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PREFACE 

The report summarizes the research conducted to evaluate the lateral bracing effect of bridge 
decks. The research concentrated on timber decks that are common in off system bridges in Texas. The 
purpose of the research was to establish the design requirements for lateral bracing and to determine if 
typical decks provide this bracing. Specifically, is a whee/load location a brace point is the question 
addressed. 

The work reported herein is the final report of Research Study 3-5-90/1-1239, "Bracing Effects 
of Bridge Decks." Three other reports give additional details: 

1239-1 "Bracing Requirements for Elastic Steel Beams" 

1239-2 "An Ultimate Load Test to Study the Bracing Effects of Bridge Decks" 

1239-3 "Evaluation of Bridge Decks as Lateral Bracing for Supporting Steel Stringers" 

The studies described were conducted at the Phil M. Ferguson Structural Engineering Laboratory as part 
of the overall research program of the Center for Transportation Research of The University of Texas at 
Austin. The work was sponsored jointly by the Texas Department of Highways and Public Transportation 
and the Federal Highway Administration under an agreement with The University of Texas at Austin and 
the Texas Department of Highways and Public Transportation. Technical contact and support by the 
Bridge Division was provided by Mark Bloschock. 
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SUMMARY 

Design requirements for bracing steel beams to control lateral-torsional buckling are developed. 
Braces are classified as torsional braces (diaphragms, cross frames) or lateral braces (top chord laterals, 
bridge decks). Analytical studies were conducted which investigated the effect of brace type, size, 
location, and number of braces on the lateral buckling of beams subject to different loading conditions. 

Seventy-six buckling tests were conducted on twin beams. The results compared very favorably 
with the analytical solution. Both the tests and the theoretical solution showed that cross section distortion 
had a significant effect on torsional braces. The tests with no bracing or full bracing compared very 
favorably with the new AASHTO lateral buckling formulas. 

From the tests and the theory, simple formulas for brace force and brace stiffness are presented 
which are suitable for design and specifications. For lateral bracing the brace force is 0.8% of the beam 
force which includes some provision for beam out-of-straightness. The design formulas can be used for 
braces at a discrete number of locations along the span or continuous bracing. For torsional bracing the 
design formulas can be used to determine web stiffener requirements to control cross-section distortion. 
Five design examples illustrate the use of the bracing formulas. 

A full-size test on a five-girder short span bridge showed that timber decks that are not positively 
attached to the steel stringers can provide lateral bracing at the wheel load location through friction. 
Common timber decks have enough lateral bracing stiffness to permit the stringers to reach yielding 
without buckling, but a stiffness check on the deck is recommended. Short span bridges with concrete 
decks can be considered laterally supported at the wheel load location near midspan. The bracing effect 
of bridge decks coupled with the improved AASHTO lateral buckling formula can significantly increase 
the load rating of steel bridges that are controlled by lateral buckling. 
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IMPLEMENTATION 

The Texas Bridge Rating Manual needs to be updated immediately to use the new AASHTO 1990 
lateral buckling fonnula. The new fonnulation gives more realistic capacities compared to older versions 
of the AASHTO Specification. 

For short span bridges with no positive connection between the deck and the steel stringers, the 
wheel load can be considered a brace point if the deck is concrete. If the deck is wooden, it probably has 
enough stiffness to pennit the wheel load to act as a brace point but a design check is recommended, as 
given in Appendix A. 

The simple design fonnulation summarized in Appendix A are recommended for use in all steel 
bridges. Since the current AASHTO Bridge Sepcification does not contain any design provisions for 
lateral bracing, it is suggested that the design fonnulas in Appendix A be included in the AASHTO 
Specification. 
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1.1 Problem Statement 

CHAPTER 1 
INTRODUCTION 

There are many older rural off-system short span steel bridges in Texas which must be periodically rated 

for capacity and overall condition. Typical construction consists of a timber or concrete deck supported by steel 

stringers. Depending upon the details of construction, the capacity of a stringer may be limited by lateral torsional 

buckling considerations to a value less than the yield strength of the material. Bracing is frequently provided to 

increase the buckling strength. This can take the form of cross frames between the stringers at discrete points located 

intermittently along the span or by continuous bracing provided by composite action between the stringer and deck. 

A common problem with short span off-system bridges is that no intermediate bracing between stringers or positive 

connection of the deck to the stringers has been provided, thus apparently rendering the compression flange 

unsupported over the full span. An engineer charged with the responsibility of evaluating the capacity of such a 

bridge system faces a difficult task. An assumption that the steel stringers are laterally unbraced over the full span 

often results in a calculated capacity which is much lower than the loads these bridges actually support. The apparent 

observed strength has led to the contention that the stringers are braced at the location of the truck wheels. The deck, 

though not positively attached, increases the lateral buckling strength of the steel stringers by providing some degree 

of lateral and/or torsional restraint. An understanding of the bracing characteristics provided by the deck to the 

supporting stringers is necessary for an engineer to properly evaluate the capacity of the overall bridge system. 

1.2 Objectives and Scope 

The purpose of the research project was to determine the bracing requirements to increase the lateral 

buckling capacity of beams and to determine the bracing contribution of typical bridge decks. The concept of the 

truck wheel location as a brace point was to be investigated. While the research was directed principally toward 

short span steel bridges, the bracing principles and design recommendations herein are applicable to steel beams in 

general. Also, the stability bracing requirements and recommendations presented herein should not be confused with 

the lateral bracing requirements for lateral forces such as wind in Section 10.21 of the 1992 AASHTO Bridge 

Specification. There are no beam stability bracing requirements in AASHTO at the present time. 

The research was divided into three main phases: theoretical studies, beam experiments and full-size bridge 

test. The theoretical studies were conducted on beams with a variety ofloading conditions and bracing arrangements 

which form the basis of the design recommendations. These bracing studies and design recommendations are 

presented in Chapter 2. Experimental studies were conducted on twin 24-ft. long W12 X 14 steel beams with 

concentrated loads at midspan to check the validity of the theoretical studies. Beams with different levels of initial 

out-of-straightness and brace sizes were tested. Different types of bracing and stiffener details at the brace points 

were also considered. Chapter Three contains the results of the seventy-six twin-beam experiments and comparisons 

with the theoretical studies. A full-size, five-girder steel bridge with a wooden deck was tested to failure using a 

standard truck axle to study the bracing effect of an actual unattached deck. The bridge test results are presented 

in Chapter Four. Recommendations for bracing design and an evaluation of some typical short span bridges are 

given in Chapter Five. In the remaining sections of this chapter, a general review of the lateral-torsional buckling 
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phenomenon and the lateral buckling provisions in the AASHTO Bridge Specification are given along with a general 

discussion of the types of stability bracing. 

1.3 Beam Buckling Strength 

The flexural capacity of beams with large 

unbraced lengths is often limited by a mode of failure 

known as a lateral torsional buckling which generally 

involves both an out-of-plane displacement and a twist 

of the beam cross section as shown in Figure 1.1. 

Timoshenko (1961) presented the following equation 

for the elastic critical buckling moment of a doubly

symmetric beam under uniform moment. 

n M( 1====!==[=: ====rfr 
\j a Angle ofT wist 
\! 

M=~ 
cr L 

b 

'I Center of Rotation 

Section A-A 

Figure 1.1 Geometry of buckled beam. 

(1.1) 

where Lb = unbraced length, E = modulus of elasticity, ly = weak axis moment of inertia, G = shear modulus, J = 

St. Venant's torsional constant, and h = distance between flange centroids. Equation 1.1, which was derived by 

Timoshenko in 1913, is applicable to beams where the twist at the ends of the unbraced length is prevented. The 

first term under the radical denotes St. Venant torsional resistance of the cross section while the second term is 

related to the warping torsional resistance. The unbraced length used in this equation should be the distance between 

points of full lateral support (no twist). 

When a beam load causes a non-uniform moment diagram, the lateral buckling capacity may be significantly 

greater than that given by Eq. (1.1). For a non-uniform moment diagram a modifying factor, Cb, may be applied 

to account for portions of a beam which are subjected to a lower moment due to a moment gradient along the span. 

The 1990 AASHTO Bridge Specification ~ factor for moment gradient between brace points is 

c, • 1.75 • 1.05 l ~ 1 . 03 l ~ r ~ 2.3 
(1.2) 

where M1 is the smaller and M2 is the larger end moment in the unbraced segment of the beam. However, this 

equation is only applicable to cases with a linear moment gradient between brace points. The 1990 AASHTO 

conservatively suggests Cb = 1.0 when the maximum moment occurs between brace points, but AASHTO does permit 

the use of more exact Cb factors for such cases as given in the SSRC Guide (Galambos, 1988). For a simply 

supported unbraced beam with a concentrated load at midspan, Cb = 1.35 which represents a 35% increase in 

allowable buckling moment over the Cb = 1.0 approximation. 

The critical buckling moment is affected by the location of the load point with respect to the centroid of 

the cross section. In general, buckling strength is significantly reduced when load is applied above the centroid, due 
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to an increase in twist caused by the eccentricity; buckling strength is significantly increased when load is applied 

below the centroid, due to a reduction in twist caused by the restoring action of the eccentric load. When the first 

term under the radical of Eq. (1.1) dominates, load position will have only a small effect on the critical buckling 

moment. If the second term under the radical dominates, load position will have a significant effect on the buckling 

moment. If the load point is also a full brace point, load position will have no effect since the load does not twist 

during buckling. The top flange loading effect can be handled exactly by factors given in the SSRC Guide 

(Galambos, 1988) or approximately by neglecting the warping term in Eq. ( 1.1 ). The solutions presented so far have 

assumed that the cross section does not distort; that is, the two flanges and the web rotate through the same angle 

of twist at buckling. This assumptions is accurate (error < 5%) for the loading and support conditions in Figure 1.1 

if the beam has an unstiffened web slenderness ratio less than 200 which covers most cases. For braced beams and 

other loading conditions, cross section distortion may have a significant effect on buckling strength as shown later 

in this report. 

The load position effect discussed above assumes that the load remains vertical during buckling and passes 

through the plane of the web. In the laboratory, a top flange loading condition is achieved by loading through a 

knife edge at the middle of the flange. In bridges the load is applied to the stringers through secondary members 

or the bridge deck itself. Loading through the deck provides beneficial "tipping" effect illustrated in Figure 1.2. 

As the beam tries to buckle, the contact point shifts from mid-flange to the flange tip resulting in a restoring torque 

which increases the buckling capacity. This tipping effect phenomenon has been studied theoretically by Flint 

( 195la) and Fischer (1970) assuming no cross section distortion. Under this condition, they found that no twist could 

occur at the load point, so this position would be a brace point. Buckling could only occur between supports. 

Unfortunately, cross section distortion severely limits the beneficial effects of tipping. Linder (1982, in German) 

has developed a solution for the tipping effect which considers the flange-web distortion. The test data indicates that 

a cross member merely resting (not positively attached) on the top flange can significantly increase the lateral 

buckling capacity. The tipping solution is sensitive to the initial shape of the cross section and location ofthe load 

point on the flange. Because of these difficulties, it is recommended that the tipping effect be considered in design 

only when cross section distortion is prevented by stiffeners. In this case, the load point can be considered a brace 

point. Unfortunately, in a bridge structure subjected to moving concentrated loads, stiffening the web at the load 

point is impractical. 

