

member.  The case of a single intermediate brace is actually the worst case and for 

columns with several intermediate braces, the brace force tends towards 0.8% of the 

column load as predicted by Winter’s model.        

Although beam bracing systems are generally more complex that axially loaded 

columns, the fundamental concepts of stiffness and strength are essentially the same.  
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Like columns, effective beam bracing must possess sufficient stiffness and strength.  The 

following section provides a discussion of beam torsional bracing with an overview of 

the many factors that have an impact on the effectiveness of the bracing.   

 

2.4 FUNDAMENTALS OF BEAM BRACING  

The purpose of beam bracing is to improve the lateral torsional buckling capacity 

of a member.  Lateral torsional buckling is a mode of failure that involves both lateral 

movement and twist of the cross section.  Effective beam bracing can be achieved by 

either preventing lateral movement of the compression flange (lateral bracing) or twist of 

the cross-section (torsional bracing).  Furthermore the torsional bracing system can be 

divided into discrete bracing and continuous bracing. The cross frames or diaphragms 

between bridge girders provide torsional restraint to girders at the bracing points, and 

therefore are categorized as discrete torsional braces.   

Equation (2.2) can be used to quantify the buckling capacity of a beam with 

continuous torsional bracing.  The expression was developed for doubly symmetric 

beams subjected to uniform moment loading (Taylor & Ojalvo, 1966). 

̅  (2.2) 

where: 

M0  = buckling capacity of the unbraced beam, kip-in 

 ̅  = torsional brace stiffness (in-k/rad per in. length) 
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This expression was updated to consider the impact of discrete torsional braces 

and general loading conditions as shown in the following expression: (Yura, 1992). 

̅
 (2.3) 

where: 

Cbu =Cb factor corresponding to an beam with no intermediate braces 

Cbb = Cb factor corresponding to beam fully brace at location of intermediate cross 

frames 

CT  = top flange loading modification factor; CT=1.2 for top flange loading and 

CT=1.0 for centroidal loading 

̅  = equivalent effective continuous torsional brace stiffness, determined by: 

βT n/L 

βT   =  torsional stiffness provided by single cross frame. 

n    =  number of intermediate braces 

L    =  length of span 

The torsional stiffness (βT) provided by a single intermediate cross frame is a 

major topic of this research and is discussed more in later sections. 
 

The basic concepts of ideal stiffness and strength for the bracing requirements that 

were discussed for columns are also applicable for beam bracing. The ideal stiffness of 

the torsional bracing can be obtained by rearranging the Equation (2.3).  Similar to 

columns the stiffness required to control brace forces and deformations are obtained by 

using at least twice the ideal stiffness, which is shown in following equation: 

̅ ∗ 2  (2.4) 
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The stiffness in the above equations is expressed for a continuous bracing system and can 

be modified as follows for n discretely spaced braces along the girder of length L: 

∗ ̅∗ /  (2.5) 

In the Appendix 6 bracing provisions in the AISC specification (AISC, 2010), the 

initial capacity of the girder with no bracing is conservatively neglected.  If Mcr is then 

set to the design moment and top flange loading is assumed, the required stiffness is 

given by the following expression: 

2.4
 (2.6) 

Where: 

 Mr = the required flexural strength of the beam. 

The strength requirements for the torsional braces, are a function of the initial 

imperfection.  Imperfections that are critical for beams typically involved an initial twist 

(θ0) so that the required brace moment can be determined.  Similar to columns, if twice 

the ideal stiffness is provided the amount of deformation is equal to the initial 

imperfection and the resulting brace moment is given by the following expression:  

∗  (2.7) 

With regards to the critical shape of the imperfection, Wang and Helwig (2008) 

studied the shape of the imperfection and found that a shape in which the top flange was 

displaced lateral while the bottom flange remained straight tended to give the worst case 

for stability induced forces.  Following the AISC Code of Standard Practice (2012) for 

erection tolerances the amount of sweep of the top flange is taken as Lb/500.  Therefore 

the magnitude of the twist imperfection is given as 0.002Lb/h.  The resulting bracing 

moment is given by the following expression: 
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0.024
 (2.8) 

 

As shown, the AISC strength equation shown in Equation (2.8) is not the direct 

product of To.  There have been some simplifying assumptions that are outlined in the 

commentary of the AISC specification to get to the form that were shown, however the 

basic principles outlined above were used in the development of the expression.   

 

2.5 BEAM BRACING STIFFNESS 

The stiffness predicted by Equation 2.6 is the required stiffness to result in twice 

the ideal value.  The actual stiffness of the cross frame on the bridge is a function of 

several components.  In general, the stiffness of a beam torsional brace can be divided 

into three major parts (Yura, 1992) as expressed in Equation (2.9). 

1 1 1 1
 (2.9) 

Where: 

 βb  = brace stiffness 

 βsec  = web distortional stiffness 

 βg  = girder system stiffness 

Previous studies have addressed the impact of the cross sectional distortion and 

the in-plane stiffness of the girders.  The research outlined in this dissertation has focused 

on the brace stiffness denoted by βb in the expression. More detailed information of how 

the βsec , βg are quantified can be found in (Yura, 1992). 

The stiffness of a torsional brace is sensitive to the buckling mode of the girders.  

Because cross frames have a depth that is a significant percentage of the overall depth of 

the girder, the buckling mode of the girders usually involve twisting and displacing 
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laterally in the same direction as depicted in Figure 2.4.  The loading on the cross frame 

from a stiffness and strength demand can be viewed as moments with equal magnitude 

and opposite sign (reverse curvature bending) as shown in Figure 2.4.  The restraining 

moment provided by the cross frame is essentially a torque on the girder, which is why 

the brace is referred to as a torsional brace.  The effect of the brace moments on the cross 

frame can be represented by the force couples (Fhb) as denoted in the figure. The cross 

frame will deform under the force couple leading to a girder rotation θ.  The brace 

stiffness is defined as the ratio M/θ. 

 

Figure 2.4: Stiffness of a Cross Frame 

A simplified truss model representation for the cross frame leads to stiffness and 

axial force representations as depicted in Figure 2.5. 
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(a) Tension-only Diagonal System 
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(b) Compression-tension Diagonal System 
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(2.12) 

(c) K-brace System 

              Ah= area of horizontal members              Lc=length of diagonal members 

              Ac=area of diagonal members              S=spacing of girders 

              E=modulus of elasticity              hb=height of the cross frame 

 

Figure 2.5: Stiffness Formulas for Twin Girder Cross Frames (Yura, 1992) 

According to Figure 2.5, the top and bottom struts of the compression-tension 

diagonal system are zero force members. And the top strut of a K-brace system is also a 

zero force member. However, it does not imply that these members are dispensable for an 
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effective cross frame system. The reason is that these members are only zero force 

members when the twin girder buckling mode is as depicted in Figure 2.4. If the twin 

girders buckle in the opposite directions instead of the same direction, the top and bottom 

struts of these cross frames are actually not zero force members. A sketch of this 

condition is shown in Figure 2.6. The corresponding brace stiffness is shown in Equation 

(2.13). This equation was derived by conservatively assuming that the two diagonals are 

not jointed at the mid-span. The condition depicted by Figure 2.6 will be the controlling 

case for top and bottom strut if their sizes are chosen to be different from the diagonal 

members. However, for majority of cross frames that all members are in the same size, 

the critical condition is the one depicted by Figure 2.4.  

S

EAhb
b

2

  (2.13) 

Figure 2.6 Brace Stiffness for Twin Girders Buckle in Opposite Directions 

 

The X-frame comprised by single angles that were introduced in Chapter 1 is 

conventionally designed by representing the system as a tension-only diagonal system. 

Considering the low compression strength of a single angle member, designers usually 

ignore the contribution of the diagonal in compression. On the other hand, the 

compression-tension model assumes the compression diagonal contributes as much as the 

tension member. The K-frame must have diagonals that have sufficient compression 

resistance to be viable.   
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2.6 EQUIVALENT STIFFNESS OF CROSS FRAMES 

The method in evaluating bracing stiffness introduced in Section 2.5 is 

specifically designed for checking girder stability. However, the stiffness of the cross 

frame is also needed in many other occasions. Nowadays engineers often rely on 

computer softwares in analyzing bridges for the strength and deflections. One of the 

widely used bridge analysis models is the 2-D grillage method, in which the girder lines 

and the cross frames are all simplified as beam elements in the same 2-D plane. 

Engineering practice has shown that this method can predict bridge behaviors with 

relatively low modeling and computation cost if compared with 3-D models. One of the 

challenges of this method is to simulate cross frame truss with beam element, which 

should possess stiffness equivalent to the cross frame in order to accurately predict the 

structural behavior of the whole bridge. According to G13.1 Guidelines for Steel Girder 

Bridge Analysis (AASHTO/NSBA Steel Bridge Collabration, 2011), two methods of 

obtaining equivalent stiffness for X-frames were traditionally used by bridge designers. 

As shown in Figure 2.7, one method is to determine the equivalent stiffness by 

calculating the flexural stiffness on a propped cantilever model and another one is by 

calculating the shear stiffness on a pure shear model. An equivalent moment of inertia 

Iequiv will be then obtained from either method and will be used in the bridge grid 

analysis.  
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(a) Flexural Analogy (b) Shear Analogy 

Figure 2.7: Equivalent Stiffness (AASHTO/NSBA Steel Bridge Collabration, 2011), 

 

It can be seen from the figure that both approaches consider the contribution from 

both tension and compression diagonals of the cross frame, so the resulted stiffness from 

them should be comparable to the compression and tension diagonal model under double 

curvature type of loading computed by Equation (2.11). For the model under double 

curvature type of loading, an equivalent moment of inertia can be obtained by using 

similar approach. The resulted Iequiv from these three approaches for an example cross 

frame are listed in Table 2.1. The geometry in the example is chosen to be consistent with 

the laboratory test introduced later in this report. 
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Table 2.1 Equivalent Stiffness Example 

Cross Frame: 114.5" (S) x 53.74" (hb), Member:L4x4x3/8 

Approach 
Equivalent Moment of Inertia

Iequiv ,in
4 

Flexrual Analogy 1,829 

Shear Analogy 1,039 

Double Curvature Analogy 

(Compression and Tension Diagonal Model)
1,039 

 

As it can be seen from the example, the double curvature analogy gives the same 

equivalent stiffness as the shear analogy. The finding suggests that the double curvature 

model is only a variant of the pure shear model. This can be also proved by comparing 

the deformed shapes. Both the double curvature analogy and shear analogy causes shear 

deformation in the cross frame. The deformed shape of the cross frame remains 

parallelogram and girder webs are both kept parallel.  

The flexural analogy and shear analogy (or double curvature analogy) give 

different results and research has been conducted to identify their impact in predicting 

bridge behaviors (Chang, 2005) (Ozgur, 2007). However there has not been conclusive 

determination if either approach is sufficient. It is commented by G13.1 Guidelines for 

Steel Girder Bridge Analysis (AASHTO/NSBA Steel Bridge Collabration, 2011): 

“None of these approaches is wrong in and of itself but each approach 

focuses only on one of several stiffness parameters, while others are neglected. In an 

actual bridge, there is the potential that both stiffness parameters may have 

noticeable influence on the overall structural response of the bridge.  Differential 
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deflection of adjacent girders might primarily engage the shear stiffness of the cross 

frames, while differential rotation (twisting) of adjacent girders might be more 

likely to engage the flexural stiffness of the cross frames.” 

“Regardless of the type of modeling being performed (2D, 3D, others) most 

designers will omit refined consideration of the flexibility of connection details such 

as bolted gusset plate connections. Instead, for truss-type cross frames, most 

designers assume that the chord and diagonals act as pin-ended truss members for 

analysis modeling as well as for detailed design checks.” 

No matter what type of truss analogy is employed, the current practices always 

neglect the flexibility of connection details and the details of connections. However, 

previous research experience has found that the connection details have potentials in 

significantly affecting the cross frame’s stiffness, one remarkable example of them is the 

stiffness reduction due to the eccentric connection, which is presented in next section. 

This research is focused in gapping the difference between the detailed model and truss 

model, so the findings are regardless of what truss analogy approach is adopted. In this 

study, the double curvature truss analogy (or shear analogy) is appropriate for simulating 

the situation when adjacent girders are losing their stability and tend to buckle in one 

direction or the girders are subject to torsion due to vertical loads. In either situation, the 

adjacent girder webs are kept parallel. 

 

2.7 STIFFNESS REDUCTION DUE TO THE ECCENTRIC CONNECTION 

The truss analogy employed in Figure 2.5 is based on an assumption that each 

truss member provides the full theoretical stiffness without buckling or a reduction in 

stiffness due to bending.  As part of the research project of which this dissertation is a 
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part of, Battistini (2012) observed that the axial stiffness of angle members are lower than 

the stiffness calculated directly from using Hooke’s Law. Figure 2.8 shows a test 

specimen loaded under tension with the corresponding graph of the applied forces versus 

axial deformation shown in Figure 2.9.  Data for graphs of the behavior of a single angle 

and a double angle are shown, with the same nominal angle size and length used for the 

two specimens.  Therefore the double angle member has twice the axial stiffness of the 

single angle member.  The double angle member has a concentric connection and as a 

result there is no global member bending.  The single angle member, on the other hand, 

has an eccentric connection which results in significant bending that reduces the axial 

stiffness of the member.  This can be observed by comparing the measured axial 

deformations of the two specimens at a load level of 40 kips.  Despite the single angle 

member having half the axial stiffness of the double angle member, the axial deformation 

of the single angle was nearly 3 times that of the double angle specimen (0.027” versus 

0.010”).  The measured axial stiffness of the single angle member was 1500 ksi, while the 

theoretical stiffness of the specimen is 2280 ksi. This result indicated a 34% stiffness 

reduction. The reduction in stiffness is attributed to the impact of bending in the member 

as a result of the eccentric end connection.   
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Figure 2.8: Test Specimen and Instrumentation (Battistini, 2012) 

 

Figure 2.9: Summary of Stiffness Test Results (Battistini, 2012) 
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While the above tests were measured from individual tensile members, the 

observed stiffness reduction from eccentric connections will likely have a similar impact 

on the stiffness of a cross frame built up from the angle members.  If the single angle 

members in the cross frame system behave in a similar fashion, the actual cross frame 

may be significantly lower than the value predicted from expressions derived using the 

truss analogy shown in Figure 2.5.  Therefore, laboratory tests on full sized cross frames 

are necessary to measure the impact of connection eccentricity on the brace stiffness of 

the cross frame system.   

 

2.8 BEAM BRACING STRENGTH 

In addition to the stiffness, the cross frames depicted in Figure 2.5 also show the 

axial forces resulting using a truss analogy in the different members of the cross frame.  

The strength of a given cross frame will be controlled by the weakest member in the 

system compared to the resulting member force.  The respective member strengths need 

to reflect tensile strengths or buckling strengths for members subjected to either tension 

or compression.  In the following subsections, a few methods necessary for evaluating the 

compressive strength of single angle members and gusset plates are summarized. 

 

2.8.1 Compressive Strength of Single Angles 

In order to accurately determining the strength of a single angle cross frame, the 

compression capacity of a single angle member needs to be determined. Due to the 

difficulty in accounting for the end restraints and eccentricity of end connections, the 

evaluation of the compressive capacity single angle members have varied in design 
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specifications over the years. Historically the AISC Specification adopted two methods: a 

Beam Column Method and Effective Length Method.  

When a single angle member is connected with gusset plates at both ends, the 

eccentricity of the connection can results in significant bending in the member. 

Therefore, a beam column method was traditionally recommended by ASIC. The 

expression used to limit the effects of combined bending and axial force is shown in 

Equation (2.14).  The strength of the member is a function of the factored axial force, P 

and the factored moments about two principle axes, Muw and Muz.  The nominal strength 

of the member as a column is denoted as Pn and nominal strength of the member as a 

beam about the respective w and z axes are denoted by Mnw and Mnz.  The resistance 

factors for column behavior and bending behavior are identified as c and b.  The upper 

limit of 1.0 on the expression limits the impact of the combined load effects.   

∅
8
9 ∅ ∅

1.0 (2.14)

The evaluation of using the beam column method in the single angle member was 

a tedious procedure that often resulted in relatively conservative solutions, which led 

AISC 360-05 to adopt a simpler method based upon an effective length method. The 

effective length method was developed from a method introduced by Design of Latticed 

Steel Transmission Structure (ASCE, 1997). It was based on a review of many years of 

tower industry experience and the results of laboratory and full-scale tower tests.  

Equations (2.15) and (2.16) can be used to correct the slenderness of the eccentrically 

connected single angle in a planar truss. The resulting slenderness could be directly 

applied to equations of the compressive strength of column.   

When 0 80:  
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											 72 0.75  (2.15)

When 80  

										 32 1.25  

 

(2.16) 

The effective length method provides reasonable predictions for the buckling 

resistance of single angle members and is generally much simpler to use than the beam-

column approach.   

 

2.8.2 Compressive Strength of Gusset plates 

The thickness of gusset plates for cross frames are usually specified by state 

transportation authorities. For example, TxDOT specifies a typical thickness of 0.5 inch. 