For an ideal, perfectly straight beam, there are 

no out-of-plane deformations until the moment reaches 

the critical value given by Eq. (1.1), modified by Cb 
and load height effects if applicable. At buckling the 

ideal beam suddenly moves laterally and twists. Real 

beams have some initial out-of-straightness which alters 

the ideal behavior. Figure 1.3 shows the theoretical 

behavior from the finite element program ABAQUS for 

twin beams loaded at the top flange at midspan. The 

W12 X 14 sections were not stiffened or braced at 

midspan but they were linked together. The top flange 

of both beams was initially deflected in the same 

direction 0.16-in. out-of-plane. The solution labeled 

BASP represents the idealized buckling behavior at P 

Restoring Torque 
(a) 

Figure 1.2 

Cross Section Distortion 
(b) 

Tipping effect. 
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Figure 1.3 Twin girders with initial lateral displacement. 
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2.6 kips. When the two beams were loaded equally they deflected laterally 0.5 in. at approximately 80% of the 

buckling load. Lateral deflections increased rapidly to 3.0 in. as the load reached the buckling load. When only one 

of the beams was loaded, the system still carried the same total load. The beam with no load was able to partially 
"brace" the loaded beam until the load reached twice the individual beam buckling capacity Thus, in systems in 

which the beams are linked together at the load point, through friction or actual attachments, lateral buckling at the 

load point will not occur until the total system load reaches the sum of the individual beam buckling capacities (2 

x 1.3 kips in this example). The load distribution among the individual stringers or girders is only important for 

checking yielding or buckling considering the load point as a brace point. That is, the other adjacent girders may 

have sufficient lateral buckling strength to fully brace on stringer at the load point. This beam behavior is analogous 

to the l:P concept used for columns in unbraced building frames ('rlra, 1971). One column cannot sway alone; all 
the columns in a story must swa)l The sum of the individual stringer strengths will be illustrated in the evaluation 
of the full-size five girder bridge test. 

1.4 AASHTO Bridge Specification 

Prior to 1989, the American Association of State Highway and Transportation Officials Bridge Specification, 

hereinafter referred to as AASHTO, recommended that beam buckling be treated as inelastic column buckling and 

that the following equation be utilized in Load Factor Design (LFD): 

[ [ ]
2] 3F L 

M =F S 1- y b 
u yx 4n2E bf 

(1.3) 

where Mu = lateral torsional buckling moment; F Y = yield stress of the material; Sx = major axis section modulus; 

~ = unbraced length; b 1 = flange width/2. In Allowable Stress Design (ASD), the allowable moment at service 
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load was based on Eq. (1.3) with a factor of safety of 1.82 which limits the maximum allowable moment to 0.55 

FySx. 

In the 1990 Interim AASHTO, a more accurate and less conservative equation was adopted for the 

determination of beam buckling strength, based on the Timoshenko formula, Eq. (l.l). 

Mr = 91 X 10
6 c;, t 0.772 ~ + 9.87 ( ~r < M, (1.4) 

where lye = weak axis moment of inertia of compression flange, J = torsional constant = (2bf + dw3)/3, d = depth 

of beam, t = flange thickness, w = web thickness, ~ = yield moment and ~ is the maximum strength in lb-in. 

units. Cb is the modification factor for the moment diagram within the unbraced length discussed previously. 
Equation (1.4) is more general than Eq. (1.1) because it is applicable to unsymmetric girders. For cross sections with 
equal flanges, Eqs. (1.1) and (1.4) give almost identical results. 

Figure 1.4 shows values of beam buckling strength given by the 1983 and 1990 AASHTO specifications 

for a S6 X 12.5 beam with F Y 42 ksi. As can be seen from the graph, the 1983 AASHTO buckling formula gives 

very conservative estimates of strength. In cases where the unbraced length is greater than 13 feet, the formula gives 
negative capacities. For example, for an unbraced length of 13 feet, the 1983 formula gives 0 k-ft whereas the 1990 

formula with cb 1.35 gives 20.74 k~ft ~ = 25.8 k-ft). 

To counteract the unrealistic predictions given by the AASHTO Specifications prior to 1990, it has been 

common practice to~ that the truck wheel at midspan, which is the controlling loading condition for short span 

bridges, provides lateral support at that point. If this assumption is made in the previous example, the unbraced 

length would be assumed as 6.5 ft and the 1983 AASHTO formula would give a buckling moment Mu 19.6 k-ft, 

a very significant increase from the no-brace case. Now that AASHTO has adopted a less conservative buckling 

strength formula, it is even more important to 

establish the validity of the truck wheel as a brace 
point. 

1.5 Beam Bracing 

When a beam experiences lateral torsional 
buckling there is a relative lateral movement 

between the top and bottom flanges of the beam, 

as shown in Figure 1.1. An effective beam brace 

resists twist of the cross section. As a simply 

supported beam buckles, the lateral deflection of 

the tension flange is usually small when compared 

with that of the compression flange. Such a beam 

is considered to be braced at a point when lateral 

displacement of the compression flange is 

1.2 1 

1.0 

.8 
>-
~ - .6 
:::1 
~ .4 

.2 

0 

0 

Figure 1.4 
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Comparison of AASHTO beam buckling 
strengths. 
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prevented since twist of the cross section 
is also restricted. In the case of twin 
beams with a diaphragm or cross frame 
between the members, lateral 

displacement of the system is permitted at 
the cross frame. This location, while able 
to displace laterally, is still considered a 
brace point because twist is prevented. 

In general, bracing may be 
divided into two main categories, lateral 
and torsional bracing, as illustrated in 

Figure 1.5. Lateral bracing restrains 

lateral displacement of the top flange as 
its name implies. The effectiveness of a 

lateral brace is directly related to the 

degree that twist of the cross section is 
restrained. For the uniform moment case 
illustrated in Figure 1.1, the center of 
twist is located at a point near or outside 

of the tension flange. A lateral brace is 
most efficient in restricting twist when it 

is located at the top flange. Lateral 
bracing applied at the bottom flange of a 

simply supported beam is almost totally 
ineffective. A torsional brace can be 
differentiated from a lateral brace in that 
twist of the cross section is restrained 
directly, as in the case of cross frames or 
diaphragms located between adjacent 
stringers. Braces can be continuous along 

LATERAL BRACING 

h Beam •b• has lower load so it can 
laterally brace the top flange of girder 

a b •a•. 
--·-·-----··· ...-buckled shape if framing is weak __ ................ -----... _ 

-~:::S:~ buckled shape if framing is strong 

'- Girder Top Flange Framing 
PLAN VIEW 

Metal Deck Forms 

TORSIONAL BRACING 

Through Girders 

Cross Frames 

~ 
floor beam 

Decking 

r1 rtB~OSH~ 
SECT A·A 

Figure 1.5 Types of bracing. 

the beam span as with metal deck forms or located at discrete points as with cross frames. Some systems such as 
concrete decks can act both as lateral and torsional braces. 

In the case of a wood or concrete deck resting on steel stringers, there can be restraint from different 
sources. The friction that may be mobilized at the deck-beam interface acts as a lateral brace, since it restrains lateral 

movement of the top flange as shown in Figure 1.6a if the deck has lateral stiffness. As the beam tries to twist 
during buckling, the deck planks provide torsional restraint in two ways. For the plank supporting the wheel loads 

there are contact forces P 0 on the beam as shown in Figure 1.6a. There can be a restraining moment M = 6EIO/S 
provided by the deck even when there is no positive attachment between the deck and steel stringer. In such cases 

M will produce contact force PI given by the relationship P1a = 6EI9/S which is valid if PI < P0• When the angle 
e gets sufficiently large so PI = P0, one side of the flange will separate from the wood plank and the restraint 
provided by the wood deck (6EI/S) goes to zero. However, at this stage the force on the other flange tip is 2P0 

which provides a beneficial restoring torque for lateral stability called "tipping effect." In reality, the bracing may 
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be a combination of lateral, torsional and tipping 
restraint. 

Some of the factors that affect the 

effectiveness of a brace are shown in Figure 1. 7. A 
lateral brace should be attached where it best resists the 
twist. For a cantilever beam in (a), the best location is 
the top tension flange, not the compression flange. Top 

flange loading reduces the effectiveness of a top flange 
brace because such loading causes the center of twist to 
shift toward the top flange as shown in (b). Larger 
lateral braces are required for top flange loading. If a 
brace is located above the top flange, by cross 
members, the compression flange can still deflect 
laterally if cross section distortion is not prevented by 
stiffeners. In the following chapter the effect of 

loading conditions, load location and cross section 

distortion on beams with bracing will be discussed. 

¥<-ten. fig. restraint 
is best 

center o 
twist---... sect A -A 

R centroid brace 
---relatively ineffective 

center of twist 

]~ brace location 

comp. fig. can 
move laterally 

Figure 1.7 Factors that affect brace effectiveness. 





CHAPTER2 
STRENGTH OF BEAMS WITH BRACING 

2.1 Background 

Trahair and Nethercot (1982) provide a summary of the various theoretical studies that have been conducted 

on beams with continuous and discrete braces. The general solutions provided are in many instances complicated 

for design purposes or are in graphical form which are difficult to incorporate into design codes. Most of the 

solutions did not consider the possibility of cross section distortion which may be important. Winter (1958) 

established that bracing must possess both stiffeness and strength, and that initial out-of-straightness of the member 

has a significant effect on brace requirements. Most published solutions and recommendations for bracing consider 

only stiffness, not strength. Some of the important previous research on beam bracing is discussed in an earlier 

report (Yura and Phillips, 1992). 

In order to develop a general design approach for beam bracing, beams with various bracing arrangements, 

sizes, details and types were analyzed using the fmite element computer program, BASP. BASP, an acronym for 

Buckling Analysis of Stiffened Plates, was developed at The University of Texas by Akay (1977) and extended for 

use on a personal computer by Choo (1987). The BASP program will handle many types of restraints including 

lateral and torsional braces at any node point along the span. It is limited, however, to elastic modeling of initially 

straight beams with loads acting only in the plane of the web. Due to these limitations, the effects of initial 

imperfections were not studied using this program. However, BASP does account for web distortion and was used 

extensively in the development of basic design equations for straight beams. These results were extended to beams 

with initial out-of straightness using an adaptation of Winter's approach. 

In the following sections BASP results for beams with lateral bracing, torsional bracing and combinations 

of lateral and torsional bracing are presented. These results are used to study the effects of various brace and load 

conditions and to develop the bracing recommendations later in this report. 

2.2 Lateral Bracing of Beams 

2.2.1 Behavior. The uniform moment 

condition is the basic case for lateral buckling of 

beams. If a lateral brace is placed at the midspan of 

such a beam, the effect of different brace size 

(stiffness) is illustrated by the BASP solutions for a 

W16X26 section 20 ft long in Figure 2.1. For a brace 

attached to the top (compression) flange, the beam 

buckling capacity initially increases almost linearly as 

the brace stiffness increases. If the brace stiffness is 

Jess than 1.6 k/in., the beam buckles in a shape 

resembling a half sine curve. Even though there is 

lateral movement at the brace point, the load increase 
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Figure 2.3 Effect of load position. 

can be more than three times the unbraced case. The 

brace stiffness required to force the beam to buckle 

between lateral supports is called ideal brace stiffness, 

1.6 k/in. in this example. Any brace stiffness greater 

than this value does not increase the beam buckling 

capacity and the buckled shape is a full sine curve. 

When the brace is attached at the top flange, there is no 

cross section distortion. No stiffener is required at the 

brace point. 

A lateral brace placed at the centroid of the 

cross section requires an ideal stiffness of 11.4 k/in. if 

a 4 X 114 stiffener is attached at midspan and 53.7 k/in. 

(off scale) if no stiffener is used. Substantially more 

bracing is required for the no stiffener case because of 

web distortion at the brace point. The centroid bracing 

system is less efficient than the top flange brace 

because the centroid brace point is closer to the center 

of twist located above the bottom flange. 

For the case of a beam with a concentrated 

load at midspan, shown in Figure 2.2, the moment 

varies along the length the ideal centroid brace ( 11 0 

k/in.) is 44 times larger than the ideal top flange brace 

(2.5 k/in.). For both brace locations cross section 

distortion had a minor effect (<3%). The maximum 

beam moment at midspan when the beam buckles 
between the braces is 1.82 times greater than the uniform moment case which is close to the Cb factor 1.75 

recommended by AASHTO. This higher buckling moment is the main reason why the ideal top flange brace 

requirement is 1.56 times greater (2.49 vs. 1.6 k/in.) than the uniform moment case. 

Figure 2.3 shows the effect of load position on the buckling strength of laterally braced beams. If the load 

is at the top flange, the effectiveness of a top flange brace is greatly reduced. For example, for a brace stiffness of 

2.5 k/in., the beam would buckle between the ends and the midspan brace at a load close to 50 kips. If the load is 

at the top flange, the beam will buckle at a load of28 kips. For top flange loading, the ideal top flange brace would 

have to be increased to 6.2 k/in. to force buckling between the braces. The load position effect must be considered 

in the brace design requirements. This effect is even more important if the lateral brace is attached at the centroid. 

The results shown in Figure 2.3 indicate that a centroid brace is almost totally ineffective for top flange loading. 

This is not due to cross section distortion since a stiffener was used at the brace point. The top flange loading causes 

the center of twist at buckling to shift to a position close to mid-depth for most practical unbraced lengths, as shown 

in Figure 1.5. Since there is virtually no lateral displacement near the centroid for top flange loading, a lateral brace 

at the centroid will not brace the beam. Because of cross-section distortion and top flange loading effects, lateral 

braces at the centroid are not recommended. Lateral braces must be placed near the top flange of simply supported 
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Table 2.1 Ideal Brace Stiffness Requirements 

Number of Evenly Ideal Brace 
Spaced Braces Stiffness 

= 1 2 Pe I£ 
2 3 Pe I£ 
3 3.41 Pe I £ 
4 3.63 Pe I£ 

Many 4.0 Pe I£ 

and overhanging spans. Design recommendations will be developed only for the top flange lateral bracing situation. 

Torsional bracing near the centroid or even the bottom flange can be effective as discussed later. 

Up to this point only beams with a single midspan lateral brace have been discussed. The bracing effect 

of a beam with multiple braces is shown in Figure 2.4. The response of a beam with three equally spaced braces 

is shown by the solid line. When the lateral brace stiffness, ~. is less than 0.14 k/in., the beam will buckle in a 

single wave. In this region a small increase in brace stiffness greatly increases the buckling load. For 0.14 < ~L 
< 1.14, the buckled shape switches to two waves and the relative effectiveness of the lateral brace is reduced. For 

I .4 < ~ < 2. 75, the bucked shape is three waves. The ideal brace stiffness is 2.75 k/in. at which the unbraced length 

can be considered 10 ft. For the 20 ft span with a single brace at midspan which is shown dashed which was 

discussed previously, a brace stiffness of only 1.6 k/in. was required to reduce the unbraced length to 10ft. Thus 

the number of lateral braces along the span affects the brace requirements. A similar behavior has been derived for 

columns (Timoshenko and Gere, 1961) as shown in Table 2.1 where Pe is the Eular column buckling load between 

braces and e is the distance between column braces. Going from one brace to three braces requires an increase in 

ideal column brace stiffness of 3.4112 = 1.71, which is the same as that shown in Figure 2.4 for beams, 2.7511.6 = 

1.72. 

Continuous lateral bracing follows the behavior shown in Figure 2.4 except that there can be no ideal brace. 

As the brace stiffness increases, the buckling capacity will continue to increase until the beam yields, rather than 

buckles. Continuous bracing solutions are generally treated separately from discrete bracing solutions (Trahair and 

Nethercot, 1982). 

In summary, moment gradient, brace location, load location, cross section distortion, brace stiffness and 

number of braces affect the buckling strength of braced beams. The effect of cross section distortion can be 

effectively eliminated by placing the brace near the top flange. Any amount of bracing improves the strength. The 

use of computer programs such as BASP can be used to determine the strength of braced beams. 

2.2.2 Approximate Buckling Strength. The use of computer programs such as BASP can be used to 

determine the strength of braced beams, but such sophistication is usually warranted only in failure investigation. 
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Yura (1990) has developed the following general equation for the strength of beams braced laterally by discrete or 

continuous bracing. 

where 

M = cr 

.67lf1 

CLEIY 

CL = I + 22 ( top flange loading ) 
n 

= 1.0 ( centroid or moment loading ) 

1t2 EI 
P - y 
y- 1::2 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

where M0 is given by Eq. (1.1), assuming the beam is unbraced, M5 =buckling strength assuming the unbraced 
length is the bracing spacing, My = yield moment, L = span length, lf L = equivalent continuous lateral brace stiffness 

in k:/in./in., A = bracing factor, n = number of discrete braces. Cbu and Cbb are the two limiting Cb factors 
corresponding to an unbraced beam (very weak braces) and an effectively braced beam (buckling between the 

braces). CL is a top flange loading modification factor; CL = 1.0 for centroid loading. When using Eq. (2.1), a 

finite number of discrete lateral braces along a beam should be converted to an effective continuous lateral brace as 

shown in Figure 2.5. In general, multiple braces can be represented by summing the stiffness of each brace and 

dividing by the beam length. This approach is accurate for two or more intermediate braces. A single discrete brace 

at midspan can be more accurately represented as a continuous brace by dividing the brace stiffness by 75 percent 
of the beam length. 

SECTION A-A 

W~ CONTINUOUS -
BRACE STIFFNESS 1\. • kip/in. per in. length 

a) CONTINUOUS BRACING MODEL 

L 
DISCRETE 

//BRACE STIFFNESS ~L •kip/in. 

~ Convert to continuous brace by: 

~ L x ( # of Disaete Braces) 
1\.- al 

a: = 0. 75 for one midsP8:J1 brace 
"' 1.0 for two or more braces 

b) DISCRETE BRACING MODEL 

Figure 2.5 Continuous and discrete bracing. 
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Equation (2.1) has no limit except yielding as 
the stiffness of continuous bracing is increased. When 
Eq. (2.1) is used with discrete braces, the critical 

moment must be limited to the value corresponding to 

buckling between the braces, M5• Also Mer is not valid 
beyond the yield moment. Figure 2.6 shows a 

comparison of Eq. (2.1) and solutions given by the 

BASP program for W 16X26 beam under uniform 

moment with three equally spaced braces. Equation 
(2.1) shows good agreement with the theoretical 

solution. In this case, both Cb factors are 1.0 and CL 
1.0 for moment loading. 

Figure 2.6 Lateral bracing with uniform moment In Figure 2.7, the approximate bracing Eq. 

(2.1} is compared to the exact theory for a simple span 

beam with three lateral braces on the top flange and a 

midspan concentrated load at the centroid. Buckling 

between all three braces has been reached as denoted 

by the K "" 1 curve. The limiting moment, M5, was 

calculated by Eq. (1.1) with the AASHTO Cb factor of 
1.3 corresponding to M1 I M5 =- 0.5. 
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In this example, Cbu = 1.35 from the SSRC 

Guide (Galambos, 1988), the Cb factor for an unbraced 

beam with a concentrated load at midspan. AASHTO 

Brace Stiffness per Brace (k/in) conservatively recommends 1.0 for this case. ebb"" 1.3 
for the critical braced span. In this example the two Cb 

Figure 2.7 Three lateral braces with centroid values are similar. For centroid load, CL = 1.0. The 
midspan loading. conservatism of the design equation at high load level 

is due to the method used to determine the buckling 
moment between brace points. Each unbraced length was treated independently and for equal brace spacing, the 
interior unbraced lengths are critical. The moment levels are much higher between the midspan brace and the l/4-

span brace and the interior section also has the lowest Cb factor. The exterior spans are not critical so they provide 
additional lateral restraint to the interior spans. The out-of-plane restraint provided to the most critical portions of 
the beam can be accounted for through the use of an effective length factor, K4, as outlined in the SSRC Guide 
(Galambos, 1988). For the example shown, K = 0.88 was determined. The buckling solution given by Eq. (2.1) 

is unconservative at the high load levels associated with K < 1.0, therefore the use of effective length factors for 

lateral buckling of beams is not to K = 1.0; conversely, a large brace is required to force buckling between the 

braces when the load in each unbraced length is not uniform. In the example problem, a brace stiffness = 1000 k/in. 

was still not sufficient to reach a K = 0.88. The AASHTO Specification does not use effective length factors for 

beams. 

The effect of top flange loading on the buckling capacity of laterally braced beams is illustrated in Figure 

2.8. The CL factor in Eq. (2.1) varies with the number of braces since it was found that the difference in required 
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stiffness of lateral braces due to load position decreased 

as the number of braces increased. For one brace CL 
= 2.2; for three braces, CL = 1.4. Figure 2.8 shows 
good correlation between the bracing equations and the 

exact solution. M0 in Eq. (2.1) is the beam capacity 
assuming no bracing which should consider the effect 
of top flange loading. The SSRC Guide 
recommendations give load position effects. The top 
flange loading effect can also be approximated by 
neglecting the warping term in Eq. (1.1). This 

4 8 12 16 

Brace Stiffness per Brace {k/in) 

20 approach was used in all examples with top flange 
loading. 

Three lateral braces with top flange 
loading. 

0.5 

Equation 2.1, Cbb= 1.75 
Cbu= 1.32 

Top Flange Load, CL =2.2 

k: 
A W12x14-24ft. A 

1.5 2 2.5 

Lateral Brace Stiffness (k/in) 

Midspan lateral brace and top flange 
loading. 