However, the design of gusset plates based on its strength is difficult due to lack of the 

understanding impact of the connection on the buckling resistance due to potentially 

complex geometry. The most well-known method in evaluating strength of gusset plate 

was proposed by Whitmore (Whitmore, 1952) and this method was adopted by FHWA in 

its latest rating guidance of gusset plates (FHWA, 2009). The proposed method 

recommends that the gusset plates be checked for strength using the width based on the 

connection length as shown in Figure 2.10. It is assumed that the load spreads at an angle 

of 30 degrees from the start of the connection and therefore the gusset plate needs to 

resist the design load at the end of the connection based on the Whitmore width. This 

geometry does not take into the account any gusset plate material that is outside of the 
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Chapter 3:  Laboratory Tests 

3.1 INTRODUCTION 

The experimental program that is documented in this dissertation consisted of 

cross frame tests and tension coupon tests on the cross frame materials. The purpose of 

the cross frame tests was to measure the stiffness and the ultimate strength of cross 

frames from a stability bracing perspective. The results of these tests provide valuable 

insight into the behavior of various cross frame systems, provide data on the performance 

of different connections, and also provide validation data for analytical and 

computational models. The cross frames that were tested include conventional cross 

frame system as well as newly proposed cross frames systems. To achieve the desired 

functions, the test setup was designed and fabricated with the following capabilities:  

1. Deformations could be applied to the cross frames that were consistent 

with buckling deformations of adjacent girders.  The deformations were 

achieved by applying loads through actuators as shown in Figure 2.4. 

Loads and displacements values were monitored throughout the tests. 

2. The focus of the tests was the stiffness of cross frame systems including 

the flexibilities of the cross frame members and the connections. 

Flexibilities discussed in Equation (2.9), such as the web distortion and the 

in-plane stiffness of the girders were not to be included in the tests.  

Efforts were made to restrain out-of-plane twists of the cross frames. 

3. The test setup could be reused to conduct multiple tests.  

4. The test setup was designed so that cyclic loading could be applied to 

obtain a measure of the stiffness by racking the cross frame in both 

directions within the plane of the frame.  The tests setup was also designed 
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so that a measure of the ultimate strength of cross frame specimens could 

be obtained. 

In addition to the cross frame tests, material tests were also conducted on tension 

coupons that were removed from the cross frame members to obtain the stress versus 

strain characteristic of the material.  A discussion of the test setup, the test program, and 

corresponding results is provided in the remainder of this chapter.  

3.2 TEST SETUP 

3.2.1 Test Frame 

The loading condition depicted in Figure 2.4 consists of equal but opposite 

moments on each side of the cross frame. In order to achieve this loading condition, four 

equal forces must be applied to the four corners of the cross frame in the specified 

directions such as those depicted in Figure 3.1.  The setup was fabricated at the Ferguson 

Structural Engineering Laboratory at The University of Texas at Austin.  The setup 

dimensions are indicated in the plan view drawing in Figure 3.2. 

 

Figure 3.1: Overall View of Cross Frame Test 
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Figure 3.2: Cross Frame Test Plan Drawing 

The members designated “load beams” in the figure represent the cross sections 

of two adjacent girders that are connected by the cross frame test specimen.  The 

deformations that were applied through the actuators were consistent with the lateral 

torsional buckling deformations of two adjacent girders.  W30x90 sections were used for 

the load beams due to the high in-plane stiffness.  Bearing stiffeners were used at the 

locations of the struts to create a relatively rigid cross section that would not distort so 

that the primary stiffness being measured in the tests was the cross frame members.  The 

cross frame specimen was mounted to the with WT members (WT9x35.5) that were 

bolted to the two load beams. The load beams were elevated off the floor using W21x111 

supports and were also anchored by top plates (Figure 3.3(a) and (b)). Teflon was placed 

between the contact surfaces of the anchoring plate and the beams to create a low-friction 

sliding surface as the load beams were displaced by the actuators during testing.  . The 
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3.2.2 Loading and Moments Measurement 

The tests were conducted in a load controlled process. The applied load from the 

actuator was monitored by LEBOW 150 kips load cells as shown in Figure 3.4. To offer 

some redundancy in force measurements, the strains in the three reaction struts were 

monitored by strain gages installed at the mid-length on the opposite sides of the round 

tubes to account for bending effects (Figure 3.5). In order to obtain accurate force 

measurement, the load cells and the reaction struts were calibrated in a test machine 

before assembly into the setup.   Figure 3.6 shows the calibration tests.  Load levels in the 

calibration tests were kept in the elastic region with load levels consistent with the 

maximum values expected in the tests.   

 
Figure 3.4: Load Cell for Actuator 

 
Figure 3.5: Strain Gage on Reaction Strut 

 

Load Cell 
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Figure 3.6: Calibration of Force Measurement 

The effective moment applied to the cross frame specimens can be determined 

based on the measured forces. A representative free body diagram of the whole test setup 

is depicted in the Figure 3.7.  The force, F, shown in the horizontal direction represents 

the value measured from the load cells. The force, R, shown in the vertical direction 

represents the force in the strut that was determined from the strain gage measurements. 

The applied moment at one side of the test frame could be represented as: 
1
2

 (3.1) 

Since there is redundancy in measuring the applied moment, the average of the 

results from two calculations was used in later evaluation. 
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Figure 3.7: Free-body of Test Setup 

The equilibrium representation of a single load beam is depicted in Figure 3.8, 

and the resulting moment applied at the load beam-cross frame interface could be 

evaluated as: 

1
2

 (3.2) 

Mframe represents the moment applied to the cross frame for use in evaluating the 

cross frame stiffness. Mframe can be also represented as a force couple of Fequiv, which is 

equivalent to the applied forces shown in the truss analogy sketch from Figure 2.4. The 

key geometric and mechanical parameters related to the test setup are summarized in 

Table 3.1 
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Figure 3.8: Equilibrium of a Load Beam 

 

Table 3.1 Key Parameters in Test Setup 

Parameter Name Symbol Value 

Load Beam Spacing S 144 in 

Cross Frame Length (or Girder Spacing) S’ 114.5 in 

Loading Spacing D 98 in 

Brace Height hb 53.74 in 

Depth of Load Beam d 29.5 in 

Moment Applied on the Test Frame Mapplied 98F 

Reaction R 1.36F 

Moment Applied on the Cross Frame Mframe 78F 

Equivalent Force Applied on the Cross Frame Fequiv 1.45F 

         Note: F is the load reading from the actuators. 
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3.2.3 Measurement of Rotations 

As defined in Figure 2.4, the angle, θ, represents the deformational rotation at one 

end of the cross frame. The deformations in the test setup are slightly different from those 

depicted in Figure 2.4, because the additional rotation in the vertical direction must be 

considered in the evaluation of total rotation, as illustrated in Figure 3.9.  

 

Figure 3.9: Cross Frame Rotation in Test Setup 

Total rotation of one load beam is the summation of two rotational components:  

 (3.3) 

Where: 

													
2

 (3.4) 

													
′

 (3.5) 

and 1, 2, …, 6 are measured displacement as indicated in Figure 3.10.    

It should be noted that at each location from δ1 through δ4, two linear 

potentiometers (Precision of 0.001”) were placed at the top and bottom side of the WT, 
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shown Figure 3.11, so the average of the two reading accounts for measurement error that 

may occur due to potential twist of the WT connection member.   

 

Figure 3.10: Displacement Measurements  

 

Figure 3.11: Linear Potentiometers Locations 

The expression in Equation 3.6 was used to calculate the stiffness of cross frame. 

The rotation θ was the average of the rotations measured from the two load beams. 

 (3.6) 
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3.2.4 Measurement of Member Axial Forces 

Axial forces in the cross frame members were determined from strain gage 

measurements from gages placed midway between connection points in the individual 

members.  Conversion from strain to force is straightforward for symmetric sections such 

as square tube member was obtained by averaging two strain readings placed 

symmetrically on either side of the center of gravity (CG) of the section.   

Estimating the axial force component in members with eccentric connections, 

such as single angles, can be more challenging.  Previous research has shown a successful 

usage of a regression method in angle member force measurement (Helwig & Fan, 2000). 

This method was employed in this research. Four strain gages placed as depicted in 

Figure 3.12(b) were used to determine the forces in the angles.   

 

 

(a) Square Tube (b) Angle 
 

Figure 3.12: Force Measurement of Cross Frame Member  
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3.3 CROSS FRAME TEST PROGRAM 

As noted earlier, the purpose of the laboratory experiments on full-size cross 

frames was to obtain a measure the stiffness and ultimate strength. Five different cross 

frames configurations were tested with a total of six specimens. The matrix of test 

specimens is shown in Table 3.2. The cross frames consist of both conventional and 

proposed details were considered.    The conventional details consist of the single angle 

X-frame and the single angle K-frame.  The other single angle cross frame that was tested 

had only a single diagonal and is referred to as a single angle Z-frame.  This latter 

specimen would not be considered for application in practice and was instead tested to 

represent the analytical model that is often used for the X-frame in which the 

compression diagonal is conservatively neglected.  Two of the single-angle Z-frames 

were tested so that the member could be taken to failure with the diagonal in compression 

and in tension.    The two proposed details that were tested were both Z frames (single 

diagonal) with either tubular members or double angle members.  Both the double angles 

and the tubular members have substantial compression strength and therefore using the 

single diagonal to make the Z-shape may have applications in practice.    During all tests, 

the two load beams were displaced in the same direction to achieve deformations that are 

consistent with either lateral torsional buckling of the girders or torsional deformations in 

curved girder applications.  Two loading stages were applied: 1) Elastic stiffness tests, 

and 2) Ultimate load tests.  In the stiffness tests, the actuator loads were incremented in 4-

kip load steps to a maximum value of approximately 20 kips which was within the elastic 

region of the cross frames.  At each 4-kip load step, data from the linear pots, load cells, 

and strain gages were recorded by the data acquisition system. The cross frame was then 

unloaded by releasing the actuator pressure in approximately 4-kip steps and data was 
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recorded at each step.  Once the pressure was released, the direction of loading was 

reversed and the cross frames were then loaded in the opposite direction in 4-kip steps to 

a maximum actuator load of approximately 20 kips.  The specimen was then unloaded to 

obtain one complete load cycle.  Each cross frame was generally subjected to three 

complete load cycles to ensure repeatability in the data.   

Following the elastic stiffness tests, ultimate strength tests conducted on each 

cross frame.  The conventional cross frames (X-frame and K-frame) are symmetrical 

systems and these cross frames have identical nominal failure properties in either 

direction. However, for single diagonal cross frames, the ultimate strengths of the cross 

frames are different depending on whether the diagonal is in compression or tension.  

Loading so that the diagonal is in compression will generally result in a lower cross 

frame strength.   
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Table 3.2 Cross Frame Test Program 

Specimen 

Name 
Specimen Sketch 

No. of 

Specimens 
Type of Test 

Single Angle 

X-frame 

(SA_X) 

 
 

1 

Stiffness Test 

Ultimate 

Strength Test 

Single Angle 

K-frame 

(SA_K) 

 
 

1 

Stiffness Test 

Ultimate 

Strength Test 

Single Angle 

Z-frame 

(SA_Z) 

 
 

2 

Stiffness Test 

Ultimate 

Strength Test 

Square 

Tube 

Z-frame 

(ST_Z) 

  

1 

Stiffness Test 

Ultimate 

Strength Test 

Double 

Angle 

Z-frame 

(DA_Z) 

  

1 

Stiffness Test 

Ultimate 

Strength Test 
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3.4 SINGLE ANGLE X-FRAME 

The nominal geometry of the test specimen is shown in Figure 3.13. The cross 

frame is designed for a girder spacing (S) of 114.5 in and a brace height (hb) of 53.74 in. 

All single angles used were L4x4x3/8 sections. The basic geometry of the cross frame 

and size of the gusset plate were determined according to the TxDOT Standard Drawing 

– Steel Girder Miscellaneous Details (SGMD) (Texas Department of Transportation, 

2006). The two diagonals were connected at mid-span by a spacer plate.  All connections 

between the cross frame members were made with 5/16 in. fillet welds. Figure 3.14 

shows the final specimen installed in test frame. 

The effective axial forces in the cross frame members were determined from the 

measured data using previously introduced techniques. The locations of the strain gages 

are shown in Figure 3.15.  Since the diagonals are connected the middle, each diagonal is 

divided into two parts on either side of the spacer plate.  Therefore, with two diagonals 

there are a total of four diagonal segments.  The researchers were not sure how the 

interconnected diagonals would behave and therefore, three of the diagonal segments 

were monitored with strain gages to obtain effective member forces.  The remaining 

diagonal force was determined from equilibrium of the diagonals about the splice plate.   
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Figure 3.13: Single Angle X-frame Drawing 

 

 

Figure 3.14: Single Angle X-frame Specimen 
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Figure 3.15: Locations of Strain Gages – Single Angle X-frame 

3.4.1 Stiffness Test – Single Angle X-frame 

The stiffness test was performed on this specimen with the aforementioned 

procedure.  A graph of the measured Mframe and θ is plotted in Figure 3.16. The three 

markers at each load increment represent the test results during the three cycles of 

loading.  The close proximity of the data markers at a given load level demonstrates the 

repeatability in the data.  A linear trend line is graphed through the data.  The measured 

stiffness of the cross frame, was βbrace =872,105 kip-in/rad as determined from the slope 

of the linear trend line. 
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to the top strut at the right gusset plate.  Another important observation from the tests is 

that the effective length of the compression diagonal was less than half the length of the 

diagonal.   

 

Figure 3.18: Step one - Buckling of the compression diagonal 
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Figure 3.19: Step two - Buckling of the top strut 

A graph of Fequiv and  is shown in Figure 3.20 while Figure 3.21 shows the 

corresponding member forces. As measured, the ultimate strength of the cross frame 

Fequiv is 77.5 kips or in term of moment, Mframe is 4,165 kip-in. From the plotted curve, it 

can be found that the stiffness remained relatively constant up to a value of Fequiv of 60 

kips, which is about 77% of the ultimate strength.  The force in the compression diagonal 

when it buckled was 72 kips. The dashed lines in the figures represent the unloading 

region of the test. 
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Figure 3.23: Single Angle K-frame Drawing 

 

 

Figure 3.24: Single Angle K-frame Specimen 
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The member axial forces were monitored during all tests by the techniques 

outlined earlier in the chapter.   the location of the strain gages are depicted in Figure 

3.25.   

 

Figure 3.25: Locations of Strain Gages – Single Angle K-frame 

 

3.5.1 Stiffness Test – Single Angle K-frame 

The stiffness test followed the procedures outlined earlier in the chapter.  The 

measured Mframe and θ relationship is plotted in Figure 3.26. The cross frame stiffness was 

obtained from the linear trend line, with a stiffness, βbrace, of 760,027 kip-in/rad. 

The member axial forces are plotted in Figure 3.27. The top strut essentially 

showed zero forces as predicted by the K-frame model shown in Figure 2.5(c).  Similar to 

the behavior exhibited by the Single Angle X-frame, the compression member 

contributed nearly as much as the tension member in this case. 
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3.5.2 Ultimate Strength Test – Single Angle K-frame 

The specimen was taken to failure after the stiffness test was completed. Figure 

3.28 shows the image of the failed specimen. The compression diagonal (right diagonal) 

failed at the mid-span when the cross frame reached its maximum capacity. 

Figure 3.29 shows the relationship between Fequiv and rotation θ and Figure 3.30 

shows the member forces (only the compression members). As measured, the ultimate 

strength of the cross frame Fequiv was 62.7 kips or in term of moment, Mframe was 3,369 

kip-in. When the compression diagonal buckles, the ultimate axial force was 83 kips. 

Dashed lines in the figures represent unloading region of the test. 

 

Figure 3.28: Buckling of the Single Angle K-frame 
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plasma torch, the connection slots for the stiffness tests were cut by a metal saw to 

achieve a clean cut. The gusset plates were inserted into the slot and welded around. The 

overlap between the tube and the gusset plate was 7.5 in. 

This specimen was designed to have similar geometry as the conventional cross 

frame specimens to simplify the comparisons between test specimens. The cross frame is 

designed for a girder spacing (S) of 114.5 in and a brace height (hb) of 53.74 in. The 

dimensional values are provided in Figure 3.33. HSS5x5x3/16 tube was used for all 

members. Figure 3.34 shows the specimen as installed in the test frame.  The force 

measurement was performed by monitoring strains at mid-span of all three members as 

outlined for the other cross frame specimens.  
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Figure 3.32: Slotted Tube Connection Fabrication 

 

Figure 3.33: Square Tube Z-frame Drawing 
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Figure 3.34: Square Tube Z-frame Specimen 

 

3.6.1 Stiffness Test – Square Tube Z-frame 

The stiffness test was performed following the procedures outlined previously. 