For the case of one lateral brace and top flange 
loading at midspan in Figure 2.9, the comparison 
between Eq. (2.1) and the exact theory is not as good 

as the previous cases. The buckling equation is 
conservative as the load approaches the limit of 
buckling between the braces. The equation indicates 
that a brace stiffness of about 1 k/in. is required to 

force the beam to buckle between braces (ideal brace). 
The theory indicates 0.8 k/in. would be sufficient. 
Since this amount of bracing is still extremely small, 
the difference has little practical significance. At low 

loads the bracing equation is unconservative. The 
difficulty of developing a simple expression that 
accurately predicts the buckling load for any brace 
stiffness is illustrated in this figure. At low load Cb = 

1.32; at M5, Cb = 1.75. The effect of top flange 
loading on bracing increases as the load increases. 
Once the beam buckles between the braces, top flange 
loading then has no effect. In addition, it is more 

approximate to convert a single brace into an equivalent continuous brace than the multiple brace examples given 
earlier. In Figure 2.9, CL = 2.2 and the equivalent continuous brace stiffness was obtained by dividing the single 
brace stiffness (k!in) by 0.75 times the span as discussed earlier. If Cbu ebb= 1.75 is used, as shown by dashed 
curves, the ideal stiffness is predicted accurately but the results are unconservative for less than ideal bracing. 

2.3 Torsional Bracing of Beams 

Examples of torsional bracing systems were shown in Figure 1.5. Twist can be prevented by attaching a 
deck to the top compression flange of a simply supported beam, through floor beams attached near the bottom tension 
flange of through girders or by diaphragms located near the centroid of the stringer, as shown in Figure 2.1 0. Twist 
can also be restrained by cross frames constructed from angles that prevent the relative movement of the top and 



Figure 2.1 0 Diaphragm torsional bracing. 
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bottom flanges. The effectiveness of torsional braces 

attached at different locations on the cross section will 

be presented. 

2.3.1 Behavior. The BASP solution for a 

simply supported beam with a top flange torsional 

brace attached at midspan is shown in Figure 2.11. 

The buckling strength - brace stiffness relationships 

shown in Figure 2.11 are non-linear and quite different 

from the top flange lateral bracing linear response 

given in Figure 2.1 for the same beam and loading. 

For top flange lateral bracing a stiffener has no effect. 

If no stiffener is used, the torsional brace can only 

increase the beam buckling capacity about fifty percent 

above the no brace case. Local cross section distortion 

at the brace point reduces the effectiveness of the 

midspan brace. Cross section distortion is illustrated in 

Figure 2.12 for an actual torsional bracing failure. The 

W30 section on a 32-ft span was loaded and braced at 

midspan by the twin cross beams attached to the flange 

of the W30, as shown in Figure 2.12a. The web 

stiffener which was a few inches short of the braced 

flange did not maintain the 90° angle between the 

flange and the web (b) and lateral buckling occurred. 

The torsional brace cross members prevented the W30 

flange from rotating at the brace point but the local 

distortion shown in (c) permitted twisting of the cross 

section as a whole. 

If a web stiffener attached to the compression flange is used with the torsional brace, then the buckling 
strength can be increased until buckling occurs between the braces at 3.3 times the no brace case. The ideal or full 

bracing requires a stiffness of 1580 in-k/radian for a 4 X 114 stiffener and a 3700 in-k/radian for a 2.67 X 1/4 

stiffener. Tong and Chen (1988) have studied the buckling behavior of a simply supported beam under uniform 

moment. Their solutions are applicable to doubly-symmetric or monosymmetric beams braced laterally or torsionally 

at the midspan. A closed-form solution for the ideal torsional bracing stiffness for doubly-symmetric sections is 

given by the following equations: 

Ideal p = 21t ( 8 + a; ) J ( 4 + a! ) 
T 2 

(2.5) 

ac 
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Figure 2.12 Torsional bracing failure. 

where 

(2.6) 

The Tong and Chen solutions do not consider web 
distortion which often has a significant effect on the 
bracing requirements. Their solutions should not be 

used unless substantial stiffeners are provided at the 
brace point. Equation (2.5) gives an ideal stiffness of 
1450 in-k/radian shown by the solid dot in Figure 2.11. 

If this stiffness was provided, a 6 X 3/8 stiffener would 

be required to reach the maximum buckling load. If a 

2.67 X 1/4 stiffener is attached, the buckling load is 
reduced by 14%; no stiffener and a brace stiffness = 
1450 in-k/radian gives a 51% reduction. 
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Figure 2.13 Continuous torsional bracing. 

If continuous bracing is placed on the top 
flange over the entire span with no stiffeners, there will 
be an increase in buckling strength as shown by the 

heavy line in Figure 2.13 compared to midspan brace 
case. The light lines are just a repetition of the single 
brace at midspan solutions presented in Figure 2.11. 
Even with continuous bracing, the 20-ft beam cannot 

reach load levels associated with a single brace at midspan with a stiffener to control distortion. The continuous 
bracing, however, does increase the buckling capacity sufficiently so that yielding, not buckling, controls the beam 
strength. The moment at first yield is shown in Figure 2.13. Figure 2.14 shows that torsional bracing on the tension 
flange (dashed line) is just as effective as compression flange bracing (solid line), even with no stiffener. If the beam 

has no stiffeners, splitting the bracing equally between the two flanges gives a greater capacity than placing all the 

bracing on just one flange. The dot-dash curve is the solution if web distortion is prevented by transverse stiffeners. 
The distortion does not have to be gross to affect strength, as shown in Figure 2.15, for a total torsional brace 



stiffness of 3000 in-k/radian. If the Wl6 X 26 section 
has transverse stiffeners, the buckled cross section at 
midspan has no distortion as shown by the heavy solid 

lines and Mer = 1582 in-k. If no stiffeners are used, 

the buckling load drops to 1133 in-k, a 28% decrease, 
yet there is only slight distortion as shown by the 
dashed shape. The overall angle of twist for the braced 
beam is much smaller than the twist in the unbraced 
case (dot-dash curve). If the continuous torsional 

bracing is split 1500 in-k/radian to each flange, the 
capacity of the unstiffened beam would be 1416 in
k/radian and increase of 25% of the single flange 

braced case. 

The effect of load position or torsionally 
braced beams is not very significant, as shown in 
Figure 2.16. The difference in load between the two 
curves for top flange and centroid loading for braced 
beams is almost equal to the difference in strength for 

the unbraced beams (zero brace stiffness). The ideal 
brace stiffness for top flange loading is 18% greater 
than for centroid loading. This behavior is different 
from that shown in Figure 2.3 for lateral bracing where 

the top flange loading ideal brace is 2.5 times that for 

centroid loading. 

Figure 2.17 summarizes the behavior of a 40-ft 

span with three equal torsional braces spaced 10-ft 
apart. The beam was stiffened at each brace point to 
control the distortion. The response is non-linear and 
follows the pattern discussed earlier for a single brace. 
For brace stiffness less than 1400 in-k/radian, the 
stringer buckled into a single wave. Only in the 
stiffness range of 1400-1600 in-k/radian did multi-wave 
buckled shapes appear. The ideal brace stiffness at 
each location was slightly greater than 1600 in-k/radian. 
This behavior is very different from the multiple lateral 
bracing case for the same beam shown in Figure 2.4. 
For multiple lateral bracing the beam buckled into two 

3000 

2000 

Mer 
(in-k) 

1000 

10 

no distortion / 

---J 
i 
I 

i 

~f) (f (f (f (f OS.} Mer 
1 W16X26 

1 '«- 30' ___,.. 

TOTAL TORSIONAL BRACE STIFFNESS (in-k I radian) 

Figure 2.14 Effect of torsional brace location. 

Total top fig brace 
3000 in-k/radian 

/ 
rJi.fl f1 f1 f1 f1 ':;.}Mer 

Lc-- 30' ~ 
W16X26 

'·· 

, stiffened 

17 

! _-W\::r= 1582 in-k 

....... 
no bracing 

M,= Mer= 283 in-k 

' : 
i 

~ no stiffeners 
Mer= 1133 in-k 

Figure 2.15 Effect of cross section distortion. 

50 
... ------,.-

~.,.. ... ,. ......... __ Top Aange Load 40 
~r 

{kips) 30 .,. ... 
........ -.,. .... "" Load at Centroid 

,./ 
/ 

20 /' 
I 

I 
10 , 

{ 
m flr W1~ 

~-2d 
midspan brace at top fig 

0~----------~------------------~. 
0 1 000 2000 3000 4000 5000 

TORSIONAL BRACE STIFFNESS { in- k I radian ) 
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waves when the moment reached 600 in-k and then into three waves at Mer= 1280 in-k. For torsional bracing, the 

single wave controlled up to Mer = 1520 in-k. Since the maximum moment of 1600 corresponds to buckling between 
the braces, it can be assumed, for design purposes, that torsionally braced beams buckle in a single wave until the 
brace stiffness is sufficient to force buckling between the braces. The figure also shows that a single torsional brace 
at midspan of a 20-ft span (unbraced length= 10ft) requires the same ideal brace stiffness as three braces spaced 
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at 10 ft. In the lateral brace case the three brace 

system requires 1.7 times the ideal stiffhess of the 

single brace system, as shown in Figure 2.4 and Table 

2.1. 

The effect of different brace arrangements and 

stiffener depths are shown in Figure 2.18 for a W12 X 

14 section with a span of 24 ft with top flange loading 

and one midspan brace. Seven torsional bracing 
0 400 aoo 1200 1600 2ooo conditions were studied: 

TORSIONAL STIFFNESS@ EACH BRACE (in-k/radian) 

Figure 2.17 Multiple torsional braces. 
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f) 

g) 

compression flange brace - no stiffener 

compression flange brace- 3/4 depth stiffener 

attached to the tension flange 

tension flange brace - 112 depth stiffener 

attached to the tension flange 

compression flange brace - 112 depth stiffener 

attached to the compression flange 

centroid brace - 1/2 depth stiffener not 

attached to either flange 

compression flange brace - 3/4 depth stiffener 

attached to the compression flange 

compression flange brace - full depth stiffener 

attached to both flange. 

0~--------~-----r----.-----r---~ 

o 1 oo 200 300 400 500 600 The results are typical for a number of different spans 

TORSIONAL BRACE STIFFNESS (in-k/radian) and cross sections that were analyzed. If the stiffener 
is not attached to the flange that is braced (curve b), 

Figure 2.18 Torsional bracing details. the behavior is very similar to the unstiffened case. 

Such a brace system is not capable of forcing the beam 
to buckle between the braces. If a half-depth stiffener is attached to the braced flange, the beam is able to reach the 

ideal brace condition but the required brace stiffhess is almost twice that for a stiffener that is at least 3/4 depth. 

There is no difference in performance between compression flange torsional braces and tension flange torsional braces 

(curves c and d). A diaphragm placed at the centroid that is 1/2 the depth of the beam to be braced will be almost 

as effective as a braced flange with a full depth stiffener (compare curves e and g). In general, flange connected 

braces should extend at least 3/4 depth and should be attached to the braced flange. Connections for diaphragms 

should stiffen the web over at least 112 the depth for rolled beams. The detail shown in Figure 2.10 shows a full 

depth web connection. The stiffeners or connection angles do not have to be welded to the flanges when diaphragms 

are used .. 

2.3.2 ApproxiiiUlte Buckling Strength. Taylor and Ojalvo (1973) give the following exact equation for 

the critical moment of a doubly symmetric beam under uniform moment with continuous torsional bracing 
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Figure 2.19 Approximate buckling formula. 
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(2.7) 

where M0 is given by Eq. (1.1) and lJ' b attached 

torsional brace stiffness (k-in/rad per in. length). 

Equation (2.7), which asswnes no cross section 

distortion, is shown by the dot-dash line in Figure 2.19. 

The solid lines are BASP results for a Wl6 X 26 
section with no stiffeners and spans of 10 ft, 20 ft, and 

30ft under uniform moment. Cross section distortion 

causes the poor correlation between Eq. (2.7) and the 

BASP results. For discrete or continuous bracing, 

Milner and Rao (1978) and analytical studies using BASP showed that the effect of distortion could be handled by 
• 

using an effective torsional brace stiffness, ~Tor lJ' b• defmed by 

1 1 1 
- =- +---
~T ~b ~sec 

(2.8) 

and 

(2.9) 

where ~b = attached discrete brace stiffness, ~sec = cross section web stiffness, fw = thickness of web, h = depth of 

web, t5 = thickness of stiffener, b5 = width of stiffener, and N contact length of the torsional brace as shown in 

Figure 2.20. The effective brace stiffness is less than or at best equal to the smaller of ~b or ~sec- The possibility 
of a stiffener at the brace point is considered in Eq. (2.9) if it extends at least 3/4 depth and is attached to the brace. 

For continuous bracing use an effective net width of 1 in. instead of (N + 1.5h) in ~sec and lJ' b in place of ~b to get 
lJ' 1 . The dashed lines in Figure 2.19 based on Eqs. (2.8) and (2.9) show good agreement with the theoretical 
solutions (BASP). For the 10 ft and 20 ft spans, BASP and Eq. (2.8) are almost identical. Other cases with discrete 
braces and different size stiffeners also show good agreement. Cross frames without web stiffeners should have a 

Torsional Brace 

~I 

Lrl=1~=~~~~~•=~~=~=1 
===I '---- (N + 1.5h) 

Figure 2.20 Effective web width for distortion. 

depth of at least 3/4 of the beam depth in which case 

distortion will have no effect and ~ = ~b· 

Equation (2.7) can be used to represent 
multiple discrete torsional braces by summing the 

stiffness of each brace and dividing by the beam length. 

For a single brace at midspan the equivalent continuous 

brace stiffness can be found by dividing the brace 
stiffness of the single brace by 7 5 percent of the beam 

length. This is the same procedure that was suggested 

for lateral bracing in Figure 2.5. Figure 2.21 shows a 

comparison ofEq. (2.7) and solutions predicted by the 

BASP program for a beam under uniform moment with 
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Figure 2.22 Tirree torsional braces - centroid load
ing. 

three equally spaced braces (N = 0) and stiffeners at the 

brace points. The 5.5 X 1/4 stiffeners were large 

enough to make U T z U b. The excellent agreement 
between the BASP solutions and Eq. (2.7) limited by 

buckling between braces indicates that discrete braces 
can be represented by equivalent continuous bracing. 

By adjusting Eq. (2.7) for top flange loading 

and other loading conditions, the following general 

formula can be used for the buckling strength of all 
torsionally braced stringers and girders: 

M = cr 

r2 n EI 
C2 M2 + ""bb "'T y !:: M or M (2.10) 
buo C y s 

T 

where er = 1.2 and ebu and ebb are the two limiting 
eb factors corresponding to an unbraced beam (very 
weak braces) and an effectively braced beam (buckling 

between the braces). eT is a top flange loading 
modification factor; eT = 1.0 for centroid loading. 

1fT is the equivalent continuous torsional brace (in
k/radian/in. length) from Eqs. (2.8) and (2.9). 

Figure 2.22 shows the correlation between the 
approximate buckling strength, Eq. (2.10) and the exact 

BASP solution for the case of a concentrated midspan 
load at the centroid with three equally spaced braces 
along the span. Stiffeners at the three brace points 
prevent cross section distortion. If a K factor of I is 
used in the buckling strength formula, the comparison 
between Eq. (2.10) and the BASP solution is good. 
Equation (2.1 0) should not be used with K factors less 

than 1.0; the results will be unconservative at high loads as shown by the dashed line in Figure 222. Since the load 

is at the centroid, eT = 1.0 and both ebb and ebu were taken as 1.3 

The case of a single torsional brace at midspan shown in Figure 2.23 shows good agreement with Eq. (2.1 0). 

For the combination of one torsional brace plus top flange loading, it was found that U T = ~T / L, not 0.75L. For 
centroid loading, 0.75L can be used. With no stiffener, ~sec from Eq. (2.9) is 114 in-k/radian. This means that the 
effective brace stiffness ~T cannot be greater than 114 regardless of the magnitude of the brace stiffness at midspan. 

Equations (2.8), (2.9), and (2.1 0) predicted the buckling very accurately for all values of attached bracing, even at 
very low values of bracing stiffness. A 4 X 1/4 stiffener increased ~sec from 114 to 11038 in-k/radian. This makes 
the effective brace stiffness very close to the applied stiffness, ~b· For example, with a 4 X 1/4 stiffener, the 
effective stiffness is 138 in-k/radian ifthe attached brace stiffness is 140 in-k/radian. The bracing equations can be 

used to determine the stiffener size necessary to reduce the effect of distortion to some tolerance level, say 5%. This 
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may be especially useful in the design of through 
girders where the floor beams act as torsional braces. 

Equations (2.7) and (2.10) were developed for 

doubly symmetric cross sections. The torsional bracing 
effect for singly symmetric sections can be 

approximated by replacing Iy in Eqs. (2.7) and (2.10) 

with Jeff defmed as follows: 

(2.11) 

where lye and ~ are the lateral moment of inertia of 
the compression flange and tension flange respectively, 

and he and~ are the distances from the neutral bending axis to the centroid of the compression and tension flanges 

respectively, as shown in Figure 2.24(a). For a doubly symmetric section he = ~ and Eq. (2.11) reduces to Iy. 
Therefore, for doubly and singly symmetric sections 

M = cr 
(2.12) 

A comparison between BASP solutions (solid line) and Eq. (2.12) (dashed line) for three different 40-ft. girders with 

seven torsional braces spaced 5 ft. apart is shown in Figure 2.24(b ). The lowest curves for a W16 x 26 show very 

good agreement. In the other two cases, one of the flanges of the W16 x 26 section was increased to 10 x 1/2. In 

one case the small flange is in tension and in the other case, the compression flange is the smallest. In all cases Eq. 
(2.12) is in good agreement with the theoretical buckling load given by BASP. 

tension fig. 
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Figure 2.24 Singly symmetric girders. 
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2.4 Combined Lateral and Torsional Bracing 

A typical interaction solution is shown in 

Figure 2.25 for a 24-ft W12 X 14 section braced at 

midspan. The theoretical bracing required to enable the 

section to support a moment of212 k-ft is given by the 

BASP solution. This exact relationship is non-linear 

indicating that combined lateral and torsional bracing is 

more effective than torsion or lateral bracing alone. If 
a lateral brace stiffuess of one-half the ideal stiffuess is 

used, the BASP solution indicates that an additional 

torsional brace with a stiffuess one-quarter of the ideal 

value will force the beam to buckle between braces. 

The BASP solution shown in Figure 2.25 agrees with 

the solution of combined bracing given by Tong and 

Chen (1988). 

The Tong solution is only valid for uniform moment loading and no cross section distortion. A conservative 

approach for general loading and bracing conditions can be obtained by combining the equation for lateral bracing, 

Eq. (2.1), with Eq. (2.10) for torsional bracing 

M = cr 

(2.13) 

Equation (2.11) is a conservative approximation of the interaction between lateral and torsional bracing. The line 

labeled "Linear Interaction" corresponds to the levels of bracing that would be required if Eq. (2.1) and Eq. (2.10 

were applied independently. 

The ideal torsional bracing stiffuess given by Eq. (2.5) varies between (n and 2n)h2 times the ideal lateral 

bracing for the uniform moment case when o:c given by Eq. (2.6) varies between 0 and 2, the practical range. This 

fact can be used to approximately convert torsional bracing into equivalent lateral bracing and vice versa. 

2.5 Summary 

Equations (2.1) and (2.12) will form the basis for the development of practical bracing design formulas in 

Chapter Five. Factors of safety must be incorporated and adjustments made for initial beam out-of-straightness. 

These formulas only address the stiffuess of bracing. Strength must also be considered. At this stage, the bracing 

equations illustrate the significance of the moment diagram, load position, cross section distortion, and that a single 

formulation can handle both discrete and continuous bracing. In the following two chapters an experimental program 

is described which was used to check the validity of the theoretical results. 



CHAPTER3 
TWIN BEAM BUCKLING TESTS 

3.1 General 

An experimental program, consisting of 76 tests, was designed to evaluate the effects oflateral and torsional 

brace stif:fuess, brace location, stiffener size, and initial imperfections on the lateral torsional buckling of steel beams. 

Two identical simply-supported beams with a 24-ft span were loaded at midspan, as shown in Figure 3.1, until 

buckling occurred. A twin-beam arrangement was used because the loading system and torsional bracing systems 

were simpler than designs with a single test beam. The 

buckling load determined from this beam arrangement was 

an average buckling load for the two beams. Figure 3.2 

shows the overall test setup. Both Wl2X14 test beams 
were taken from the same mill batch of high-strength steel 

so that all buckling would occur in the elastic range and the 

same beams could be used for all bracing experiments. The 

measured yield strengths of the flange and web were 65 ksi 

and 69 ksi, respectively. Figure 3.3 shows the average 

measured cross section properties of the two beams. Details 

of the test fixtures are presented elsewhere (Yura and 

Phillips, 1992). 

Figure 3.2 Test setup. 
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Figure 3.1 Schematic oftest setup. 
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Figure 3.3 Measured properties. 

Figure 3.4 Gravity load simulator. 

3.2 Test Setup 

The test setup was designed to apply equal 

loads at the midspans of the two twin test beams. 

Bracing was also applied at or near the midspan 

load location. The loading system was designed to 

permit lateral movement and twist at the midspan 

and to minimize restraint to these displacements. 

A hydraulic jack attached to a Gravity Load 
Simulator mechanism (Yarimci, Yura and Lu, 

1966) at the center of the loading beam, shown in 

Figure 3.4, permitted load to move laterally at 

midspan when weak bracing systems were used. 