The measured Mframe and θ relationship is plotted in Figure 3.35. As the linear trend line 

shows, the stiffness βbrace of this frame was 658,320 kip-in/rad. 
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Figure 3.39: Double Angle Z-frame Drawing 

 

Figure 3.40: Double Angle Z-frame Specimen 
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Figure 3.45: Single Angle Z-frame Drawing 

Two specimens were fabricated and tested with this type of cross frame. One 

specimen was loaded so that the top strut failed in compression. Another one was loaded 

so that the diagonal failed in compression. Since the second specimen had relatively low 

strength, the stiffness test was only performed on the first specimen.  The primary reason 

to test this type of cross frame was to simulate the geometry that is modeled with a 

“tension-only” diagonal model where the compression diagonal is conservatively 

neglected.    
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Figure 3.46: Single Angle Z-frame Specimen 

 

3.8.1 Stiffness Test – Single Angle Z-frame 

The stiffness test was done by only loading in the direction that loads diagonal in 

tension, because loading diagonal in compression may possibly lead to early failure. The 

measured Mframe and θ relationship is plotted in Figure 3.47. As the linear trend line 

shows, the stiffness βbrace of this frame was 351,796 kip-in/rad. 
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Figure 3.48: Failure at Top Strut  

 

Figure 3.49: Failure at Diagonal 
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3.9 COUPON TENSION TESTS 

 The yield stress of the steel material was determined for consideration of the 

inelastic behavior of cross frame members.  Tension coupons obtained from the raw steel 

were tested to find the yield stresses. A displacement controlled loading process was used 

to perform the tests.  The data of the tension tests is included in Appendix.  The average 

properties of the steel for all specimens are presented in Table 3.3. 

 
Table 3.3 Average Results from the Tension Coupon Tests  

Specimen 
Average Yield 

Stress (ksi) 

Average Tensile 

Stress (ksi) 
Elongation 

Coupon 

Numbers 

Single Angle 

X-frame 
46 65 37% 

SA-1 

SA-2 

SA-3 

Single Angle 

K-frame 
57 75 34% 

SAK-1 

SAK-2 

SAK-3 

Square Tube Z-

frame 
51 57 26% 

HSS-1 

HSS-2 

HSS-3 

Double Angle 

Z-frame 
46 65 37% 

SA-1 

SA-2 

SA-3 

Single Angle 

Z-frame -

Diagonal in 

Compression 

46 65 37% 

SA-1 

SA-2 

SA-3 
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Table 3.3 Average Results from the Tension Coupon Tests (cont.)  

Single Angle 

Z-frame -

Diagonal in 

Tension 

54 74 35% 

SA-4 

SA-5 

SA-6 

Gusset Plates 56 72 38% 

GP-1 

GP-2 

GP-3 

 

3.10 SUMMARY OF CROSS FRAME TEST RESULTS 

A total of five different cross frame types were tested in this series of 

experiments. The elastic stiffness of the cross frames and their ultimate strength in the 

critical direction were obtained from each cross frame. A summary of the test results is 

listed in Table 3.4. 
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Table 3.4 Cross Frame Test Results Summary 

Specimen Name 
Stiffness 1 

(kip-in/rad) 

Ultimate Strength 

in Mframe (kip-in) 

Ultimate Strength 

in Fequiv (kip) 

Single Angle 

X-frame 
872,000 4,165 77.5 

Single Angle 

K-frame 
760,000 3,369 62.7 

Square Tube 

Z-frame 
658,000 3,993 74.3 

Double Angle 

Z-frame 
593,000 5,084 94.6 

Single Angle 

Z-frame 

-Diagonal in 

Tension 

352,000 2,956 55 

Single Angle 

Z-frame 

- Diagonal in 

Compression 

Initial 

357,000 
1,129 21 

Note: 1. Stiffness values are rounded to 1000 kip-in/rad 
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It should be noted that this table is just a summary of test results. Superiority of 

different cross frames types can be only judged with further consideration of the size of 

the cross frames, the overall cost and other structural performance, such as fatigue life 

also need to be considered. The test frame that was designed and fabricated provided a 

good means of evaluating the stiffness and strength of full scale cross frame systems.  

Based upon the results of the tests, the following conclusions can be made: 

1. The stiffness tests showed that the measured values of the stiffness of 

cross frames are the same for loading in both directions.   

2. Failure of the cross frames usually occurs when one or more of the critical 

compressive components lost its stiffness due to instability.  The two 

instabilities that were observed consisted of buckling of a primary cross 

frame member or buckling of a gusset plate. 

3. For the Single Angle X-frame, the mid-span spacer plate can be 

considered as a bracing point for the compression diagonal.  

 

The next chapter provides a comparison of the test results with the analytical and 

computational models. After the models and tools are validated, more geometry options 

can be explored to make further observations of the stiffness behavior of the cross 

frames.  
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Chapter 4:  Computer Models for Cross Frame Stiffness 

4.1 INTRODUCTION 

Engineers often rely on computer models to analyze structural systems such as 

steel bridges.  While there are a variety of modeling techniques of varying complexity, 

most commercial software makes use of grillage models in which the girders and cross 

frames are modeled with line elements.  Even in more complex models such as three-

dimensional finite element models of the bridge system, the cross frames are usually 

modeled as a truss system with line elements. The accuracy of a computer model can be 

significantly affected by the details of the structure.  In the case of the cross frame 

system, the connections that are often used for the main members often result in an 

eccentric connection.  The test results presented in the last section clearly showed that the 

angle members often experienced a significant amount of out-of-plane bending.  Since 

laboratory tests were performed in measuring the stiffness of the cross frames specimens, 

the test results can be utilized to validate the computer models. A variety of models can 

be considered for the cross frame including the use of truss elements and shell elements.  

Obviously the complexity of these different models varies; however the accuracy of the 

models will also likely be affected.  Two types of computer models were considered as 

illustrated in Figure 4.1.  The models consist of using truss elements that only possess 

axial stiffness, and shell elements that not only have axial and bending stiffness, but can 

also model the eccentricity of the connection relative to the centroid of the main 

members.  Models in the chapter are created and analyzed by ANSYS. 
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Figure 4.1: Computer Models 

4.2 TRUSS MODEL  

Truss elements are widely used to capture the behavior of structural systems that 

are predominantly governed by the axial stiffness of the members.  The advantage of 

using this model is its simplicity in modeling and high efficiency in computation. The 

simplification is usually appropriate if the size of the truss members are small compared 

with the overall truss dimension. In this case the constraining moments at the connections 

are minimal and can be considered as a secondary effect. A truss element model for the 

Single Angle X-frame with its deformed shape is shown in the Figure 4.2. The 

dimensions and member properties are based on the test specimens that were used. The 

loading conditions were applied to simulate the conditions described in Figure 2.4. Node 

2 was pinned and the rest of the nodes were constrained in the Y-direction and allowed to 

move in X-direction.  

The stiffness of the cross frame can be calculated from the deflection the nodes, 

height of cross frame (hb) and applied force (F). This model showed a stiffness of 

1,572,000 k-in/rad.  
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Figure 4.2: Truss Element Model 

  

4.3 SHELL ELEMENT MODEL 

A truss element representation of the cross frames can simulate the in-plane 

stiffness of the braces; however the models do not capture the complex behavior of cases 

where eccentric connections exist between the primary members and the gusset plate. On 

the contrary, shell element models can effectively represent the real geometry of the cross 

frames.  

 

4.3.1 Shell Element 

Figure 4.3 shows the shell element model for a Single Angle X-frame. Shell 

elements were used to model the cross frames due to the computational efficiency 

compared to solid elements. The cross frame was modeled using 8-noded Shell 93 
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elements to model all angles, gusset plates and stiffeners. This element has been 

successfully used in previous research in modeling plate girders and cross frames 

(Quadrato et al., 2010).  

 

 

Figure 4.3: Shell Element Model – Single Angle X-frame 

 

The shell element allows user to define the thickness of plate at each nodes and 

there are six degrees of freedom at each node. In addition, the aspect ratio of the elements 

defined in two dimensions needs to be maintained near unity.  Because the shape 

functions in a quadrilateral element are generally derived for a square element in 

isoperimetric coordinates, elements proportioned with an aspect ratio near one provide 

the best accuracy; however with good accuracy is often achieved with aspect ratios of 3 

or higher. When the meshing option within the ANSYS, APDL macros are used, the 
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program algorithms attempt to mesh the components as close to square elements as 

possible. In addition to the element aspect ratios, a mesh density analysis was performed 

to ensure computational efficiency and suitable accuracy with respect to the element 

sizes. 

 

4.3.2 Plate Joint 

Two methods were used to connect the members of the cross frames to the gusset 

plate connections: coincident nodes and multi-point constraints. The coincident node 

method was used where the plates intersect at their mid-thickness and the mesh densities 

of the two elements being connected had coincident nodes were the same. The coincident 

node command in ANSYS will combine the selected nodes that are sharing the same 

coordinates and in turn join the two plates sharing the nodes. The advantage of this 

method is that a rigid connection is achieved between the nodes and the method also 

reduces the size of the model by reducing number of nodes (degrees of freedom).  

Multi-point constraints elements essentially consist of rigid beams that link 

together two or more nodes in the structural system.  This method lends itself to problems 

in which a rigid connection is desired between two nodes that do not occupy the same 

space. An example where this method works well is in connections such as the weld 

between gusset plates and an angle leg. Figure 4.4 illustrates the multi-point constraint 

elements in the single angle cross frame model between the angle leg and the gusset 

plate. The MPC elements provide a rigid beam connector between the nodes of the angle 

leg and the gusset plate.  The MPC elements force the connecting to experience the same 

deformations. 
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Figure 4.4: Details in the Shell Element Model 

4.3.3 Boundary Conditions 

The boundary conditions that were utilized in this model emulated the support 

conditions shown in Figure 4.5. The model was simply supported in the plane of the 

frame, which is designated as the X-Y plane. The cross frame members and gusset plates 

were free to move in the out-of-plane (Z-direction), but the edges of the stiffeners were 

constrained in the out-of-plane directions as depicted in Figure 4.4 . In addition, two rigid 

beams (Beam 4 elements) were created and were coupled to the outer edge of the 

stiffeners to simulate the load beams in the laboratory tests. Similar to the load beams in 

the test setup, the purpose of the rigid beams was to prevent bending and twisting at the 

outer boundary of the model.  
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Figure 4.5: Sketch of Computer Model 

 

4.3.4 Linear Elastic Analysis 

An elastic analyses with elastic materials was used to obtain a measure of the 

elastic stiffness of the cross frames. Point loads were applied at nodes located at the 

corners of the cross frames.  The nodes that were selected were in the line of the 

“working points” for the main members of the cross frame. The elastic stiffness was 

determined from the ratio of the applied moments divided by the corresponding rotations 

in the plane of the cross frame.  As presented in Figure 4.6, unit loads were used to obtain 

a measure of the stiffness of the cross frame.  The analysis provided the displacements in 
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the “X-direction” at the corners of the cross frames, which were used to compute in-plane 

rotations of cross frames so that the stiffness could be calculated.  

 

Figure 4.6: Deformed FEA Model 

 

 

4.3.5 Nonlinear Buckling Analysis 

Results from the laboratory experiments demonstrated that prior to buckling, the 

compression diagonal makes a major contribution to the stiffness of the cross frame and 

the ultimate strength of a cross frame is also controlled by the strength of the 

compression members. For lower loads, the stiffness of the tension and compression 

diagonals were essentially the same. However, the stiffness of a compression member 

degrades with larger loads and essentially tends to zero as the member approaches the 

buckling strength.  Accounting for the loss of stiffness in the compression diagonal 
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should be accounted for if both diagonals are to be considered in the stiffness of the cross 

frame.  The impact of the loss in axial stiffness of the compression diagonal can be 

considered by performing nonlinear finite element buckling analysis to determine the 

load displacement curve. However, since the diagonal forces may often be in the inelastic 

compression range, the impact of material non-linearity needs to be considered.   

In the nonlinear buckling analyses, a bi-linear kinematic material model was used 

to model nonlinear material properties. An example of a typical material stress-strain 

curve is shown in Figure 4.7. The yield stress was determined based on the coupon test 

results from the experiments.  To account for the geometric non-linearity, ramped loads 

were applied in the same pattern as the linear analysis. Load steps were applied to the 

model at an interval of 10 kips. The automatic substepping function of ANSYS was also 

turned on to add extra load steps if convergence was not obtained in the prescribed steps.   

 

Figure 4.7: Nonlinear Material Model 

In addition to material nonlinearity, initial geometric imperfections and residual 

stresses are important factors on the buckling strength. Modeling the initial imperfection 
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in a member was done in a two-step process in ANSYS. In this research, an initial 

imperfection of 1/1000 of the member length was considered in the modeling all cross 

frame members. The first step consisted of specifying a displacement to a node at the 

mid-length of the compression diagonal and conducting an analysis to solve for the 

resulting geometry of the cross frame members.  In the second step, the deformed shape 

from the first solution was used to update the geometry of the model to possess an initial 

imperfection.  

The residual stresses were assumed to have the distribution shown in Figure 

4.8(a). Similar distribution has been recommended in several other researches in 

nonlinear behavior of single angles (Kitipornchai, 1986) (Usami, 1971). Residual stresses 

were accounted for in the model by offsetting the yield stress by the amount of the 

residual stress. Similar method to account for residual stress can be also found in 

previous research (Earls, 1999). In the example shown in Figure 4.8(b), the desired yield 

stress for the steel of an angle was 46 ksi.  

 

(a) Residual Stress Assumed (b) Yield Stress Modeled 
 

Figure 4.8: Residual Stress of Angle 
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4.4 RESULTS OF COMPUTER MODELS 

Analyses were conducted using the on both the truss model cross frames and the 

shell element cross frames.   The analyses that are outlined in this section were conducted 

to replicate the cross frame behavior obtained from the laboratory tests.  In this section, 

comparisons are made between the cross frame stiffness values predicted from the finite 

element analysis and the closed form stiffness solutions outlined in Section 2.5 are 

compared with the laboratory test results.   

 

4.4.1 Stiffness Analysis 

To facilitate a discussion of the calculated versus measured results, a factor R is 

used which is defined as the ratio between the measured stiffness values and the predicted 

stiffness values.  The R-value comparisons are made for both the analytical equations as 

well as the finite element predictions.  An R-value of less than 1.0 indicates that the 

method overestimates the stiffness.  Since the R-values were usually found to be less than 

1.0 throughout this research, it is also referred as to a stiffness reduction factor. 

A summary of stiffness results by different evaluation methods is presented in 

Table 4.1 along the results from laboratory tests. The R-values for all analytical methods 

or computer methods were also listed besides the stiffness results. It can be observed 

from the table that R-value tends to be less than 1.0 when single angle members are used 

in the cross frames and analytical equations or truss element method was used to 

evaluate. The R-value was found to range from 0.55 to 0.66. When shell elements 

methods were used in evaluation, the computer model can always provide accurate 

estimation and R-value is around 1.0. When it comes to cross frame with tubes, any 

method can predict the stiffness accurately. 
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Table 4.1 Summary of Stiffness by Various Methods 

Type of Cross Frame 
Stiffness, kip-in/rad 

Test 
Results 

Analytical 
Solution 

R 
Truss Element 

Solution 
R 

Shell Element 
Solution 

R 

 
Single 
Angle 

X-frame 
 

872,000 1,579,000 0.55 1,572,000 0.55 867,000 1.01 

 
Single 
Angle 

K-frame 
 

760,000 1,189,000 0.64 1,180,000 0.64 781,000 0.97 

 
Double 
Angle 

Z-frame 
 

597,000 907,000 0.66 905,000 0.66 616,000 0.97 

 
Single 
Angle 

Z-frame 
 

358,000 575,000 0.62 575,000 0.62 340,000 1.05 

 
Square 
Tube 

Z-frame 
 

658,000 649,000 1.01 647,000 1.01 657,000 1.00 
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The result comparison certainly raised a question why the analytical equation or 

the truss element model seriously overestimates the stiffness of cross frames of single 

angles, but they work fine for cross frames with square tubes. The overestimation of 

stiffness is definitely dangerous for any structure since these methods are the foundation 

of many engineering design and the basic assumption of many engineering softwares. 

Reasonably, answering the question leads to a close look on the distinctive shape attribute 

of an unsymmetrical section from a symmetrical one.  

In Chapter 3, it was mentioned that a significant out-of-plane bending was 

observed in many tests on cross frames with single angle members. The out-of-plane 

bending behavior is also observed if shell element model is used, as shown in Figure 4.9. 

 

 

Figure 4.9: Deformed Shape – Single Angle X-frame 

In addition, the shell element model predicts a similar the mid-section out-of-

plane deflection as shown in Figure 4.10. Therefore, a reasonable hypothesis is that the 

overlook of the bending effect in analytical method or truss element method leads to the 

overestimation in cross frame stiffness. Hence, the next a few chapters will try to prove 

the supposition, quantify the effect from the eccentric bending and find a way to account 

for it in design practice. 
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Figure 4.13: Buckled Shape - Single Angle K-frame 

Figure 4.14: Load-deflection Curve - Single Angle K-frame 
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Figure 4.15: Buckled Shape – Single Angle Z-frame (Diagonal in Compression) 

 

 

Figure 4.16: Load-deflection Curve - Single Angle Z-frame (Diagonal in Compression) 
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Figure 4.17: Buckled Shape – Single Angle Z-frame (Struts in Compression) 

 

Figure 4.18: Load-deflection Curve - Single Angle Z-frame (Strut in Compression) 
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4.5 CONCLUSIONS  

The following conclusions could be drawn from the discussion of this chapter: 

1. When there are single angle members in a cross frame, analytical 

equations and truss element models usually overestimate the stiffness 

capacity of the cross frames. The stiffness reduction factor (R-value) 

ranges between 0.55 and 0.65. The discrepancy in the evaluation could be 

caused by out-of-plane bending due to eccentric connection of single 

angles, and ignoring this impact could lead to significant mistake in 

stiffness prediction.  