Calibration tests (Yura and Phillips, 1992) showed 

that the GLS provided a small lateral restraint due 

to friction in the bearings so a small vibrating 

motor was attached to the GLS to further reduce 
the restraint. Usually knife edges at the ends of 

the loading beam and centered on the test beams, 

as shown in Figure 3.5, were used to minimize 

torsional restraint by the loading system. Disk 

bearings at the knife edges reduced out-of-plane 

bending restraint. For tests considering the tipping 
effect, the knife edges were removed and the 

loading beam rested directly on the full width of 

the flange. The knife edge system simulates the 
more critical top flange loading arrangement for 
beam buckling. 

Load, lateral deflections, midspan vertical 
deflections, and flange rotation were recorded 

during testing. Load was measured using a load cell with a precision of 50 pounds located between the ram and 

loading tube. Lateral deflection measurements were recorded on both the top and bottom flange at the midspan and 
quarter points of each beam. By placing gauges at both the top and bottom flanges, the average twist of the cross 

section could be calculated at each gauge location. Additional measurements of twist were recorded using two 

electronic tilt meters. These meters were located at the midspan of one beam, one on the top flange and one on the 

bottom flange. Since these meters recorded the tilt of each flange near the brace point, an estimate of the cross 

section distortion was obtained for each test. All displacement and load readings were recorded using a computer

controlled data acquisition unit in which all data during a load cycle could be recorded within a few seconds. 
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Figure 3.6 Schematic of lateral brace. 

Figure 3.7 Lateral bracing system. 
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3.3 Bracing Systems 

The lateral bracing was provided by a 
simply supported aluminum bar with an adjustable 

overhang (Figure 3.6). Six different levels of 
stifthess were provided in this fashion by simply 
changing the size of the aluminum bar or the 
location of the adjustable support. Figure 3.7 

shows the lateral bracing system used in the test 
setup. The stiffness of the lateral bracing system 

was significantly affected by the stifthess of the 
accompanying supports, so it was necessary to 

obtain the effective stifthess of the bar-support 
system experimentally. 

Torsional bracing was provided by 

connecting a flexible aluminum bar to each test 
beam spanning between the two beams. During 
testing the lateral deflection of the test beams 
forced the aluminum brace into double curvature, 
as shown in Figure 1.6. Since the brace is bent in 

double curvature, the bar stifthess is equal to 6EIIL 
of the aluminum brace. The torsional braces were 
attached six inches on each side of the midspan of 

the test beam to avoid interfering with the loading 
beam and to provide symmetry, as shown in Figure 
3.8. The torsional brace attachment fixtures were 
designed to prevent the addition of any significant 

warping restraint to the test beams, especially for 
buckling in the second mode shape. This required 
the brace and fixtures to provide a high stifthess in 
the vertical plane while simultaneously providing 
little or no restraint in the horizontal plane. The 
stifthess of each torsional brace attachment fixture 
was determined experimentally. The calibrations 
showed that the fixture stifthess was sensitive to 

the preload in the attachment bolts to the test 
beams. Details of the calibration are given 
elsewhere (Yura and Phillips, 1992). Based on the 

possible variation in fixture stiffness, the torsional 

bracing stiffness of the system reported herein 
might vary between 3% for the lowest level of bar 
stiffness to 17% for the highest level. 
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Figure 3.9 Typical test results. 

Many beam buckling tests were performed 
with stiffeners placed directly beneath the brace 
attachment points. The stiffeners were 11-inch-long 

steel angles with slotted holes bolted on each side of 

the web. This permitted both the stiffener size and 
vertical location of the stiffener to be easily adjusted. 

3.4 Test Procedure 

A load of approximately one kip was applied 
to the beams before the vibration equipment was 

activated so that the knife edges would seat in the 
grooves on the top flanges of the test beams. Data 

were recorded at an increment of about 500 pounds 
until the load on the beams was near the buckling load; 

the frequency of the readings were then increased. 
During each test, the twist of the compression and 
tension flanges were measured near the brace point. 

The critical buckling load was determined 

from plots of the load-lateral deflection-twist data. 
Typical load vs. top flange deflection response are 
shown in Figure 3.9. In Test C10 a peak load is 

reached which defines the buckling load. On the other 
hand Test B2 was terminated before the buckling load 
was reached to prevent yielding as lateral displacements 
became large. The same two beams were to be used in 
all of the twin beam buckling tests so yielding was 
undesirable. 

Methods have been developed to determine the 

experimental buckling strength of structures that cannot 
be loaded to the actual buckling load because of initial 

out-of-straightness. Some of the better known proce
dures for this type of analysis include techniques 

presented by Southwell (1932) and Meek (1977). The 
Meek plotting technique, which is used herein, was developed specifically for beams. The applied load is plotted 
against the experimental twist and lateral deflection as shown in Figure 3.10. For beams loaded on the top flange, 

the inverse slopes of the lines of best fit through the data points for these plots are defmed as a. and 13 and the critical 
load is given by 



2 d p + A - p - aA = 0 crl-' 2 cr 1-' 
(3.1) 

The initial lateral twist, eo, and deflection L\0, are 

found from negative horizontal intercepts of the 

plots and can be compared to measured values. 

The Meek buckling load determined from this 

procedure for Test B2 is shown in Figure 3.9. 

3.5 Test Results 

The experimental program of 76 tests 

was divided into six groups. Group A tests bad 

Data Points 
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LJ 
a 

~ Twist 

Ratio of Deflection 1 Load 
vs. Twist 

Twist/ P 

~ Topflgdefl 

Ratio of Twist I Load 
vs. Deflection 

Figure 3.10 Meek plots. 
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1 

no bracing. Group B tests bad lateral bracing located at midspan attached to the compression flange. Group C tests 

bad compression flange torsional bracing located at midspan as discussed in Section 3 .3. Group D contains results 

from tests with forced imperfections. Group E tests bad tension flange torsional bracing and Group F bad a 

combination of tension flange and compression flange torsional bracing. 

Two types of initial imperfections were studied during the testing program. The first type of imperfection 

will be referred to as natural imperfections. All tests, except Group D, were performed with permanent out-of

straightness. Tests Al, AS, and A6 in Table 3.1 give values of initial top flange displacement and initial twist at 

midspan for the three levels of imperfections used during testing. The second type of imperfection will be referred 

to as forced imperfection. These were applied at the quarter point of the beam by displacing the compression flange 

of the test beam laterally with a rigid stop and then 

Table 3.1 Measured Imperfections securing the stop in the displaced position. Tests Dl 

Initial Top Flange 
Test Number Deflection 

(in.) 

AI 0.04 

A2 0.45 

A5 0.16 

A6 0.22 

D1 0.26 

D2 0.15 

D3 0.12 

D4 0.31 
= 

Initial Twist 
(degrees) 

0.26 

0.95 

0.01 

0.13 

0.17 

0.07 

0.05 

0.12 

through D4 give measured values of initial deflection 

and initial twist at the midspan of the test beams for 

tests with forced imperfections. All forced imperfec

tions listed are in addition to the 0.04-incb natural out
of-plane sweep oftest beam AI. 

3.5.1 Test Series A - No Bracing. The first 

test series consisted of six tests with different loading 

beams. Test AI was loaded with knife edges between 

the loading member and the test beam, and can be 

considered a basically straight beam with no bracing 

other than the friction in the gravity load simulator. 

Test A2 had the same configuration as Al with a 

forced imperfection imposed at the quarter point of one 

beam. 
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Table 3.2 Test Series A, No Bracing 

Test Stiffener Initial Imperfection 
Critical 

Description Load "S" Shape 
No. Size (inches) 

(kips) 

+A1 Knife edge loading None 0.04 1.55 No 

A2 Knife edge loading None 0.45 1.59 No 

+A3 Tipping effects None 0.04 3.91 No 

A4 Tipping effects 2-in.X 1/4-in. 0.04 6.2 Yes 

+A5 Knife edge loading None 0.16 1.56 No 

+A6 Knife edge loading None 0.22 1.67 No 

+ Test was repeated 

Table 3.3 Test Series B, Lateral Bracing 

Test Brace Stiffuess 
Stiffener Size 

Initial Imperfection Critical Load 
"S" Shape 

Number (kips/in.) (inches) (kips) 

B1 0.22 4-in.X 114-in. .19 3.17 No 

B2 0.75 4-in.X 1/4-in. .24 6.02 No 

B3 0.36 4-in.X 114-in. .36 4.11 No 

B4 1.20 4-in.X 114-in. .35 6.54 No 

B5 0.36 4-in.X1/4-in. .15 3.97 No 

B6 1.20 4-in.X 114-in. .16 6.73 Yes 

B7 1.90 4-in.X 114-in. .15 6.62 Yes 

B8 0.65 4-in.X 1/4-in. .15 5.39 No 

B9 0.65 None .15 5.47 No 

BIO 1.90 None .16 6.75 Yes 
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The tenn "tipping effects" describes tests in which the loading beam was placed directly on the compression 
flanges of the test beams without the use of the knife edges. Tests A3 and A4 were perfonned to study the effects 
of the externally applied flange rotation which occurs when the loading member is placed directly on the compression 

flanges of the test beams. Tests A5 and A6 were loaded with the original knife edge loading and are similar to test 

AI except for the level of initial imperfection present. Table 3.2 gives a summary of these tests and the 

corresponding experimental buckling loads. The reported buckling load is an average of the two test beams. Tests 

marked with a plus sign were reproduced to check for repeatability. With the exception of tests C4 and C29 

presented in Section 4.6, all duplicate tests gave a critical load within six percent of the original test. Test C4 had 

a variation of 20 percent and test C29 had a variation of 8 percent. 

3.5.2 Test Series B- Lateral Bracing. The second series of tests, as well as subsequent tests, were loaded 

using the steel loading beam and knife edges as shown in Figure 3.5. All boundary conditions were the same as Test 

Series A except that a lateral brace was added as shown in Figures 3.6 and 3.7. Six levels of lateral bracing and two 

levels of initial imperfections were tested. Table 3.3 shows the amount of lateral bracing attached to the test beams 

through the bracing device and the corresponding critical load per beam. The brace stiffness given in this table and 

subsequent tables is the stiffness per beam (the measured lateral brace system stiffness divided by two). 

3.5.3 Test Series C- Compression Flange Torsional Bracing. Test Series C, with results summarized 

in Table 3.4, consisted of 40 tests with varying levels of torsional brace stiffness, initial imperfection and stiffener 

size. A total of eight levels of brace stiffness, three levels of initial imperfection, and two stiffener sizes were tested. 

Tests were also perfonned with no stiffener and with the 4Xl/4-in. stiffener touching the compression flange at both 

brace locations. Tests perfonned with the stiffeners touching the compression flange are marked with an asterisk 
in the table. The torsional bracing was attached to the compression flange of each test beam with half the indicated 

amount being placed six inches on either side of the midspan. 

3.5.4 Test Series D. E. and F. Test Series D consists of six tests where the initial imperfection was 
applied to the beam by a forced displacement at the quarter span of one beam. The forced displacement was 

transferred to the other beam through the loading tube. As mentioned in the previous sections, the initial 

imperfection reported for all other test series was the natural state of test beams due to a previous yielding or 

manufacturing process. Test Series E consisted of ten tests similar to those in Series C except the torsional bracing 
was attached to the tension flange instead of the compression flange. Test Series F consisted of six tests similar to 
those in Series C except half the indicated value of torsional bracing was attached to the compression flange and half 

was attached to the tension flange. Table 3.5 contain a summary of these tests and the corresponding experimental 
buckling loads. 