2. For concentric Square Tube Z-frame, both analytical equations and 

computer models can accurately predict the stiffness. Therefore, 

evaluating stiffness of the cross frames can simply use the traditional truss 

analogy method or the line element computer method. 

3. Analyses in this chapter have shown that the shell element models can 

predict the cross frame’s stiffness quite accurately. The nonlinear analysis 

on the shell element model also has the ability in evaluating the full load 

and deflection curve and ultimate strength.  

4. Despite the merits of the shell element model, it does not make an efficient 

daily tool for estimating stiffness because of the enormous time and cost 

required to get accurate results. In the following chapters of the report, 

studies will focus on quantifying the stiffness reduction from the eccentric 

bending and finding a practical way to account for it in design. 
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Chapter 5:  Analytical Solution for Stiffness Reduction 

 

5.1 INTRODUCTION 

The studies presented in the previous chapters demonstrated that the single angle 

members that frequently comprise cross frame braces can lead to substantial reductions in 

the torsional brace stiffness due to the large eccentricity of the connections. In this 

chapter, the stiffness reduction problem is examined analytically in an attempt to develop 

a solution for the reduced stiffness.   

The stiffness reduction factor for a cross frame is defined as the ratio between the 

actual stiffness and the theoretical stiffness of the cross frame as indicated in the 

following expression:  

 (5.1) 

Where:  

βa = Actual stiffness of the cross frame 

βb = Theoretical stiffness of a cross frame as defined in Section 2.5. 
 

In this chapter, the stiffness reduction factor for a single angle member is derived, 

and then included for use in the stiffness expression for the full cross frame system. 

 

5.2 STIFFNESS REDUCTION FOR A SINGLE ANGLE 

The results presented in Chapter 4 demonstrated that the reduction in the stiffness 

of cross frames is due to the eccentric connections from the single angle members. 

Therefore, it is reasonable to approach the cross frame system problem by first 

considering the problem on the member level. A simplified model of the problem is 
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illustrated in Figure 5.1, which depicts a single angle with gusset plates that are idealized 

with fixed ends. The fixed end boundary condition was chosen to simulate the support 

condition of the gusset plates attached to a rigid stiffener that frames into the web of the 

girder.  The assumed support conditions represent one of the extreme limits; however the 

assumption greatly simplifies the derivation.  A horizontal tensile force of magnitude F is 

applied to the system.  The length of the angle is designated as LL, and length of the 

gusset plate is LP. In the derivation, the overlap region between the angle and gusset 

plates, which would have a combined moment of inertia, is neglected for simplification.  

 

Figure 5.1: Single Angle with Eccentric Connection in Tension 

For a concentrically loaded member, the theoretical axial stiffness is defined as: 

 (5.2) 

Where:  

E= Elastic modulus of the material 

A= Area of the member 

L= Length of the member 

However, the eccentric connection relative to the geometric centroid of the angle 

results in a bending moment that causes additional deflection along the bottom side of the 

angle. Based on the increased deflection, the modified axial stiffness is calculated as: 

 

 (5.3) 



 106

Where:  

δa = Deflection due to axial load 

δb = Deflection due to bending moment 

The stiffness reduction factor for a member is defined as follows:  

 (5.4) 

The next section focuses on the formulation of ka so that Rmember can be evaluated.   

5.2.1 Bending Due to the Eccentric Connection 

In order to solve the stiffness reduction factor of Equation (5.4), the extra 

deflection due to the bending is needed. The free body diagrams for the angle and the 

gusset plates are shown in Figure 5.2(a) and Figure 5.3, respectively. The axial force and 

the bending moment at the angle-plate interface are labeled as F and Mplate, where Mplate 

is the restraining moment that the plate applies to the end of the angle. Based on force 

equilibrium, the axial force F is equal to the applied tension. In addition, for the angle, 

the eccentrically loaded tension, F, and moment, Mplate, (Figure 5.2(a)) can be replaced by 

an equivalent force and moment acting at the centroid of the angle, as shown in Figure 

5.2(b). Then the total resultant moment at end of the angle is labeled as ML: 

 (5.5) 

Where 

ȳ  = Distance between center gravity and the outer face of one leg 

F = Tension Force 
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(a) 

 

(b) 

Figure 5.2: Free Body Diagram for Angle  

 

 

Figure 5.3: Free Body Diagram for a Gusset plate 

To solve the moment, Mploate, between the angle and gusset plates, compatibility 

between the deflections of the two parts can be used. Under the applied moment, the 

angle and the gusset plates deform as shown in Figure 3.1. 

 

Figure 5.4: Deflection of Angle and Gusset Plate 
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By compatibility (continuity of rotation at the interface of angle and gusset plate): 

 (5.6) 
 

According to beam bending theory, Equation (5.6) can be rewritten as: 

2
 (5.7) 

Where:  

												 Bending	stiffness	of the angle  (5.8) 

												 Bending	stiffness	of the gusset plate  (5.9) 

The equation (5.7) can be rearranged to solve for Mplate: 

2
1
2

1  
(5.10)

 

The total resultant moment at the angle centroid can be obtained by substituting Equation 

(5.10) to Equation (5.5): 

1
2

1  
(5.11)

 

The rotation at the angle-plate interface can be calculated by substituting Equation (5.10) 

into Equation (5.7):  

2
1
2

1  
(5.12)

 

By using a parameter γ, Equation (5.11) and Equation (5.12) can be rewritten as: 
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 (5.13)

 (5.14)

Where: 

1

2 1
 (5.15)

At this point, the derivation of the moment and the rotation at the ends of the 

angle is complete. The next step is finding the effect of the rotation on the axial stiffness 

of the angle.  

5.2.2 Stiffness Reduction Due to Bending 

The actual axial stiffness of the angle in a cross frame structure is measured at the 

leg welded to the gusset plate. The reduction in stiffness is caused by the extra deflection 

due to member bending from the eccentric connection. The concept of the deflection 

components are depicted in Figure 5.5. The deflection due to axial load F can be 

calculated as: 

 (5.16)

In getting the extra bending deflection, it is assumed at the end of the angle that 

plane remains plane under bending and the rotation due to the bending is about the 

neutral axis of the section. Then the deformation due to the bending at the bottom should 

be proportional to the end rotation:  

2 2
2

	
 (5.17) 
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(a) Original Angle 

(b) Axial Deflection Due to Tension 

(c) Extra Deflection at Bottom Due to Bending 
 

Figure 5.5: Deflection Due to Eccentric Loading 

Finally, the derived δa and δb can be substituted into Equation (5.3) to get the reduced 

stiffness: 

1
1 	

1

1
 (5.18)

And this equation can be simplified by using Equation (5.2):  
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 (5.19)

 

Based on Equation (5.4), the stiffness reduction factor for the angle member is: 

1

1
	

 (5.20)

Or: 

1
1

 (5.21)

Where  

ρ = Shape factor for angle member defined as  (5.22)

To this point, the analytical equation for the axial stiffness of an eccentrically 

loaded single angle is presented by Equation (5.19), and its stiffness reduction factor is 

presented by Equation (5.21).  The following example demonstrates the use of these 

expressions to predict the stiffness of the angle member test specimen described in 

Section 2.7 

EXAMPLE 5.1 

Given:  

Angle L4x4x3/8 with 7"x0.75" gusset plate.  

 LL=36 in 

 Lp=6.5 in 

Solution:  

AL=2.86 in2, IL=4.32 in4, ȳ=1.13 in 

Ip=0.246 in4 

														
2.86 1.13

4.32
0.84 from Eq.(5.22) 
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29000 4.32

36
3480 /  from Eq.(5.8)  

														
29000 0.246

6.5
1098 /  from Eq.(5.9)  

															
1

1098
2 3480 1

0.86 from Eq.(5.15)  

															
1

1 0.84 0.86
0.58 from Eq.(5.21)  

The predicted axial stiffness of the specimen is: 

															
29000 2.86

36
0.58 1336 /  from Eq. (5.19) 

The predicted value is 10% lower than the measured value 1500k/in. Additional 

verification was done by using FEA model. Figure 5.6 shows an FEA analysis performed 

by using ANSYS.  Results of this analysis indicated that the axial stiffness of the angle 

member is 1288 k/in, which is only 3% higher than the predicted result of the analytical 

method. 
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Figure 5.6: FEA Analysis of Single Angle Specimen 

5.2.3 Maximum Stress Due to Bending 

Stress in the angle member will be increased because of the extra bending too. 

Using previously developed relationship, the total stress in the member would be: 

  

																														 1   

																														 1   

																														
1

 (5.23)
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Clearly the increase in the stress would be in a relationship of inverse of the 

stiffness reduction. 

5.2.4 Typical Values of ρ, γ and Rmember 

The shape factor ρ is only related to three section parameters: A, ȳ and I. If only 

equal leg angles are considered, these three parameters may be interrelated. A statistic 

parametric analysis was performed to find the relationship of these parameters for equal 

leg angles. 

The parametric study included angle members with leg sizes of 3", 4", 5" and 6" 

and thicknesses of 1/4", 3/8", 1/2" and 5/8". A, ȳ and I of all 16 sections were calculated 

and the relation of Aȳ2 and I is graphed in Figure 5.7.  

 
Figure 5.7: Shape Factors for Equal Leg Angles 
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1.25 	  (5.24)

According to the relationship, ρ for the equal leg member is 0.8. Equation (5.21) 

can therefore be further simplified as: 

1
1 0.8

 (5.25)

The ρ value for unequal leg angles is not studied here. But the general trend of the 

value ρ is not difficult to recognize. When a shorter outstanding leg is used, the 

eccentricity ȳ is reduced, which leads to a lower value of ρ.  

The value of γ reflects the comparison of stiffness between the angle member and 

the gusset plates. A stiffer gusset plate will result in a lower γ and in turn increase the 

axial stiffness of the member. On the other hand, if the plate is kept constant and the 

bending stiffness of the angle is increased, the stiffness reduction factor decreases. 

Example values of Rmember relative to kP are presented in Figure 5.8 for a length of 

120 in. It can be observed from the examples that the lower limit of Rmember is 0.55.  The 

upper limit of the Rmember ranges from 0.8 and 0.9 when the gusset plate is relatively stiff. 

By assuming constant gusset plate stiffness, the relation between Rmember and the 

length of the angle L can be also established.  As shown in Figure 5.9, increasing the 

length results in a slight increase in the Rmember value; however the increase is relatively 

small. 
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Figure 5.8: Rmember vs. kP 

 

 

Figure 5.9: Rmember vs. L 
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5.3 STIFFNESS REDUCTION FOR CROSS FRAMES 

Any cross frame composed of eccentrically connected single angle members will 

be subjected to the stiffness reduction. After the stiffness reduction factor for a single 

angle has been derived, it can be further used to develop the stiffness reduction factor for 

the entire cross frame. 

5.3.1 Bending Stiffness of Gusset plate 

One challenge of calculating the stiffness reduction factor of a cross frame is 

determining the bending stiffness of the gusset plate (kP). The complicated geometries 

and unclear boundary condition of the plates make an accurate estimation very difficult. 

But a simplified method will provide a useful approximation. As introduced in the 

background information presented in Chapter 2, the Whitmore effective width method is 

usually adopted in evaluating the strength of the gusset plate. This method could also be 

used to provide an approximate prediction of the bending stiffness of the gusset plate. 

A sketch of a gusset plate is presented in Figure 5.10. The width of the gusset 

plate can be approximated as the effective width (Whitmore width), which is 

approximately three times the size of the angle leg. The thickness can be taken as the 

thickness of the stiffener, which is typically 0.5 inch in Texas. This value conservatively 

ignores the overlap of the stiffener and gusset plate. According to FHWA-IF-09-

014(2009), the length of the plate can be taken as the average length between the fixed 

end and end of the member, which leads to the following expression:  

3
 (5.26)
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Figure 5.10: Whitmore Width 

Based on the TxDOT Standard drawings (Texas Department of Transportation, 

2006), if the minimal 8-in wide stiffener is used for all cases, L1 is approximately 8.5 

inches and L2 is approximately 9.5 inches. For most cases, the lower end of the Whitmore 

width enters into the bottom strut, so L3 is set to zero, according to FHWA-IF-09-014. 

Then, LP can be evaluated as follows:  

 

3
8.5 9.5 0

3
6  from Eq.(5.26) 

Based on these assumptions, the plate stiffness for the cross frame is as follows: 

 
3
12

29000
6

3 0.5
12

151   

Where: 

b – Width of the gusset plate 
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Finally based on the assumed geometry, the bending stiffness of the gusset plate 

can be approximated and the stiffness reduction for a cross frame can be determined. 

Examples are given to test the accuracy of these assumptions in the following sections.  

5.3.2 Single Angle X-frame 

The stiffness reduction factor for a Single Angle X-frame (Rana-SX) can be easily 

derived by using the compression and tension diagonal model along with Equation (5.25). 

Since the top and bottom struts are zero force members in this model and only the 

compression and tension diagonals contribute to the stiffness of the cross frame, the 

stiffness reduction factor for the cross frame should be the same as for the individual 

diagonals. 

 (5.27)

The Single Angle X-frame test specimen is used to demonstrate the effectiveness 

of using the derived analytical method.  

EXAMPLE 5.2 

Given:  

Angle L4x4x3/8, I=4.32 in4, ȳ=1.13 in, E=29000 ksi, Ac=2.91 in2 

Cross Frame: Single Angle X-frame:114.5" (S) x 53.76" (hb) 

Lc= 126.48 in, Sc/Lc=0.91 

Solution:  

Calculate the stiffness reduction factor for the diagonal: 

													
29000 4.32

126.48
990.5 /  from Eq.(5.8)  

													 151 151 4 604 /  from Eq.(5.9) 
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1

2 1

1
604

2 990.5 1
0.77 from Eq.(5.15) 

													
1

1 0.8
1

1 0.8 0.766
0.62 from Eq.(5.21)  

The value of γ represents the comparison of bending stiffness between the angle 

and gusset plates and it can be used to estimate the bending deflection of the angle 

member. According to Equation 5.8, the resultant moment from eccentric loading is: 

													 0.77
1

0.91
ȳ 0.85 ȳ  from Eq. (5.13) 

The out-of-plane deflection at the mid-span of the diagonals: 

													
8

0.85 1.13 126.48
8 29000 4.32

0.0153   

In Figure 5.11, the analytical solution of the mid-span deflection is compared with 

the FEA model and measured values from the laboratory tests. The analytical solution 

slightly conservative, but has reasonable agreement with the test results and FEA result. 

Therefore, the analytical method provides a relatively simple solution for predicting the 

behavior of the reduction in stiffness due to angle bending from the eccentric 

connections.   
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																	 atan atan
53.74
114.5

25.1°  

Apparently there is discrepancy between the truss model and the actual cross 

frame and the actual diagonal is less inclined than it is assumed. This discrepancy is 

originated from the congestion at a gusset plate where a diagonal and a strut are 

connected. The test specimen was designed according to the TxDOT standard drawings 

(Texas Department of Transportation, 2006), where a simplified method was adopted to 

determine the design parameter of the gusset plate.  As shown in Figure 5.12, typical 

values of “T” and “B” were tabulated in the standard drawing and it causes the line of the 

diagonal does not pass the working pointing defined by the “S” and “hb”. And usually a 

lower angle between these two members would cause a more significant conflict.  

 
Figure 5.12:Typical TxDOT Cross Frame (Texas Department of Transportation, 2006) 

In order to more accurately predict the stiffness of the cross frame, the analytical 

calculation needs to be revised to account for the possible geometric discrepancy of the 

cross frame actually built. According to the revised truss model shown in the Figure 5.13, 

the effective height of the cross frame is hb’. Since the top and bottom strut is not 
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contributing in the stiffness of the cross frame, Equation (2.11) can be revised by 

replacing hb with the effective height hb’: 

 (5.28)

If Equation (5.28) is used in example of the stiffness of the Single Angle X-frame 

specimen, the analytical stiffness is: 

										  From Eq. (5.28) 

													 2.91 29000 114.5 	 	22.9 22.9 

													 1,348,000	 /  

0.62 1,348,000   

																															 836,000	 / 																									 

The resulted stiffness of the cross frame is 836,000 kip-in/rad which is 4% 

conservative than the tested value 872,000 kip-in/rad. It can be concluded that the 

analytical method derived in the section gives a reasonable and accurate prediction. 
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Figure 5.13: Revised Geometry of the Compression-Tension Model 

 

5.3.3 Single Angle K-frame 

The stiffness reduction for a Single Angle K-frame (Rana-SK) can be also derived 

from the K-frame model (Equation (2.12)) and Equation (5.25).  The corrected brace 

stiffness can be calculated as follows: 

hhcc

c

b
correctedSKb

AR

S

AR

L

hES
33

22

8

2


  (5.29)

Where: 

 Rc = Stiffness reduction factor of the diagonal  

Rh = Stiffness reduction factor of half of the bottom struts between the gusset 

plates. The bottom strut should be regarded as two truss members because the forces in 

the two branches are in the opposite direction.  