3.6 Discussion of Twin-Beam Test Results 

3.6.1 Unbraced Beams. Series A had no apparent lateral or torsional bracing other than the lateral 

restraint provided by the friction in the loading device (gravity load simulator). The seven tests with knife-edge 

loading on the top flange varied between 1.53 and 1.69 kips, with an average of 1.60 kips. All test loads reported 

herein include the weight of the loading beam. With no bracing, BASP gives a predicted buckling load of 1.29 kips 

which indicates that some lateral restraint is present. At a ram load of 3.2 kips corresponding to the average 
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Table 3.4 Test Series C, Compression Flange Torsional Bracing. 

Test Number 
(k-inlrad) ~ Stiffener Size 

Initial Imperfection Critical Load 
"S" Shape 

(inches) (kips) 

CI 55 NONE 0.22 2.87 NO 

C2 55 2"Xl/4" 0.22 3.13 NO 

C3 55 4"Xl/4" 0.22 3.17 NO 

+ C4 89 NON 0.22 3.44 NO 

+ cs 89 2"Xl/4" 0.22 3.49 NO 

+ C6 89 4"Xl/4" 0.22 3.55 NO 

C7 I75 NONE 0.22 4.37 NO 

+ C8 175 2"Xl/4" 0.22 4.40 NO 

C9 I75 4"XI/4" 0.22 4.54 NO 

CIO 462 NONE 0.22 4.83 NO 

Cll 462 2"XI/4" 0.22 5.17 NO 

Cl2 462 4"XI/4" 0.22 5.31 NO 

Cl3 666 NONE 0.22 5.05 NO 

CI4 666 2"Xl/4" 0.22 5.45 NO 

CIS 666 4"Xl/4" 0.22 5.73 NO 

CI6 855 4"Xll4" 0.22 5.80 NO 

+ Cl7 1030 4"Xll4" 0.22 5.72 NO 

CIS ll90 4"Xl/4" 0.22 5.98 NO 

Cl9 1190 * 4"Xl/4" 0.22 6.83 YES 

C20 1030 * 4"XI/4" 0.22 6.82 YES 

C2I 666 * 4"XI/4" 0.22 6.81 YES 

C22 462 * 4"Xll4" 0.22 6.87 YES 

C23 175 * 4"Xll4" 0.22 5.45 NO 

C24 89 * 4"Xl/4" 0.22 3.38 NO 

C25 55 NONE 0.16 2.89 NO 

C26 55 2"Xl/4" 0.16 3.03 NO 

C27 55 4"Xl/4" 0.16 2.96 NO 

C28 89 NONE 0.04 4.48 NO 

+ C29 89 2"XI/4" 0.04 4.33 NO 

C30 89 4"Xl/4" 0.04 5.14 NO 

C31 175 NONE 0.04 5.55 NO 

+ C32 I75 2"Xl/4" 0.04 6.38 YES 

+ C33 I75 4"Xl/4" 0.04 6.54 YES 

C34 175 * 4"XI/4" 0.16 4.83 NO 

C35 462 * 4"Xl/4" 0.16 6.58 YES 

+ C36 462 4"Xl/4" 0.16 5.71 NO 

+ C37 666 4"XI/4" 0.16 5.92 NO 

C38 855 4"XI/4" 0.16 6.33 NO 

C39 I030 4"Xl/4" O.I6 6.50 YES 

C40 ll90 4"XI/4" 0.16 6.4I YES 

Stittener toucmm u g ns1on nan e g +rest was re pe ated 



Table 3.5 Test Series D, E, and F 

Test Number Brace Stiffness Stiffener Size lnitiallmperfec- Critical Load 
(k-inlrad) lion (kips) 

(inches) 

Forced Imperfections 

01 89 NONE 0.26 3.59 

02 175 NONE 0.15 4.13 

03 175 4"X1/4" 0.12 5.8 

D4 175 4"X1/4" 0.31 5.27 

Tension Flange Torsional Bracing 

E1 175 NONE 0.22 4.25 

E2 175 • 4"Xll4" 0.22 6.53 

E3 666 * 4"X1/4" 0.22 6.69 

E4 666 4"X1/4" 0.22 6.79 

E5 666 NONE 0.22 4.72 

E6 175 NONE 0.16 3.83 

+ E7 175 • 4"Xl/4" 0.16 5.15 

E8 666 • 4"Xl/4" 0.16 6.99 

E9 666 4"X114" 0.16 7.03 

EIO 666 NONE 0.16 4.78 

Combined Compression and Tension Flange Torsional Bracing 

F1 462 

F2 175 

F3 175 

F4 462 

F5 175 

F6 175 

• Stiffener Touching Tension Flange 
+Test was repeated 

NONE 022 6.53 

NONE 0.22 4.89 

4"Xl/4" 0.22 4.99 

NONE 0.16 6.94 

NONE 0.16 4.87 

4"X114" 0.16 4.86 
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Figure 3.11 Lateral bracing tests. 

7 8 8 

Eq 2.1,Cbb~1.75,Cbu •1.32 

Top VL.oad, CL•2.2 

t W12x14 - 24 fq 
o~--~a~5~--.----1~.5~--~--~2.5 

Lateral Brace Stiffness (lqin) 

Figure 3 .I 2 Comparison of tests and Eq. 2.1. 

unbraced beam test load, the measured lateral stiffness 
of the gravity load simulator is 0.083 k/in. (Yura and 
Phillips, 1992). For one beam with a lateral restraint 

of 0.042 k/in., the BASP buckling load is 1.65 kips 

which is within three percent of the average test load. 

The small vibration motor probably reduced the re

straint below the measured stiffness. The magnitude of 

the initial out-of-straightness did not affect the buckling 
load. 

When the loading beam without knife edges 
was placed directly on the top flange of the twin test 

beams, the buckling load increased from 1.60 kips to 
3.91 kips when no web stiffener was used. The 244 

percent increase was due to the tipping effect. When 

the beam tried to twist at 1.6 kips, the top flange load 

was then applied at the flange tip and a restoring torque 
(shown in Figure 1.2(a)) kept the beam in the straight 

position. The test beam A3, however, did twist at the 

load point at 3.91 kips because of cross section distor

tion, as illustrated in Figure 1.2(b). When a 2Xl/4-in. 
web stiffener was attached at the load point to control 

distortion, the beam load (Test A4) reached 6.2 kips 
corresponding to buckling between the midspan and the 

end support (S shape). 

3.6.2 Beams with Lateral Bracing. A 

summary of the Series B lateral bracing tests is given 

in Figure 3 .11. The test results show good agreement 
with the BASP theory. At brace stiffness below 0.8 
k/in., the beams buckled in a single half sine curve as 

predicted. For brace stiffnesses greater than 0.8 k/in., full bracing is achieved and the test beams buckled into an 

S shape between brace points. The dashed line is the theoretical solution assuming that the gravity load simulator 
provides additional lateral restraint. The test results are closer to the theory neglecting this fixture restraint which 

indicates that the vibration motor was effective in reducing the friction at the higher loads. 

The tests had initial top flange out-of-straightness between 0.15 in. and 0.36 in. but there was no apparent 

effect on the buckling loads. The experimental buckling loads obtained from Meek plots of the load-twist-lateral 

deflection data give the expected buckling load if the beams would have been deformed beyond the 1 in. dis
placement limited in the experiments to control yielding of beams. 

A comparison of the test results with the continuous lateral bracing formulation, Equation 2.1, is shown in 
Figure 3.12 by the solid line. The figure shows that Equation 2.1 gives conservative results at brace stiffness near 
the ideal value, but in general the results are similar. As discussed in Chapter 2, the use of an equivalent continuous 
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bracing formula for discrete braces produces the most error for the single brace at midspan. The Series B tests with 
no stiffener, B9 and BlO, gave approximately the same results when a 4X114 in. web stiffener was used in B8 and 

B7, respectively. The test results and theoretical studies indicate that web distortion is not an important factor when 

lateral bracing is attached to the top compression flange of a beam. 

3.6.3 Beam with Torsional Bracing. The Series C torsional bracing tests were designed to study the 

influence of brace stiffuess and the effect of cross section distortion. A typical load-lateral displacement response 

(Test ClO) is shown in Figure 3.9. A peak load was reached at a displacement of approximately 0.2 in. which is 

taken as the buckling load. This behavior is very different from the typical response for the lateral bracing tests 
represented by Test B2 in Figure 3.9. For lateral bracing, no peak was reached in the experiment and the buckling 

load had to be determined by the Meek plotting technique. The Meek buckling load is the load that would be 

reached at large lateral displacement represented by the dashed line. The difference between the two responses is 

caused by local distortion of the cross section at the points at which the torsional bracings are attached. Without 
distortion, the two flanges and the web should have the same angle of twist. The twist of the top flange and the 

bottom flange were measured near the brace at midspan in all experiments. The twist data show that at the brace 

there is no difference in the measured twist of each 

flange for lateral bracing but there was a significant 

difference for torsional bracing as the peak load was 
reached. In Test C 10 at the peak load, the bottom 

flange twist of 1.23° was 2.3 times the top flange twist. 

Cross-section distortion can be controlled by 

properly attached stiffeners. In Series C there were 
three general stiffener arrangements; namely, no 

stiffener, a stiffener in contact with the flange where 

the brace is attached which controls cross-section 
distortion, and a web stiffener which does not touch 

either flange. This latter type of stiffener arrangement 

controls bending of the web but each flange is permit-
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Figure 3.13 Torsional brace- no stiffener. 

ted to twist relative to the web. Figure 3.13 shows a comparison of the Series C tests with no stiffener and the 
buckling load predicted by BASP. In all of these tests, the beam buckled in a single half wave. No brace was 
sufficient to force the beam to buckle into an S-shape because of local distortion at the brace point. The test loads 

are significantly greater than the BASP solution assuming no lateral restraint by the loading fixture (heavy solid line). 
Two additional BASP solutions are shown which indicate that the effect of lateral restraint is very significant. The 
0.026 k/in. restraint level is approximately 1/4 of the measured fixture restraint with no vibration motor (Yura and 
Brett, 1992). The highest BASP solution corresponds to the full calibrated lateral restraint by the gravity-load 

simulator. The test results fall within the bounds of the BASP solutions. In the lateral bracing tests, Series B, the 

effect of the fixture restraint was relatively minor, but this is not the case for torsional bracing. As indicated in 

Figure 2.24, the interaction of lateral and torsional bracing is very effective. For example, a lateral brace of 10 

percent of the required lateral bracing reduces the torsional bracing requirement by 40 percent. 

The data in Figure 3.13 indicates that the beams with the smallest initial sweep had the largest buckling 

loads. This was probably due to smaller lateral displacements and the likelihood that friction in the test fixture was 
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not broken. The test results for initial sweep equal to 
0.04 in. are very close to the BASP solution with full 
fixture restraint. 