 125

The stiffness reduction factor of the K-frame can be evaluated by the following 

expression: 

 (5.30)

Since the length of the angle members have small impact on the stiffness 

reduction factor and the diagonal of the K-frame is usually only slightly shorter than the 

spacing, the stiffness reduction factor for half of the bottom strut can be conservatively 

used for the whole cross frame: 

 (5.31)

The Single Angle K-frame test specimen is used to demonstrate the effectiveness 

of using the derived analytical method.  

EXAMPLE 5.3 

Given:  

Angle L4x4x3/8, I=4.32 in4, ȳ=1.13 inch 

Cross Frame: Single Angle K-frame:114.5" (S) x 53.76" (hb) 

Lc= 78.5in, Sc/2Lc=0.729 

Solution:  

Calculate the stiffness reduction factor for the diagonal: 

													
29000 4.32

78.5
1596 /  from Eq.(5.8) 

													 151 151 4 604 /  from Eq.(5.9) 

														
1

2 1

1
604

2 1596 1
0.84 from Eq.(5.15) 

													
1

1 0.8
1

1 0.8 0.84
0.60 from Eq.(5.21) 
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Then calculate the stiffness reduction factor for the branch of the bottom strut: 

													
29000 4.32

57.25
2188 /  from Eq.(5.8) 

													 151 151 4 604 /  from Eq.(5.9) 

														
1

604
2 2188 1

0.88 from Eq.(5.15) 

													
1

1 0.8 0.88
0.59 from Eq.(5.21) 

The same check can be performed on the accuracy of the γ value. According to 

Equation 5.8, the resultant moment from eccentric loading is: 

													
2

0.84
1

0.729
1.15  from Eq. (5.13) 

The out-of-plane deflection at the mid-span of the compression diagonal: 

													
8

1.15 1.13 78.5
8 29000 4.32

0.007 0.008   

In Figure 5.14, the analytical solution of the mid-span deflection of the 

compression diagonal is compared with predictions from the FEA model and the 

measured values. The analytical solution and the FEA result showed very good 

agreement, while the test results showed lower deflections prior to buckling of the 

diagonal. Figure 5.14 can prove that the analytical method can provide reasonable 

predictions of the behavior of the bending due to the eccentricity. 
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frame has more advantage than X-frame in design cross frame with a relatively wider 

spacing.  

5.3.4 Single Angle Z-frame 

The stiffness reduction a Single Angle Z-frame (Rana-SZ) can also be derived from 

the tension-only diagonal model Equation (2.10) and Equation (5.25).  The corrected 

brace stiffness can be calculated as: 

hhcc

c

b
correctedSZb

AR

S

AR

L

hES
33

22

2


  (5.32)

Then the stiffness reduction factor of the Z-frame can be evaluated by: 

 (5.33)

As shown in the K-frame example, the lengths of a member have only a small 

impact on the Rmember and the struts of the Z-frame are usually only slightly shorter than 

the diagonals, the reduction factor for the strut can therefore be conservatively used for 

the whole cross frame: 

 (5.34)

The Single Angle Z-frame test specimen is used to demonstrate the effectiveness 

of using the derived analytical method.  

EXAMPLE 5.4 

Given:  

Angle L4x4x3/8, I=4.32 in4, ȳ=1.13 in 

Cross Frame: Single Angle Z-frame:114.5" (S) x 53.76" (hb) 

Lc= 126.48 in 



 129

 

Solution:  

Calculate the stiffness reduction factor for the strut: 

													
29000 4.32

114.5
1,094 /  from Eq.(5.8) 

													 151 151 4 604 /  from Eq.(5.9) 

														
1

2 1

1
604

2 1094 1
0.78 from Eq.(5.15) 

													
1

1 0.8
1

1 0.8 0.78
0.62 from Eq.(5.21) 

According to the tension only model results listed in Table 4.3, the analytical 

stiffness of this cross frame is 575,000 kip-in/rad. However similar to the Single Angle 

X-frame, the theoretical brace stiffness for the Z-frame should be also corrected first to 

account for the geometric difference between the truss model and the actual cross frame. 

The revised truss model is shown in Figure 5.15. The deformed shape of the cross frame 

is shown in dash line. The derivation of the revised torsional brace stiffness is then 

presented. The designation used in the derivation is defined in Figure 2.5 and Figure 5.15. 
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Figure 5.15: Revised Geometry for Tension-only Diagonal Model 

From equilibrium, the force in the diagonal is calculated as:  

2
 (5.35)

The axial deformation of the diagonal under the Fc is:  

∆ ∆ ∆  (5.36)

Combine Eq. (5.35) and Eq.(5.36), then it can be obtained: 

∆ ∆
2

 (5.37)

Also the axial deformation of strut under the force F is:  

∆  (5.38)

In addition, the following relationships can be obtained from the geometry: 

∆ ∆  (5.39)
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∆  (5.40)

Eq. (5.37) + Eq.(5.38) will give: 

∆ ∆ ∆
2

 (5.41)

Eq. (5.39) - Eq.(5.40) will give: 

∆ ∆ ∆  (5.42)

Equate Eq. (5.41) to Eq. (5.42) and simplify and equation, then the rotation of the cross 

frame can be calculated as: 

2
 (5.43)

Finally, the modified tension-only stiffness would be: 

2
 (5.44)

Simplifying (5.44) can get: 

2
 (5.45)

By using Equation (5.45), the revised stiffness of the Single Angle Z-frame can be 

calculated as: 

2 2
  

													 2 1  

													
29000 114.5 22.9 22.9
2

2.91
1

2.91
114.5
53.74 22.9 22.9
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													 498,500	kip in/rad 

So the stiffness corrected for the reduction can be calculated by: 

		 0.62 498,500 309,000 /   

The calculated brace stiffness is 309,000 kip-in/rad, which is about 13% 

conservative than the measured stiffness of the specimen. Again, the analytical method 

can provide a reasonable and practical prediction. 

5.3.5 Double Angle Z-frame 

The Double Angle Z-frames that were tested in the laboratory consisted of double 

angle for the diagonals and single angles for the struts.  The double angle diagonal 

consists of a concentrically loaded member and is not subjected to the stiffness reduction.  

However the contribution to the stiffness by the single angle struts does need to be 

reduced to reflect the eccentric connection.  The cross frame stiffness can be calculated 

as: 

hhc

c

b
correctedDZb

AR

S

A

L

hES
33

22

2


  (5.46)

Similarly if the geometry discrepancy presented in the Double Angle Z-frame, 

Equation (5.45) can be used to derive the analytical solution: 

2
 (5.47)

Or: 

2 1  (5.48)
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The stiffness reduction factor of the Double Angle Z-frame can be evaluated by 

the following expression: 

 (5.49)

Similarly, the stiffness of the tested Double Angle Z-frame can be calculated.  

EXAMPLE 5.5 

Given:  

Angle L4x4x3/8, I=4.32 in4, ȳ=1.13 in 

Cross Frame: Double Angle Z-frame:114.5" (S) x 53.76" (hb) 

Lc= 126.48 in 

Solution:  

Same as the previous evaluation of Single Angle Z-frame, the stiffness reduction 

factor of the struts Rh is 0.62. The stiffness values are given by the following expressions: 

2 1  from Eq. (5.47) 

																															
29000 114.5 22.9 22.9
2

5.82
1

2.91
114.5
53.74 22.9 22.9

 

																															 791,000	 /  

2 1  from Eq. (5.48) 

 

																															
29000 114.5 22.9 22.9

2
5.82

1
0.62 2.91

114.5
53.74 22.9 22.9

 

																															 631,000	 /  
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If it is needed, the stiffness reduction factor for the cross frame can be calculated 

with: 

631,000
791,000

0.80 from Eq. (5.49) 

According to the laboratory test, the actual stiffness of this cross frame is 597,000 

kip-in/rad. The analytical solution slightly overestimates the stiffness by 5.6%.  

5.3.6 Summary of the R-Value in Cross Frames 

A summary of the results obtained from the analytical solutions is presented in 

Table 5.1 along with their measured values. The error resulted by using this method 

ranges from -12% to 5.6%, where the negative value represents a conservative prediction. 

Overall, the derived analytical method can provide a relatively accurate estimate of the 

cross frame’s stiffness in account of the stiffness reduction due to the eccentricity of the 

single angle member.  

 
Table 5.1 Brace Stiffness by Analytical Solution  

Cross Frame R 

βb
’ 

(analytical)

kip-in/rad 

Rβb
’ 

(analytical)

kip-in/rad 

βb 

(measured) 

kip-in/rad 

Error, 

% 

Single Angle X-frame 0.62 1,348,000 836,000 872,000 -4% 

Single Angle K-frame 0.59 1,189,000 701,500 760,000 -8% 

Single Angle Z-frame 0.62 498,500 309,000 358,000 -13% 

Double Angle Z-frame 0.80 791,000 631,000 597,000 5.6% 

For those cross frames composed of single angle member only, the stiffness 

reduction factors are all near 0.6. And for the cross frame with concentric double angle 
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diagonal, the stiffness reduction is in a much higher value: 0.8. Therefore, this 

comparison also suggests that using concentric members can effectively help improve the 

stiffness of cross frames.  

 

5.4 PARAMETRIC STUDIES FOR R-VALUE BY USING ANALYTICAL SOLUTIONS 

The analytical solution derived in Section 5.3 has demonstrated the potential 

capability in estimating the torsional brace stiffness of cross frames comprised of single 

angles. In this section, Equations (5.27) and (5.30) are used to perform parametric studies 

on the Single Angle X-frame and the Single Angle K-frame. The study illustrates how the 

stiffness reduction factor changes with different combinations of variables including: 

girder spacing(S), brace height (hb), angle leg size (b) and angle leg thickness (t). The 

angle members are assumed to be equal leg angles. Values of the parameters used in this 

study are shown in the Table 5.2 

 
Table 5.2 Variables in the Parametric Study for Analytical R-Value 

hb, in S, in Range of S/ hb b, in t, in 

48 96, 108, 120, 132, 144 2 – 3 3, 4 1/4, 3/8, 1/2, 5/8 

60 96, 108, 120, 132, 144 1.6 – 2.4 3, 4 1/4, 3/8, 1/2, 5/8 

72 96, 108, 120, 132, 144 1.3 – 2 4, 5 1/4, 3/8, 1/2, 5/8 

84 96, 108, 120, 132, 144 1.4 – 1.7 4, 5 1/4, 3/8, 1/2, 5/8 

96 96, 108, 120, 132, 144 1 – 1.5 5, 6 1/4, 3/8, 1/2, 5/8 

The resulting stiffness reduction factors by the analytical solution are plotted 

against the eccentricity of the section ȳ.  Figure 5.16 and Figure 5.17 show the plots for 

Single Angle X-frame and Single Angle K-frame respectively. As shown in these figures, 



the a

exam

group

the st

Rana-S

angle

 

 

analytical sol

mple, the grou

p at right bo

tiffness redu

In additio

SX is related 

e member is 

Figure 5.1

lutions clust

up at the up

ttom represe

uction factor 

on, for a par

to the bend

shorter, or th

6: Analytica

ter in group

per left corn

ents L6x6x5

(Rana-SX) dec

rticular mem

ding stiffnes

he bending s

al Stiffness R

136

s. Each grou

ner represent

/8.  In gener

creases.  

mber (b and 

s of the ang

stiffness is h

Reduction Fa

up represent

ts the results

ral, with the

t are const

gle or the le

higher, Rana-SX

actor of Sing

ts one angle

s from L3x3

e increase of 

tant), the var

ength of the 

SX is reduced

gle Angle X

e section. Fo

3x1/4, and th

f both b and 

riation of th

angle. If th

d.  

 

-frame 

or 

he 

t, 

he 

he 



 

5.5 

frame

axial 

comb

the st

equat

frame

1

 

Figure 5.1

CONCLUSIO

In this ch

e composed 

stiffness r

bined with tr

tiffness redu

tion are done

es.  Several c

. The axial

angle is 

bending s

reduction 

7: Analytica

ONS OF THE 

hapter, the a

of single an

eduction fo

raditional tru

uction for a c

e to investig

conclusions 

l stiffness re

significantly

stiffness of th

factor (i.e. 

al Stiffness R

ANALYTICA

analytical so

ngles was de

or an eccen

uss analogy m

cross frame w

gate the beha

can be draw

duction fact

y related to 

he gusset pl

a more sig

137

Reduction Fa

AL SOLUTIO

lution for th

erived. Equat

ntrically load

methods, thi

with single a

avior of the 

wn from the f

tor (Rmember) 

the bendin

late kP. In ge

gnificant red

actor of Sing

ON  

he stiffness 

tion (5.25) c

ded single 

s equation c

angles as wel

stiffness red

findings of th

of an eccen

ng stiffness 

eneral, stiffe

duction in th

gle Angle K

reduction fa

can be used 

angle mem

can also be u

ll. Analyses 

duction for d

his chapter: 

ntrically con

of the angl

er angles resu

he stiffness)

 

-frame 

actor of cros

to predict th

mber. If it 

used to predic

based on th

different cros

nnected singl

le kL and th

ult in a lowe

. In addition

ss 

he 

is 

ct 

is 

ss 

le 

he 

er 

n, 



 138

increasing the stiffness of the gusset plate results in a higher reduction factor (i.e. 

a less significant reduction in the stiffness).  The bending stiffness of the gusset 

plate can be estimated using Whitmore’s method to approximate the geometry.  

2. The torsional brace stiffness reduction factor of a cross frame can be derived from 

the member axial stiffness reduction factor. In general, the results obtained from 

this analytical method provide a reasonable estimate of the stiffness of the cross 

frame. In addition, the method can also accurately predict the bending behavior of 

the angles due to the eccentric loading. 

3. The geometric discrepancy between the truss model and actual cross frame built 

also play an important role in finding stiffness of the cross frames. The angle 

between the diagonal and strut is usually reduced in design to avoid conflict at the 

gusset plate and the reduction of the angle will cause lower cross frame stiffness. 

It can be seen from the examples that the reduction in the stiffness is much more 

significant for X-frame and Z-frame than K-frame, because the K-frame 

arrangement naturally avoid congestion at the gusset plate. This effect was studied 

in this chapter and the evaluations are also included in validating the analytical 

solutions.  

4. Parametric studies by using the analytical solution showed that the stiffness 

reduction of the cross frame is significantly affected by the angle member size (b, 

t). Increasing the size of the angle members results in a lower magnitude for the 

reduction factor. In addition, the reduction factor is also related to the global 

geometry of the cross frame primarily in terms of the diagonal length.  Longer 

diagonals tend to increase the magnitude of Rframe. Based upon the range of 
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parameters considered in this study, typical values of Rframe range from 0.55 and 

0.75. 

 

The derived analytical solutions in this chapter have been validated with the 

laboratory results. However, the validity of the analytical method to be used in wider 

range of geometries is yet unproved. In addition, the analytical method does not include 

the geometry of the stiffeners and gusset plates, and the differences in the detail may 

cause stiffness of a cross frame differ from its theoretical values. Hence, in the following 

chapter, more detailed FEA shell element models will be used in parametric studies to 

find the stiffness of cross frames for various geometries and results will be compared 

with the solutions obtained from herein derived analytical method.   
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Chapter 6:  FEA Parametric Studies for Stiffness of Single 

Angle X-frame 

 

6.1 INTRODUCTION  

Discussions in the previous chapters have revealed that the analytical models can 

lead to significant errors in the stiffness of cross frames comprised of single angle 

members.  Many of the models that are used significantly overestimate the stiffness of the 

cross frames.  To account for the unconservative errors, a stiffness reduction factor was 

introduced to modify the results calculated from the traditional methods. A derivation of 

the stiffness reduction factors was provided in Chapter 5 by including the bending 

deflection in the calculation of the axial stiffness. The results from the stiffness reduction 

method showed relatively good agreement with the test results. 

Due to the significant time and cost required to perform the laboratory 

experiments, it is not feasible to perform laboratory tests on the wide range of potential 

cross frame geometries. Instead, the results from the laboratory tests that were conducted 

were used to verify the finite element models and as well as the analytical solutions.   

The FEA shell element models introduced in Chapter 4 were shown to accurately 

predict the stiffness of different types of cross frames and simulating the behavior of the 

cross frame under specified load pattern. The verified FEA models can then be used to 

carry out parametric studies on a wide range of cross frame geometries that can 

potentially be encountered in practice.  Hence, these models can be used to predict the 

stiffness of the cross frames with various geometries.  

In this chapter, parametric studies on Single Angle X-frame are introduced and 

the parametric studies on Single Angle K-frame are presented in the next chapter. A 
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parametric study was first performed to get elastic stiffness values of the Single Angle X-

frames with a wide range of geometries. A statistic analysis on the variation of the 

resulting stiffness reduction factors was performed to identify the major parameters that 

should be considered. In addition, the stiffness values estimated from different methods 

were compared with the parametric results so that advantages and disadvantages of the 

different methods could be considered.  

Following the linear parametric study, a nonlinear parametric study was also 

performed. The purpose of this study was to investigate the potential stiffness loss of 

cross frames due to the second order effects of the compression members. Finally a 

parametric study on unequal leg angles is discussed. The effect of using unequal leg 

angle in cross frames is studied. 

 

6.2 PARAMETRIC STUDY WITH LINEAR ANALYSIS 

According to the derivation in Chapter 5, the stiffness loss due to the eccentricity 

is not a function of the load magnitude, so linear (or elastic) analysis can effectively 

predict this effect. The parameters considered in this study included brace height (hb), 

angle leg size (b) and angle leg thickness (t). The angle members in the results presented 

in this section were assumed to be equal leg angles. Values of the parameters used in this 

study are shown in the Table 6.1. The values of the parameters were chosen to cover the 

wide range of bridge geometries and cross frame configurations that might be 

encountered in practice.  The aspect ratio of the cross frame is defined as the ratio of S/hb, 

which is in a range of 1 to 3 for the majority of cross frames. The total number of cases 

that were analyzed was 160. The results from the parametric studies are discussed in the 

following sections. 
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Table 6.1 Variables in the FEA Parametric Study for X-frame 

hb, in S, in Range of S/ hb b, in t, in 

48 96, 108, 120, 132, 144 2 – 3 3, 4 1/4, 3/8, 1/2, 5/8 

60 96, 108, 120, 132, 144 1.6 – 2.4 3, 4 1/4, 3/8, 1/2, 5/8 

72 96, 108, 120, 132, 144 1.3 – 2 4, 5 1/4, 3/8, 1/2, 5/8 

84 96, 108, 120, 132, 144 1.1 – 1.7 4, 5 1/4, 3/8, 1/2, 5/8 

96 96, 108, 120, 132, 144 1 – 1.5 5, 6 1/4, 3/8, 1/2, 5/8 

6.2.1 Parametric Study with Out-of-Plane Bending Constrained 

Before the actual parametric analysis was carried out, an analysis with bending in 

the angles constrained was performed. This analysis does not reflect the actual 

deformation of the structure, but it can be used to illustrate the difference between cases 

with eccentricity and cases without. This analysis was carried out in an attempt to 

identify the source of the reduction in cross frame stiffness compared to the analytical 

solutions derived for the truss model representation.  The actual reduction in the members 

stiffness may come from sources such as bending in the members or in the shear lag 

effect since only one leg of the angle is connected.  Since the computer models that were 

used in this section did have the shear lag effect included, the results presented will 

demonstrate the impact of the shear lag on the cross frame stiffness.  The out-of-plane 

bending restraint was modeled by restraining the out-of-plane displacement for all angle 

members.  A comparison of the results calculated from the compression and tension 

diagonal model and results from the bending constrained FEA model is show in Figure 

6.1. 
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Based upon a review of the errors of this analytical method, it was apparent that 

the primary source of the errors in this method was related to the thickness of the angle 

(t). A plot of the errors against t is shown in Figure 6.5. The figure indicates that for 

angles with a thickness of 3/8", the error is in the range of -5% to 8%.  For angles with a 

thickness of 1/4", the range was between -13% and 0% and for an angle with thickness of 

5/8", the error range was between 10% and 25%.  The variation is likely a result of using 

a standard connection thickness (0.5"). The analytical method assumes a simplified truss 

model but the actual cross frame stiffness should include the connection stiffness. For 

thicker angle members, the connections with 0.5" plate introduce a large flexibility in the 

cross frame and results in a lower stiffness. Likewise, the connection can result in a 

higher stiffness for cross frames with thinner angles. 

 

 

 
Figure 6.6: Errors of βana-SX’ vs.. Thickness of Angle (t) 
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the "least squares" method to fit a line through a set of data. The single dependent 

variable is referred to as RFEA-SX, with three independent variables: b, t and S/hb. This 

regression analysis resulted in a coefficient of determination (R2) of 0.95, and a standard 

error σ of 0.0178, which indicates good agreement. The resulting coefficients can be used 

to form the equation in estimating the dependent variable. This equation is shown in 

Equation (6.5) . 

1.063 0.087 0.040 0.461  (6.5) 

Using Equations (6.5), the estimated stiffness can be evaluated as: 

1.063 0.087 0.040 0.461  (6.6) 

Additionally, since the parameters b, t and ȳ are interdependent, ȳ instead of b can 

be included in the regression analysis: 

1.063 0.087 0.159 0.403  (6.7) 

Figure 6.15 shows the comparison between the resulting stiffness from Equation 

(6.6) and the results from the FEA parametrical study.  The values graphed on the 

horizontal axis are the FEA results while the values graphed on the vertical axis are the 

predicted stiffness using Equation 6.6.  A reference line with 1:1 slope is also provided in 

the figure. It can be observed that the estimated values are in very good agreement with 

the FEA results.  The errors between the estimated results are shown in Figure 6.16. The 

figure shows that errors are in a range of -10% to 6% (negative values represent 

conservative estimates). 
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6.3 PARAMETRIC STUDY WITH NONLINEAR BUCKLING ANALYSIS 

The discussion up to this point has focused on the elastic stiffness of cross frames. 

However, as the load increases, the compression diagonal of a cross frame will go into a 

plastic range of stress with large deformation. As a result, the stiffness of the cross frame 

will decrease. In this section, the finite element parametric study is used to generalize a 

rule of how the stiffness is affected by the load.  

The first step of the generalization is to identify the turning point of the elastic 

range. The nonlinear buckling analysis outlined in Chapter 4 can be used to generate the 

buckling curve of the cross frames. One example is shown in Figure 6.17.  Visual 

observation on this curve discovered the starting point of nonlinear range to be around F 

equals to 60 kips. At this point, the tangential stiffness of the cross frame is 2,143 kip-

in/rad, which is 10% reduction from the initial stiffness. Even though the tangential 

stiffness at this point is subject to 10%  reduction, the overall stiffness from F=0 to F=60 

kips is 2,334 kip-in/rad, which is only 1.9% lower than the initial stiffness. Therefore, 

this range can be still considered as an elastic range. It also can be read from the curve 

that when force is greater than 60 kips, the stiffness of the cross frame drops 

dramatically. Since 60 kips is 65% of the ultimate strength 82 kips, it can be concluded 

that for this cross frame example, when the force is lower than 65% of ultimate strength, 

the cross frame is still in elastic range.   
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Figure 6.17: Example of Load-Deflection Curve 

 

Based a similar method, a parametric study can be performed for cross frames 

with various geometries. The considered geometric parameters are listed in Table 6.2.  

 
Table 6.2. Variables in the FEA Parametric Study for X-frame Nonlinear Behavior 

hb, in S, in Range of S/ hb Angle Size 

48 96, 108, 120, 132, 144 2 – 3 L3x3x1/4, L4x4x3/8 

60 96, 108, 120, 132, 144 1.6 – 2.4 L3x3x1/4, L4x4x3/8 

72 96, 108, 120, 132, 144 1.3 – 2 L4x4x3/8, L5x5x1/2 

84 96, 108, 120, 132, 144 1.4 – 1.7 L4x4x3/8, L5x5x1/2 

96 96, 108, 120, 132, 144 1 – 1.5 L5x5x1/2, L6x6x5/8 
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Similar to the illustrated example problem, 10% of reduction in the tangential 

stiffness is selected as the starting point of the nonlinearity. A P-value defined by using 

Equation (6.8) is used to normalize the force:  

 (6.8) 

Where:  

F10 = the applied force F of the load step when the tangential stiffness is reduced 

by 10%  

Fult = the applied force F when cross frame reaches its ultimate strength 

 

The P-values were obtained from all cases of the parametric study. A histogram 

analysis on the values of P is presented in Figure 6.18. The analysis showed that the 

value of P is ranges from 0.60 to 0.85. Results of this study suggested that as long as the 

load on the cross frame is limited within 60% of its ultimate strength, the reduction in 

stiffness caused by softening of the compression diagonal can be ignored and the initial 

stiffness of the cross frame (elastic stiffness) provides a reasonable estimate of the cross 

frame stiffness.    Such an approach would allow the use of the compression/tension 

model for the cross frame instead of the tension-only diagonal system.   
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Figure 6.18: Histogram of P 
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shown in Table 6.3.  The angle orientation was varied by keeping the leg with the b1 

length in the plane of the connection plates and varying the length of the outstanding leg, 

b2.  The angle leg lengths ranged from 3 to 6 inches in 1 inch increments.  Four different 

thickness values were considered for the angles.   

 
Table 6.3  Parameters of Unequal Legs Angle Members for X-frame 

b1, in b2, in t, in 

3 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

4 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

5 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

6 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

Note:  

1. b1 is the length of the angle leg in the plane of connection plates. 

2. b2 is the length of the outstanding angle leg. 

3. t is the thickness of the angle legs. 

The results from the parametric study are summarized in Figure 6.19. The 

calculated stiffness reduction factors are plotted against the eccentricity for all cross 

frame sections that were considered. It can be observed that the stiffness reduction factor 

is affected by ȳ and the thickness of the angles t. The trend is similar to that shown in 

previously for equal leg angles in Figure 6.12.  
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Figure 6.19: RFEA-SX  vs. ȳ for Cross Frame with Unequal Legs Angles 

 

Recall in the parametric study performed on equal leg angle cross frames, 

Equations (6.5) and (6.7) were generated to predict the stiffness reduction factor. 

Equation (6.5) shows the stiffness reduction is dependent on variables of t, b and S/ hb, 

while Equation (6.7) shows the stiffness reduction is dependent on variables ȳ, t, and S/ 

hb. Since Figure 6.19 shows that for unequal leg angle cross frame, ȳ and t are also major 

variables, it is reasonable to expect that Equation (6.7) could be also used for unequal leg 

angle cross frames. To examine this supposition, the stiffness resulted from Equation 

(6.7) is plotted against the FEA results in Figure 6.20. The error of using this method is 

presented in Figure 6.21.These figures show that, although there is more scatter in the 

data compared to the equal leg angle case, in general Equation (6.7) can provide a 

reasonable estimate of the stiffness of cross frames comprised of unequal leg angles.  
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Figure 6.20: βreg-SX  vs. βFEA-SX  for Cross Frame with Unequal Legs Angles 

 

 
Figure 6.21: Rest-SX-adj  vs. RFEA-SX  for Cross Frame with Unequal Legs Angles 
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6.5 SUMMARY OF PARAMETRIC STUDIES FOR SINGLE ANGLE X-FRAME 

In this chapter, parametric studies were performed with the validated FEA Single 

Angle X-frame model. The study results were used to compare with several methods in 

estimating cross frame stiffness. A conclusion of the analysis and comparisons are 

summarized below: 

1. The compression and tension diagonal model results in unconservative 

estimates of the cross frame stiffness since it does not include the 

reduction in stiffness caused by connection eccentricity.  The error can be 

corrected by applying a stiffness reduction factor, R. 

2. The cross frame stiffness expression based upon the tension-only diagonal 

system constitutes a viable hand-calculation method in evaluating the 

stiffness of the Single Angle X-frame. By ignoring the compression 

diagonal, this method provides conservative estimates of the stiffness of 

the cross frame.  The conservatism ranged from 10% to 50%.   

3. An alternative method to the use of the tension-only diagonal system is to 

utilize the stiffness expression that considers both diagonals and to apply a 

stiffness reduction factor that reflects the impact of the eccentric 

connections on the resulting cross frame stiffness.  Two methods were 

used to obtain the stiffness reduction factor. One method was to derive the 

stiffness reduction factor based upon the analytical method presented in 

Chapter 5. This method resulted in an approximation that tended to be 

unconservative with increasing angle thickness.  Because this method 

requires a relatively detailed calculation, a simplified method was also 

investigated which consisted of a simple reduction factor of 0.5.  The 
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reduction factor of 0.5 applied to the analytical compression and tension 

diagonal model for the cross frame stiffness was conservative compared to 

all of the FEA results, but still had reasonable agreement with the 

computer solutions.  The value of 0.5 of the stiffness reduction factor is 

consistent with the lower boundary 0.55.  

4. A more accurate estimate of the stiffness reduction factor was also 

developed based upon a regression analysis of the data from the 

parametric study results. The resulting expression considers the impact of 

cross frame angle and geometrical parameters and had good correlation 

with the FEA results.  The stiffness reduction factor is applied to the 

stiffness of the tension/compression diagonal system stiffness.   

5. A cross frame stiffness expression that relies on a compression member 

will also experience a reduction in stiffness as the compression diagonal 

approaches the buckling capacity.  A nonlinear geometrical analysis was 

carried out considering a wide variety of parameters.  The results showed 

that the reduction in cross frame stiffness was minimal provided the forces 

in the compression members are kept below 60% of the buckling strength 

of the corresponding member of the cross frame. For this reason, it is 

concluded that if design load is less than 60% of the strength of the cross 

frame, no deduction on cross frame stiffness is necessary. 

6. A brief parametric study was also provided for cross frames with unequal 

leg angles. The results of analysis showed that regressional Equation (6.7) 

derived from equal leg angles also provides reasonable estimates of the 

stiffness of cross frames with unequal leg angles. 
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Chapter 7:  FEA Parametric Studies for Stiffness of Single 

Angle K-frame 

 

7.1 INTRODUCTION  

A discussion of the results from a parametric FEA study that was conducted on 

Single Angle K-frames is provided in this chapter.  Similar to the studies outlined for 

Single Angle X-frame in Chapter 6, the studies in this chapter start focusing on the results 

from a parametric study using a linear-elastic analysis. The impact of nonlinear geometry 

associated with the potential buckling of compression members in the cross frame is then 

considered.  Finally, the stiffness of K-frames with unequal leg angles is also 

investigated.   

 

7.2 PARAMETRIC STUDY WITH LINEAR ANALYSIS 

The basic geometry of the K-frame systems that were modeled in the studies 

followed typical details employed by TxDOT.  The geometries and the force paths in K-

frames differ substantially from the single angle X-frames outlined in Chapter 6.  For the 

same girder spacing and cross frame depth, K-frames have much shorter diagonal lengths 

compared to the X-frame systems.  The shorter compression member length makes the K-

frame more suitable for applications with longer cross frames. Such an application with 

longer cross frames is for end frames of skewed bridge. Because the end cross frame is 

typically parallel to the skew angle, the resulting cross frame length can become 

relatively large.  Therefore, in this parametric study, higher values of aspect ratio are 
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employed (from 1.3 to 3.75). Table 7.1 summarizes the range of parameters considered in 

the study. 

 
Table 7.1 Variables in the FEA Parametric Study for K-frame 

hb, in S, in Range of S/ hb b, in t, in 

48 96, 108, 120, 132, 144, 156, 168, 180 2 – 3.75 3, 4 1/4, 3/8, 1/2, 5/8

60 96, 108, 120, 132, 144, 156, 168, 180 1.6 – 3 3, 4 1/4, 3/8, 1/2, 5/8

72 96, 108, 120, 132, 144, 156, 168, 180 1.3 – 2.5 4, 5 1/4, 3/8, 1/2, 5/8

84 108, 120, 132, 144, 156, 168,180 1.3– 2.1 4, 5 1/4, 3/8, 1/2, 5/8

96 120, 132, 144, 156, 168, 180 1.3 – 1.5 5, 6 1/4, 3/8, 1/2, 5/8

7.2.1 Parametric Study with Out-of-Plane Bending Constrained 

Similar to the analysis on Single Angle X-frames, an analysis with out-of-plane 

bending constrained is also performed to study the stiffness without considering the 

bending in single angle members. A plot between results calculated from the K-frame 

analytical solution and the results from the bending constrained FEA model is shown in 

Figure 7.1.  The analytical stiffness solution is graphed on the vertical axis while the FEA 

stiffness solution with out-of-plane translation prevented is graphed on the horizontal 

axis. The red line that is graphed corresponds to a 1:1 slope which would indicate perfect 

correlation between the two solutions.  Results that graph below the red line indicate that 

the analytical solution is conservative relative to the FEA solution.    
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7.2.2 Parametric Study with Out-of-Plane Bending Allowed 

The previous section showed that the shear lag effects of the eccentric 

connections had no measurable effect on the stiffness of the cross frame and the 

analytical solution was actually conservative relative to the FEA solution.  The second set 

of analyses that were conducted consisted of parametric studies with out-of-plane 

bending allowed.  The stiffness estimates by from the analytical K-frame expression (βk) 

is graphed versus the FEA results in Figure 7.2. Similar to the results observed for the X-

frame configuration, the K-frame truss model greatly overestimates the stiffness of the 

cross frame. As shown in Figure 7.3, the error ranges from 24% to 97%.  As discussed in 

previous chapters, the source of the error is likely the impact of bending deformations 

due to eccentric connections in the primary members of the cross frame.  The following 

two subsections focus on developing modifications that can be applied to the analytical 

stiffness expression.  The modifications consist of a reduction coefficient developed 

based upon the bending deformations discussed in Chapter 5 as well as a reduction 

coefficient that is based upon a regression analysis from the results of the parametric 

study.   
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7.2.4 Estimate Stiffness with Regression Method 

A regression analysis was also carried out on the data from the parametric studies 

on the K-frame system to develop a stiffness reduction factor that was representative of 

the variables that come into play with the wide variety of cross frame geometries that 

may be used in practice. Similar to the reduction factors outlined in Chapter 6, the 

stiffness reduction factor based upon the FEA parametric model is defined as: 

 (7.1) 

Where: 

βFEA =Stiffness calculated from FEA model 

βK= Theoretical stiffness by using K-frame model 

 
The first step in the parametric investigation consisted of determining the major 

geometric factors that might impact the behavior.  A plot between RFEA-SK and ȳ was 

created to study how the angle size could affect the stiffness reduction factor. The plot is 

shown in Figure 7.8 and the data points represent the results from the FEA models. It can 

be seen that the data points cluster in groups of b and t. Increases in the thickness of the 

angles results in a reduction in the stiffness reduction factor gets lower.  The stiffness is 

also related to width of the members; however the impact is not as obvious as that of 

thickness. Overall, the range of the stiffness reduction is between 0.5 and 0.8. 



frame

in Fig

cross

of the

that o

not a

betwe

geom

that K

exam

 

 

The reduc

es. The relat

gure 7.9. It c

 frame’s asp

e cross fram

observed in 

as significan

een the diag

metry. So the

K-frame mak

mple for end f

 

ction coeffic

tion between

can be obser

pect ratio, S/

me results in

study of Sin

nt was obse

gonal and str

e congestion

kes a more e

frames of sk

Figure 7

cient, RFEA-SK

n the RFEA-SK

rved that the

/hb. Therefor

n a larger red

ngle Angle X

rved for the

ruts are grea

n at gusset p

effective cro

kewed bridge

176

7.8: RFEA-SK v

K, is also rela

K and the asp

e factor RFEA

re for a give

duction in th

X-frame. Ho

e X-frame s

ater than that

lates is not 

oss frame wh

es. 

vs. ȳ 

ated to the o

pect ratio of t

A-SK decrease

en girder spa

he stiffness. 

owever, the 

systems.  F

t of the X-fr

as serious. T

hen long cro

overall geom

the cross fra

s with the in

acing, reduc

  This trend

trend for th

or a K-fram

rame with a 

This finding

oss frames is

 

metry of cros

ame is plotte

ncrease of th

cing the dept

d is similar t

he K-frame 

me, the angl

same overa

g also showe

s required, fo

ss 

ed 

he 

th 

to 

is 

le 

all 

ed 

or 



6.2.5 

with 

stiffn

analy

Equa

has g

1:1 sl

 

After the 

could be pe

the variable

ness reductio

ysis was 0.90

0.943

Based on 

0.94

Figure 7

ation (7.3) an

good correlat

lope.   

major param

erformed on 

es b, t and 

on factor of 

0 and standar

3 0.042

Equation (7

43 0.042

.10 shows 

nd the observ

tion with th

Figure 7.9

meters identi

the parametr

S/hb, the Eq

the Single A

rd deviation 

0.012

7.2), the estim

0.012

the compar

vations from

e finite elem

177

9: RFEA-SK vs

ified, the reg

ric results. B

quation (7.2

Angle K-fra

was 0.0223

0.438  

mated stiffne

0.438

rison betwe

m the FEA an

ment results 

 

s. S/hb 

gression anal

By performin

2) can be co

ame. The R-

.   

ess can be ev

 

een the esti

nalysis.  The 

as indicated

lysis describ

ng the regres

omposed to 

-Square of th

valuated as: 

imated valu

 regression b

d by the red 

 

bed in Sectio

ssion analys

estimate th

he regressio

(7.2)

(7.3)

ues from th

based R valu

line with th

on 

is 

he 

on 

he 

ue 

he 



reduc

7.3 

K-fra

the c

param
 

 

Additiona

ction factor c

0.943

 

PARAMETR

A parame

ame was also

compression 

meters consid

ally, if the r

can be evalu

3 0.042

RIC STUDY W

etric study fo

o carried out

members a

dered in this

Figure 7.10

regression a

uated as: 

0.048

WITH NONLI

ocusing on t

t to investiga

as a functio

s study are li

178

 

 

0: βreg-SK vs.

analysis is d

0.420  

NEAR BUCK

the nonlinea

ate the stiffn

on of the b

isted in Tabl

βFEA-SK  

done on ȳ, 

KLING ANAL

ar buckling a

ness reductio

buckling res

le 7.2. 

t and S/hb, 

YSIS 

analysis for 

on based upo

sistance.  Th

 

the stiffnes

(7.4)

Single Angl

on the force i

he geometri

ss 

le 

in 

ic 



 179

Table 7.2 Variables in the FEA Parametric Study for K-frame Nonlinear Behavior 

hb, in S, in Range of S/ hb Angle Size 

48 96, 108, 120, 132, 144, 156, 168, 180 2 – 3.75 L3x3x1/4, L4x4x3/8

60 96, 108, 120, 132, 144, 156, 168, 180 1.6 – 3 L3x3x1/4, L4x4x3/8

72 96, 108, 120, 132, 144, 156, 168, 180 1.3 – 2.5 L4x4x3/8, L5x5x1/2

84 108, 120, 132, 144, 156, 168,180 1.3– 2.1 L4x4x3/8, L5x5x1/2

96 120, 132, 144, 156, 168, 180 1.3 – 1.5 L5x5x1/2, L6x6x5/8

The P-value defined in Equation (6.8) represents the ratio of the load relative to 

the ultimate load where stiffness of the cross frames drops below 10% of the initial 

elastic stiffness.  The parametric analysis showed that the value of P ranged from 0.59 to 

0.81 for the K-frame system. A histogram of values of P is presented in Figure 7.11. The 

results for the K-frame are similar to the conclusion (approximately) reached for the X-

frame system in Chapter 6 in that if the load on the cross frame is limited 60% of ultimate 

strength, the reduction in stiffness due to softening of the compression members ignored 

and initial stiffness of the cross frame (elastic stiffness) can be used.   
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Figure 7.11: Histogram of P-value 

 

 

7.4 PARAMETRIC STUDY WITH UNEQUAL LEGS 

The final parametric study that was undertaken for the K-frame system was to 

investigate the use of unequal leg angles to reduce the effects of the eccentric connections 

compared to equal leg angles.   Section 6.4 summarized a similar study on X-frame 

systems and showed that the equation obtained from the parametric study on the equal leg 

angle cross frames can be applied to the unequal leg cases.  The study for the K-frame 

system was achieved by changing the lengths and thickness of the angle legs. The cross 

frame size was fixed at a girder spacing of 12 feet (S=144in) and a cross frame depth of 8 

feet (hb=96 in). The cross section parameters of the angle members are shown in Table 

7.3. The angle orientation was varied by keeping the leg with the b1 length in the plane of 
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the connection plates and varying the length of the outstanding leg, b2.  The angle leg 

lengths ranged from 3 to 6 inches in 1 inch increments.  Four different thickness values 

were considered for the angles.   

 
Table 7.3  Parameters of Unequal Legs Angle Members for K-frame 

b1, in b2, in t, in 

3 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

4 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

5 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

6 3, 4, 5,6 1/4, 3/8, 1/2, 5/8

Note:  

4. b1 is the length of the angle leg in the plane of connection plates. 

5. b2 is the length of the outstanding angle leg. 

6. t is the thickness of the angle legs. 

 

The stiffness reduction factors were calculated for the cross frames considered in 

the parametric studies using Equation (7.1). The resulting stiffness reduction factors are 

presented in Figure 7.12 with the corresponding R values on the vertical axis graphed 

against ȳ on the horizontal axis. Similar to the observations from Single Angle X-frame, 

the stiffness reduction factor for unequal leg angle K-frames is related to ȳ and t.   
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Figure 7.12: RFEA-SK  vs. ȳ for Cross Frame with Unequal Legs Angles 

Figure 7.13 shows the plot between the predicted stiffness from Equation (7.4) 

and that from the parametric study. It can be concluded that the regression equation for 

the stiffness reduction coefficient, R, has reasonable agreement with the FEA solutions 

and can therefore be used in evaluating the stiffness of the unequal leg angle cross 

frames.  
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Figure 7.13: βreg-SK  vs. βFEA-SK  for Cross Frame with Unequal Legs Angles 
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2. Two methods were considered to develop and expression for the stiffness 

reduction factor. The first method utilized the analytical model developed 

in Chapter 5. This method provided reasonable estimates of the reduction 

in stiffness of cross frames compared to the analytical truss model.  This 

method does require some significant calculations and therefore a 

simplified method was also considered in which a universal stiffness 

reduction factor of 0.5 was considered.  The R=0.5 provided reasonably 

estimates of the cross frame stiffness and was conservative compared to 

the FEA solutions.  A more accurate estimate of the stiffness reduction 

factor was also developed based upon a regression analysis on the results 

from the parametric FEA study. The resulting expression Equation (7.2) 

considers the impact of cross frame angle and geometrical parameters and 

had good correlation with the FEA results.   

3. A cross frame stiffness expression that relies on a compression member 

will also experience a reduction in stiffness as the compression diagonal 

approaches the buckling capacity.  A nonlinear geometrical analysis was 

carried out considering a wide variety of parameters.  The results showed 

that the reduction in cross frame stiffness was minimal provided the forces 

in the compression members are kept below 60% of the buckling strength 

of the corresponding member of the cross frame. For this reason, it is 

concluded that if design load is less than 60% of the strength of the cross 

frame, no deduction on cross frame stiffness is necessary. 

4. A brief parametric study is also provided for cross frames with unequal leg 

angles. The results of the analysis showed that the regressional Equation 
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(7.4) derived from equal leg angles also provides reasonable estimates of 

the stiffness of cross frames with unequal leg angles. 
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Chapter 8:  Impact of Stiffness Reduction on Cross Frame 

Design and Bridge Behavior 

 

8.1 INTRODUCTION 

The previous chapters have focused on the stiffness behavior of cross frame 

systems for use in bracing steel bridges.  The stiffness behavior was studied through both 

experimental and parametrical FEA studies.  Members with concentric connections were 

studied and found to have good agreement with stiffness expression that were developed 

utilizing a truss model.  However, cross frames comprised of single angle members 

experience a reduction in stiffness as a result of bending in the angles due to connection 

eccentricities.  Stiffness reduction coefficients were developed based upon the results of 

parametric finite element studies to account for the bending behavior of the angles as a 

result of eccentric connections.  An example bridge is considered in this chapter to 

illustrate the impact of the stiffness reduction on the design of the cross frames.  The 

example considers two different loading conditions of the bridge structure: during 

construction and during service. 

The critical loading stage for the cross frames design generally occurs during 

construction when the girders require substantial bracing to support the weight of the wet 

concrete and other construction loads.  For the purposes of comparison, a variety of cross 

frame system are considered for the design of the assumed bridge. The behavior of the 

bridge is considered with the designed cross frames to evaluate the impact of the stiffness 

reduction factor. 

The example bridge is also analyzed considering in-service behavior to highlight 

the behavior change due to the stiffness reduction of the single angle cross frame.  
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8.2 CROSS FRAME DESIGNS FOR STIFFNESS REQUIREMENT OF GIRDER STABILITY  

The bridge considered in the example is depicted in Figure 8.1. The single-span, 

simple-supported bridge utilized four plate girders with 10 feet. spacing. The supports of 

the bridges are skewed with the normal direction of girder line at a 45º angle.  The cross 

frame spacing is assumed to be 25 feet. The layout of cross frames is also shown in the 

figure. A prismatic doubly-symmetric girder cross section was used as shown in Figure 

8.2. The bridge deck is assumed to have an 8" composite concrete slab.   

 
Figure 8.1: Bridge Plan Drawing 

  
Figure 8.2: Composite Girder Cross Section 
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The most critical stage for the girder stability often occurs during placement of 

the concrete slab when the concrete deck has not set and provides no lateral or torsional 

restraint to the girders.  The girders must support the entire construction load during this 

critical stage.  Based on the geometry, the structural loads were calculated and are listed 

in Table 8.1.  The total factored load is computed based on a dead load factor of 1.5.  A 

live load factor of 1.6 was used for the construction loads according to AASHTO 2011. 

The density of steel and concrete are assumed to be 490 lb/ft3 and 150 lb/ft3. For 

preliminary evaluation, the weight of the concrete haunch or steel bracing system is 

ignored in the total load.  The maximum positive moment at mid-span is (Mr) 88,552 kip-

in. 

 
Table 8.1 Load per Girder of Bridge during Construction  

Load Type Load Value, kip/in 

Steel Dead Load 0.036 

Concrete Dead Load 0.083 

Total Dead Load 0.119 

Construction Live Load 0.025 

Total Factored Load 0.218 

After determination of the loads, the required torsional stiffness of the cross frame 

can be calculated according to the theory introduced Chapter 2. As listed in Table 8.2, the 

required stiffness for the cross frame was determined to be 1,316,782 kip-in/rad by using 

associated equations. 
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Table 8.2 Stiffness Components of Bracing System 

Stiffness Components Stiffness, kip-in/rad Computed from Equation 

Total required stiffness, βT 144,032 (2.7) 

Web distortional stiffness, βsec   249,867 (2.10)  

Girder system stiffness βg 458,439 (2.11) 

Required brace stiffness, βb 1,316,782 (2.9) 

The required brace stiffness βb was used to size of the cross frame members. The 

traditional X-frames using single angle members were designed and are compared with 

the other types of frames. The comparison is shown in Table 8.3 and included K-frames 

and Z-frames using square tubes, single angles and double angles. The table also lists the 

equation used for the calculation. The required area for each cross frame type was first 

determined to satisfy the required brace stiffness. A consideration of the stiffness 

reduction factor that was developed in the study results in an increase in the required 

area.  The regressional Equation (6.5) and (7.2) were used to evaluate R-values. The 

resulted R-value for Single Angle X-frame is 0.55 and 0.50 for Single Angle K-frame. 

Finally the weight of each type of cross frame is presented in the last column of the table. 

Before taking consideration of the necessary handling and welding process, the 

design weight of a cross frame is an indication of the efficiency in providing the required 

stiffness. The comparison of the design weights in Table 8.3 suggested that the Single-

Angle K-frame is the heaviest cross frame, the Single Angle X-frame and two proposed 

Z-frames are the next, and the K-frame with concentric members is the lightest. The 

following conclusions can be drawn from this comparison: 

1. The X-frame is more efficient than the K-frame if the single angle 

member sections are used. 
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2. The Z-frame is not efficient in providing stiffness relative to the X-

frame and K-frame. Even when concentric members are used in the Z-

frames, the resulting stiffness values are similar to the stiffness of the 

X-frame with eccentric members that included a stiffness reduction 

factor. The main reason of this is that the top and bottom struts in the Z-

frame are critical members in the load path, while the top and bottom 

struts of X-frame are actually zero force members (as shown in 

laboratory test results in Chapter 4). The struts in Z-frame tend to 

deform and cause flexibility at the two corners of the Z-frame where no 

brace is attached.  As a result, the torsional stiffness of Z-frame tends to 

lower than that of the X-frame if everything else is kept the same. 

3. Obviously the double angle cross frames and square tubes are the most 

efficient members in cross frame in providing stiffness. Since there is 

difficulty in using a concentric member in the X-frame due to the 

conflict at the mid-point, the K-frame makes a better choice. The 

comparison shows that the square tube or double angle K-frame is the 

most efficient cross frame for providing stiffness.  

It should be noted that the most efficient cross frame design does not necessarily 

means lowest cost and best performance.  For example, the double angle K-frame is the 

lightest cross frame; however this section requires substantial handling and fabrication 

and as a result – the cost is likely to be relatively high compared to the single angle cross 

frames.  The cost of a cross frame needs to be evaluated considering the unit cost of the 

material and labor cost needed for the fabrication. In addition, the fatigue behavior of the 

connection also plays a major role in choosing the right cross frame design.  Fatigue tests 



 191

are underway on full size cross frames and the resulting data will be presented in a future 

dissertation.  Feedback on the cost of the different cross frames are also being sought 

from bridge fabricators.   
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Table 8.3 Design of Various Cross Frames 

Cross Frame Type 

w/o  Considering R Considering R 

Equation 

Required 

Area 

(in2) 

Design Member R Equation 

Actual 

Area 

(in2) 

Stiffness 

Provided 

(kip-in/rad) 

Designed  

Cross Frame 

Weight (lbs) 

Single Angle X-frame 

 

(2.11) 1.65 L4x4x7/16 0.55 (6.5) 3.3 1,461,300 420 

Single Angle K-frame 

 

(2.12) 2.5 L4x4x3/4 0.50 (7.2) 5.44 1,418,745 549 

Square Tube Z-frame 

 

(2.10) 4.4 HSS4½x4½x5/16 1 -- 4.68 1,412,143 433 
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Table 8.3 Design of Various Cross Frames (cont.) 

Cross Frame Type 

w/o  Considering R Considering R 

Equation 

Required 

Area 

(in2) 

Design Member R Equation 

Actual 

Area 

(in2) 

Stiffness 

Provided 

(kip-in/rad) 

Designed  

Cross Frame 

Weight (lbs) 

Double Angle Z-frame 

 

(2.10) 4.4 2L3x3x7/16 1 -- 4.87 1,468,625 451 

Square Tube K-frame 

 

(2.12) 2.5 HSS4x4x3/16 1 -- 2.71 1,346,340 205 

Double Angle K-frame 

 

(2.12) 2.5 2L2x2x3/8 1 -- 2.71 1,418,745 217 
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8.3 IMPACT OF STIFFNESS REDUCTION ON BRIDGE BEHAVIOR 

One of the major findings on this research study has been the reduction in 

stiffness of braces comprised of members such as angles that have eccentric connections.  

This section presents the results of a study on the impact of the reduced stiffness on the 

behavior of an example bridge.  The focus of the study is the bridge behavior from the 

perspective of bracing behavior of the cross frame system and the girder displacements.  

The example problem described in Section 8.2 continues in this section except only the 

Single Angle X-frame system is considered for following analysis.  

As presented in Table 8.3, the required section area is 1.65 in2 without 

considering the stiffness reduction factor. The design of cross frame with sections of 1.65 

in2 could have been considered as a sufficient design before this research. However, since 

findings in this research demonstrated that the stiffness reduction factor must be included 

in calculating the stiffness of a cross frame, the presumably designed cross frames with 

section of 1.65 in2 could lead to a lower and unexpected performance. 

In the following analysis, two cases were modeled and analyzed to compare the 

expected and the real performance of the design. Case 1 model represents the presumed 

behavior of a bridge with cross frame designed without considering stiffens reduction. 

The section area used in the model is 1.65 in2. Case 2 model represents the real behavior 

of the design considering the stiffness reduction factor. Since the stiffness of a cross 

frame is linearly related to the section area, section area in Case 2 uses 1.65 in2 multiplied 

by R-value. Also because no real section was picked in this analysis, a generalized R-

value of 0.5 was assumed, and as a result, the section area in this model is 0.825 in2. 
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8.3.2 Bridge Girders Responses during Construction 

Although the eigenvalue analyses provides and indicator of the critical loads and 

the effect of the cross frame stiffness on the girder behavior, the analysis does not 

account for the impact of imperfections on the girder deflections or brace forces.  A large 

displacement analysis on an imperfect girder system is necessary to consider the impact 

of imperfections.  To study the effect of the cross frame’s stiffness on the brace forces 

and deformations, a geometric nonlinear analysis was performed  

Results from the large displacement analysis for the example bridge are shown in 

Figure 8.6 and Figure 8.7, which represents the maximum twists in all girders and 

maximum brace forces in all brace members.  As the figures show, the maximum girder 

twists and maximum brace forces are much higher for the real case than the assumed one.   

This analysis demonstrated that the failure to include the stiffness reduction factor 

in the cross frame can lead to lower cross frame stiffness than desired and result in large 

deformations and therefore large brace forces of the bridge during construction.   
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Figure 8.6: Maximum Twist of All Girders 

 

Figure 8.7: Maximum Brace Forces  
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8.3.3 Analysis for Full Bridge in Service 

The development of in-service fatigue cracks is a major design concern for steel 

bridge systems.  Because the truck traffic results in differential deflections between 

adjacent girders, the cross frames developed live-load induced forces that can lead to 

potential fatigue issues.   The live load induced forces are a function of the differential 

deflection between the adjacent girders and the stiffness of the cross frame.  Although the 

reduction in stiffness of the cross frame is undesirable from the perspective of girder 

stability during construction, the lower stiffness actually helps the issues with fatigue 

since the forces induced in the cross frame will be smaller.  This analysis presents an 

example to show this effect. A plan view of the example bridge subjected to truck load is 

shown in Figure 8.8. The truck load was an HS20-44 live load located at the center of one 

lane.  

 
Figure 8.8: Bridge Plan View 

The model that was used for the composite slab and steel girder system is 

depicted in Figure 8.9. In this model, the concrete is slab was assumed to be an elastic 

plate modeled with shell elements. The model can provide an accurate representation of 

the bending stiffness of a fully composite girder. A picture of complete model with the 

slab is shown in Figure 8.10. 
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underestimate the deflection under live load.  For the cases considered in the example, the 

using a stiffness reduction coefficient, R, of 0.5 resulted in a reduction in the maximum 

cross frame force due to the truck loading of approximately 27%.  While the brace force 

increased, the deflection was nearly 14% higher with the reduced stiffness in the cross 

frame.   

 
Table 8.5 Comparison of Bridge Behavior 

 
Case 1 

(Ac=1.65 in2) 

Case 2 

(Ac=0.825 in2) 
Error 

Max Force in Cross 

Frames (kips) 
7.45 5.44 -27% 

Max Vertical Deflection 

(in) 
0.66 0.75 14% 

 

8.4 SUMMARY 

An example bridge was considered in this chapter to investigate the impact of the 

stiffness reduction on the cross frame design and bridge behaviors.  Cross frames with 

single angle members, square tube or double angles are designed in combination of 

different frame types (X-frame, K-frame and Z-frame). The comparison of the designs 

gives insight into understanding of efficiency of the cross frames in stabilizing the 

girders. In order to discover the impact of the stiffness reduction on the bridge behavior, 

FEA analyses were presented from models of the bridge girders with designed Single 

Angle X-frame with and without the cross frame stiffness reduction applied.  The 

following conclusions were drawn from the investigations in this chapter: 
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1. In Section 8.2, cross frames with different members and patterns were 

designed to meet the stiffness requirement for bridge stability. The weights of 

all designed cross frames were calculated and compared. It was found from 

the comparison that among all cross frame types, the K-frame with concentric 

members (such as tube or double angle) tended to be the most efficient cross 

frame system in terms of weight of the cross frame. The reason for that is, on 

one hand, the eccentric member can significantly reduce the stiffness and X-

frame is usually not compatible with concentric members; on the other hand, 

Z-frame tends to lose stiffness at the top and bottom struts. Even though the 

K-frame with concentric members is more efficient than traditional X-frames 

in providing stiffness, it might require higher cost for fabrication and material 

handling.  This study alone can yet determine which frame is most 

economical.  

2. Stiffness of cross frames is the key in girder stability during concrete pouring. 

Hence the overlook of the stiffness reduction factor in traditional X-frame 

could cause insufficient design of cross frame. The example problem 

compared bridge models with the cross frames without and without 

considering the stiffness reduction factor.  The comparisons between these 

two models have revealed that ignoring the stiffness factor will lead to lower 

buckling capacity of the bridge girder, insufficient bracing and excessive twist 

of girders.  

3. Without considering the stiffness reduction factor can also cause flawed 

evaluation in behavior of bridge during service time. The example bridge 

showed that if the stiffness reduction factor is considered in the model, the 
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force in the cross frame members was lowered by 27% and the vertical 

deflection in the girders was increased by 14%. While the increased deflection 

is usually not desirable, the lowered brace force is actually beneficial for the 

structure because the in-service fatigue life of the cross frame member can be 

longer as the live load induced force decreases.  

 

 
  



 206

Chapter 9:  Conclusions and Recommendations 

 

9.1 CONCLUSIONS AND RECOMMENDATION 

Cross frames are important structural members for steel bridges that have a 

number of functions including providing lateral stiffness, stabilizing girders, and helping 

with live load distribution between the girders.  Conventional cross frames generally 

employ a few different geometries primarily comprised of angles.  The focus of the 

research outlined in this dissertation was to evaluate a variety of different cross frame 

layouts with different types of members.  The primary focus of the studies was in the 

stiffness and strength of the cross frame systems.  

The study included both laboratory testing and parametric finite element analysis.  

The laboratory tests were performed on cross frames with a number of different 

configurations with members comprised of single angle members, double angle members 

and tubular members. The brace patterns consisted of X-frame, Z-frame and K-frame 

patterns. The laboratory tests conducted on each specimen included stiffness tests and 

ultimate strength tests.  The computer models generally showed good agreement with the 

experimental results and the results from the tests and parametric FEA studies served as a 

valuable tool in studying the performance of the cross frames.  

One of the major findings from the experiments and FEA models leads to a major 

find of this research was that the eccentricity present in the connections of the single 

angle members resulted in a significant loss of stiffness compared to truss models that are 

used in the analytical derivation of the cross frame stiffness.   Since this stiffness 

reduction caused by the eccentricity has not been previously identified prior to this 

research, the impact of the stiffness loss can result in significant unconservative errors in 
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both computer analyses and the resulting designs.  To correct these errors, a stiffness 

reduction factor (R) is proposed to account for the stiffness loss due to the eccentricity.  

Different approaches were proposed in the research in the evaluation of the 

stiffness reduction factor.  The approaches included an analytical derivation and as well 

as derivations based upon results from the FEA parametric studies.  The analytical model 

presented in Chapter 5, was based upon a model of eccentrically connected single angle 

that was used to derive the stiffness reduction factor. The derivation leads to Equation 

(5.24), which indicates that the stiffness reduction factor is primarily dependent on the 

relative stiffness between the angle members and the end plates.  

1
1 0.8

 (5.24)

1

2 1
 (5.15)

Where, 

kP = Bending stiffness of the gusset plates 

kL= Bending stiffness of the angle member 

The stiffness reduction of a member can be further integrated into that of the 

whole cross frames.  The difficulty in this operation lies in the determination of the 

stiffness of the gusset plates. The approach applied in the research applied a Whitmore 

width to approximate the stiffness of the gusset plate. The stiffness resulting from the 

analytical method was compared with experimental data and the comparison had 

reasonable agreement.  

 The stiffness reduction factor of cross frames was also investigated using the 

FEA models that were validated by comparison with the laboratory results.  The 

parametric studies using these models made it possible to explore the behavior of the 
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cross frames that was reflective of the wide range of geometries that may occur in 

practice.  A regression analysis was performed on the parametric results to generate 

Equation (6.6) and (7.3) for the stiffness of X-frames and K-frames comprised of single 

angle members. The results demonstrated that the stiffness reduction factor (R) is a 

function of girder spacing (S), cross frame height (hb) and size of the individual members 

(b and t).  The modification is applied to the stiffness assuming both compression and 

tension diagonal members are effective as shown in the following expressions: 

1.063 0.087 0.040 0.461  (6.6) 

0.943 0.042 0.012 0.438  (7.3) 

Although the equations were developed based upon results from equal leg angles, 

FEA solutions comparisons also showed that the expressions provide reasonable 

estimates of the stiffness for cross frames comprised of unequal leg angles as well. The 

study also showed that a smaller reduction in the stiffness for the cross frames is possible 

when unequal leg angles are used instead of equal leg angles.  In addition to developing 

expressions for the stiffness reduction factor, simplified approaches for accounting for the 

stiffness reduction were also evaluated.  Results of the research showed that a stiffness 

reduction factor of 0.5 provides a reasonable estimate of the cross frame stiffness and 

generally gave a lower bound estimate of the reduction.   

A parametric study was also performed to examine the rationality of the tension 

only model in evaluating stiffness of Single Angle X-frame. The tension-only diagonal 

model is often used by designers and it was assumed to be conservative because it 

ignores the contribution of the compression diagonal. The results of this study showed 

that this model is indeed conservative and this conservatism will generally offset the 
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impact of the connection eccentricity.  This approach to the problem would therefore not 

consider the impact of the stiffness reduction due to the eccentric connection and just 

directly apply the analytical equation of the tension-compression model.   

Comparing all of the methods that were used to evaluate the stiffness reduction 

factor, the most accurate method is the regression-based equations that were derived 

based upon the results from the parametric studies.   

Ultimate strength tests of the cross frame specimens exhibited a reduction in the 

stiffness as the load was near its ultimate strength.  This behavior was more noticeable for 

cross frames with single angles because these members have relatively low buckling 

strengths. Parametric FEA studies were also performed to study the magnitude of the 

reduction in stiffness as the individual members approached the buckling load.  These 

analyses considered the impact of nonlinear geometrical effects and material inelasticity. 

The results of the analyses indicated that second order effects could be ignored provided 

the compression member forces were limited to values less than 60% of the ultimate 

strength. 

Finally in Chapter 8, cross frames designs with different cross sections and 

geometrical layouts compared. An example bridge was created to form the basis for the 

design and all cross frames were sized so that the bridge girders were stable during 

construction. Since the cost of the fabrication of different cross frames has not yet been 

evaluated in this study, the total weight of the designed cross frame was used as an 

indicator of the efficiency of the design. The study showed that the most efficient cross 

frame design based upon the weight of the cross frame was a K-frame with concentric 

members, such as double angles and square tubes.  The single angle K-frame was the 

least efficient cross frame. In general, the Z-frame layout is not efficient, because the top 
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and the bottom struts tend to deform much more than X-frame and K-frame in turn loses 

significant torsional stiffness.  These comparisons only considered total weight of the 

cross frames and did not consider the impact of fabrication costs, which will have a 

dramatic effect on the efficiency of the cross frame.  The effect of fabrication costs will 

be reflected in a later dissertation.   

It is evident that neglecting to include the stiffness reduction in the cross frames 

due to member eccentricities in the design is an unconservative practice from a stability 

perspective that can affect the safety of the bridge.  Results presented in Chapter 8 

demonstrated that the impact of neglecting the stiffness on cross frames in the finished 

bridge results in an overestimate of the forces that are induced in the finished bridge.  The 

analysis is therefore more likely to report a fatigue problem in the bridge as a result of 

larger live load induced forces.  Application of the stiffness reduction factor to the cross 

frame stiffness will result in a much better estimate of the behavior of the bridge from a 

fatigue perspective.  

 

9.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

1. This study has focused on the stiffness and strength behavior of common cross 

frame systems as well as newly proposed cross frames details.  While a 

number of conclusions were found that can be applied to practice, there are 

still a number of areas that require additional work, including the following: 

The research in this dissertation provided laboratory data focused on strength 

of cross frames; however additional parametric studies are needed to 

generalize the failure modes and ultimate strengths of the cross frames. The 

strength demand of the cross frame needs to be checked against the 
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requirements for stability bracing and the predicted strength from existing 

methods.   

2. Additional work is also required on the fatigue performance of the cross 

frames and the impact on the final design. Some of this work is ongoing as 

part of this same TxDOT sponsored research.  Research on fatigue behavior 

should be conducted to get the fatigue life of individual connections as well as 

the whole cross frames.  Additional questions that arise with regard to the 

fatigue behavior is the appropriate load and truck position to evaluate the 

fatigue performance of the cross frames.   

3. It was found in this research that using unequal leg angles is a potential 

improvement for cross frame’s stiffness. The lower eccentricity will result in a 

stiffer cross frame relative to equal leg angles.  Laboratory tests on cross 

frame with unequal leg angles need to be done to confirm the deduction as 

well as the impact on the ultimate strength.  Again, some of these studies are 

ongoing in the current TxDOT study; however additional work will likely 

need to be done beyond the ongoing work.   

4. In bridges with skewed supports, the girders could be twisted due to the bridge 

skewed geometry as well as stability forces. The effects of skew complicate 

the behavior, particularly from the perspective of cross frame detailing 

practices and girder cambering that is required.  The impact of the cross frame 

stiffness may have some impact on the resulting girder camber.  The impact of 

the cross frame stiffness for cases with eccentric connection effects should be 

considered in cases with skewed supports to see if any of the behavior will be 

affected.   
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Appendix: Coupon Test Results 
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.502 in

Gauge Length (G): 2.015 in Width (W): 0.946 in

Post Rupture (G'): 2.827 in Length (L): 18 in

Machined Width (B): 0.502 in Section Area: (A): 0.252 in2
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Specimen No.: Thickness (T): 0.499 in
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.181 in

Gauge Length (G): 1.989 in Width (W): 0.952 in

Post Rupture (G'): 2.517 in Length (L): 18 in

Machined Width (B): 0.500 in Section Area: (A): 0.090 in2
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Gauge Length (G): 2.003 in Width (W): 0.930 in

Post Rupture (G'): 2.593 in Length (L): 18 in

Machined Width (B): 0.501 in Section Area: (A): 0.091 in2
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.380 in
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Improved Cross Frame Design

Weihua Wang

6/7/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.387 in

Gauge Length (G): 2.006 in Width (W): 0.943 in

Post Rupture (G'): 2.792 in Length (L): 18 in

Machined Width (B): 0.499 in Section Area: (A): 0.193 in2

Improved Cross Frame Design

Weihua Wang

6/7/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.389 in

Gauge Length (G): 2.009 in Width (W): 0.943 in

Post Rupture (G'): 2.768 in Length (L): 18 in

Machined Width (B): 0.377 in Section Area: (A): 0.147 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/6/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.375 in

Gauge Length (G): 1.995 in Width (W): 0.943 in

Post Rupture (G'): 2.763 in Length (L): 18 in

Machined Width (B): 0.503 in Section Area: (A): 0.189 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/7/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.371 in

Gauge Length (G): 1.996 in Width (W): 0.945 in

Post Rupture (G'): 2.719 in Length (L): 18 in

Machined Width (B): 0.501 in Section Area: (A): 0.186 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/10/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.376 in

Gauge Length (G): 2.027 in Width (W): 0.943 in

Post Rupture (G'): 2.730 in Length (L): 18 in

Machined Width (B): 0.500 in Section Area: (A): 0.188 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/10/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.380 in

Gauge Length (G): 1.976 in Width (W): 0.943 in

Post Rupture (G'): 2.777 in Length (L): 18 in

Machined Width (B): 0.501 in Section Area: (A): 0.190 in2

Improved Cross Frame Design

Weihua Wang

8/7/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.377 in

Gauge Length (G): 1.970 in Width (W): 0.943 in

Post Rupture (G'): 2.768 in Length (L): 18 in

Machined Width (B): 0.501 in Section Area: (A): 0.189 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/7/2012
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Project:

Operator:

Date:

Specimen No.: Thickness (T): 0.378 in

Gauge Length (G): 2.002 in Width (W): 0.940 in

Post Rupture (G'): 2.768 in Length (L): 18 in

Machined Width (B): 0.502 in Section Area: (A): 0.190 in2

Improved Cross Frame Design

Weihua Wang & Anthony Battistini

8/7/2012
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