The Series C results for a stiffener in contact 

with the torsionally braced flange compare very well 
with the BASP results, as shown in Figure 3.14. These 

tests simulate the typical design situation of a stiffener 

welded to the compression flange and cut short of the 
tension flange. The effect of possible fixture restraint 
is not as important for this case where cross section 
distortion is prevented by the 4Xl/4-in. stiffener at 

each brace location. The ideal brace stiffness is 
approximately 320 kip-in/radian. At the ideal stiffness, 

the buckled shape changes from a single half wave to 
the S-shape corresponding to full bracing at midspan. 
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Figure 3.14 Torsional brace- full stiffener. 

All the tests with bracing greater than 320 kip-in/radian 8 

buckled into an S shape. 

The torsional bracing formula, Equation 2.1 0, 

is compared to the test results for the stiffened and 

'[ 
& 

§ 
~ unstiffened cases in Figures 3.15 and 3.16, respectively. ::1 

The difference between these two cases is caused by 5 
;:) 
m 

Bl'adng Eq. 2.10 
Cbu •1.32,. Cbb •1.75 

lnlllal Sweep (ln.) 

"' 0.22 
0 0.16 cross section distortion. In the torsional bracing 

formula, 13sec = 114 kip-in/radian for the unstiffened 
web and 11030 for a beam with a 4Xl/4-in. stiffener at 

or---~~--~--~~--~--~,~ooo~--=,200 

the brace points. As 13sec gets smaller, the attached 
braces becomes less effective. An attached brace with 
a stiffness of 250 kip-in/radian is almost fully effective 
(247 kip-in/radian from Eqs. 2.8 and 2.9) but the same 
brace is effectively reduced to 119 kip-in/radian, about 
a fifty percent reduction, if the web is unstiffened. The 
design equations follow the trend of the data very well. 

When the stiffener is not welded or in contact 
with the braced flange, then the web can twist relative 

to the flange as illustrated in Figure 1.2(b). In such a 

case, the effectiveness of the stiffener in controlling 
distortion is reduced and Equation 2.10 is not applica
ble. Tests in which the 4X 1/4-in. web stiffener did not 

touch the braced flange are summarized in Figure 3.17. 
The web was stiffened, but the 90° angle between the 
flange and web was not maintained. The tests are 
similar for a 2Xl/4 in. stiffener. The tests compare 
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favorably with BASP solution in which the web 

stiffener is assumed to be 10 in. long or II in. long and 

not attached to either flange. The actual stiffener was 

an angle II inches long but it was bolted to the web 

and the distance between connectors was 9 in. There

fore, it is questionable that the total length of the 

stiffener is effective. Stiffeners that do not contact the 

braced flange are not recommended and these tests 

illustrate the reduced strength when compared with the 

results in Figure 3.15. 

3.6.4 Effect of Torsional Brace Location. 
Theoretically, the attachment height of a torsional brace 

should have no effect on the buckling load if the bea 

m web does not distort. Figures 3.18 and 3.19 show 

values of critical load for tests with torsional bracing 

placed on the compression flange, tension flange or 

split evenly between the compression and tension 

flanges (combined bracing). Figures 3.18 and 3.19 

show that the combined bracing produced a slightly 

higher critical load for beams with no stiffener; 

however, the beam with a 4Xl/4 in. stiffener and a 
brace stiffness of 175 k-in/radian also showed an 

increase in critical load. Based on these tests, the brace 

location did not significantly affect the critical load 

regardless of the cross-section stiffness of the test beam. 

3.6.5 Forced Imperfections. In the experi

ments, two types of imperfections were tested; natural 
imperfections and forced imperfections. Since a natural 
imperfection requires equilibrium of internal stresses 

and forced imprefection requires equilibrium with an 

applied external reaction, there is no theoretical basis 
for assuming that both types of imperfection would 

have the same impact on the effective brace stiffness. 
Based on Figure 3.20, a forced imperfection has an 
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Figure 3.18 Effect of brace location. 

effect similar to a natural imperfection. Since lateral-torsional buckling involves both a twist and a lateral 
displacement, the magnitude of the initial twist may also have an effect on the brace stiffness. 

3.7 Summary of Twin-Beam Tests 

The BASP program and bracing Eqs. 2.1 and 2.10 showed good correlation with the test results. The tests 

verified that cross section distortion is very important for torsional bracing. The W12X14 test beams could not reach 
the load level corresponding to buckling between braces unless web stiffeners in contact with the braced flange were 
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used. Torsional bracing at the bottom tension flange 

was just as effective as bracing on the compression. 
Lateral bracing at the top flange of simply supported 

beams was very effective and was not affected by cross 

section distortion (stiffeners are not necessary). 

The Meek technique for obtaining experimen

tal buckling loads worked very well for lateral bracing, 

but was not useful for torsional bracing because of the 
effect of local cross section distortion. In the torsional 

bracing experiments, the results were sensitive to the 

slight lateral restraint provided by the test fixture, 

especially for very straight beams. Combined lateral 
and torsional bracing is very effective in controlling 
lateral buckling of slender beams. 

The initial sweep of the beam did not affect 
the buckling load of laterally braced beams, but did 
influence the results in the torsional buckling experi

ments. The experimental buckling were all larger than 

the BASP prediction regardless of the level of initial 

imperfection, so the apparent out-of-straightness effect 
was related to lateral fixture restraint. 
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4.1 Experimental Program 

CHAPTER4 
FULL-SIZE BRIDGE TEST 

North 

Wood deck 

S6x12.5 

W12X30 

The experimental program involved the 

design, construction and testing of a full scale 24 
ft span multi-girder bridge with a wood deck, 

shown schematically in Figure 4.1. The bridge was 
load tested with a moving wheel load until failure 

as shown in Figure 4.2. The bridge was comprised 
of five S6xl2.5 steel stringers and a wood 

deck. The steel stringers, spaced at 3 ft, 
were bolted to W12x30 steel supporting 

beams at the two ends with two 3/8-in. dia. 
bolts at each end. The treated No. 2 
southern pine (wolmanized) wood deck was 
made of thirty-five 4x8 planks 16 ft long 

and was nailed to four 2x6 nailers. The 
middle two nailers also served as a guide 
for the loading cart. The deck rested on 
the beams directly and there was no 

positive connection between the deck and 
the beams. In order to test the worst 
possible case, the loading was through a 
standard tandem (two tires on each side of 
axle) truck axle and only one axle of the 
truck was on the bridge. Preliminary 
tests were conducted to study the lateral 
buckling behavior and plastic bending 
strength of an individual beam. Lateral 

Figure 4.1 Sketch of the Test Bridge. 

Figure 4.2 Bridge and Loading Cast. 

stiffness tests were conducted to evaluate the strength and stiffness of the deck and beams (Webb and 
Yura, 1991). The average measured static yield strength of the S6xl2.5 section was 42.1 ksi (flange= 41.8 ksi, web 
= 42.4 ksi) and measured cross-section properties were almost identical to the handbook values. All stringers were 
from the same heat of steel. 

4.1.1 Design and Construction of the Bridge. The sections and span were chosen so that there was a 
significant difference between the single mode (unbraced) buckling capacity and the yield capacity of the stringers. 

This way, the bracing effect of the deck if any, could be clearly demonstrated. The size of the beams was also 
limited by the magnitude of dead weight that could be safely used to load the bridge. A maximum load of 30,000 
lbs on the cart to produce an axle load of 22,000 lbs was practically feasible in the laboratory. The end supports, 
beam spacing and other details were based on conditions found on typical bridges in Texas. The size of the wood 

planks was controlled by the bending moment in the planks as the wheel loads are distributed to the five stringers. 
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Figure 4.3 and were nailed to each plank with two 3-in. 

long steel screw nails spaced at 5.5 in. The wood deck 

was connected to an external support at the south end, 

through connecting beams, to prevent it from moving 

off the steel beams longitudinally due to the braking 

action of the loading cart. The connection was designed 

to minimize any in-plane restraint to the steel stringers. 

At the north abutment, lateral movement was prevented 

by nailing wood boards between the beams. Additional 

details are given elsewhere (V egnesa and Yura, 1991 ). 

4.1.2 Loading System and Instrumentation. 
A steel cart loaded with concrete blocks was used to 

NAILER #1 

#2 

* 

#3 

#4 

#1 -50.5. 
#2-61.5" 
#3-62.25" 
#4-44.0" 

Figure 4.3 Bridge Deck Details. 

** #1-62.5" 
lf2. 51.5. 
#3-50.75" 
#4-69.5. 

load the bridge. The cart was fitted with a truck axle (tandem) on one end and rested on castors at the other. The 

center to center distance between the tires was 6 ft. The cart was positioned along the bridge centerline so the center 

of each set of tires was directly over steel stringers #2 and #4. The exterior stringers were #I and #5 and the 

centerline stringer was #3. This load location was chosen to prevent the wood deck from controlling the failure of 

the bridge. Only the axle load was applied to the bridge, the castors remained on an elevated slab adjacent to the 

test bridge. A forklift was used to push the cart on and off the bridge. At each load stage the wheel load on each 

side of the axle was weighed . The cart was used as a loading system instead of a hydraulic ram since it closely 

simulated a real vehicle in terms of tire contact area and load distribution. The slow movement of the cart required 

by laboratory testing did not represent vibrations associated with actual truck loading. Vibrations may affect the 

frictional restraint provided by the deck. To overcome this deficiency, a concrete vibrator was attached to the deck. 

The bridge was instrumented extensively with 

displacement transducers, twist gauges, and strain gauges 

(Vegnesa and Yura, 1991). The instrumentation was used 

to determine the load that each stringer supported as the 

truck moved over the bridge. A 400-in. stroke displacement 

transducer kept track of the position of the cart on the 

bridge. Lateral displacements of each stringer and the deck 

were monitored. At each stage of loading, the axle load of 

the cart was measured using two 20000 lb weighing scales 

which were accurate to I 00 lbs.. The central 8 ft portion of 

each beam was whitewashed as an aid to detect yielding. 

4.1.3 Preliminary Tests. Various preliminary 

tests gave information on the components of the bridge 

system as shown schematically in Figure 4.4. To get an 

estimate of the single mode lateral torsional buckling 

capacity of the bridge, twin S6x 12.5 beams on a 24 ft span 

were tested with a concentrated load on the top flange at 

midspan. The twin beam test setup is described in Chapter 

3. The load was applied through knife edges. The buckling 

Loading through 
knife edges 

T •• .,. ~ , 
effects · 1 ~ood p1ece 

3.6 kip/beam 

Plastic 
capacity 

5.0 kip/beam 

Loading through 
wood piece 

Loading through 
knife edges 

Figure 4.4 Preliminary Tests 
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capacity was I. 7 kips. A second test, with the midspan load applied through a steel tube directly supported by wood 
pieces on the top flange of the beams with no positive attachment, studied the "tipping effect" and is similar to the 

load transfer from the deck to the bridge beams. The capacity was found to be 3.6 kips. However, the wood pieces 
were in full contact with the top flange, which was not true in the case of the test bridge. Placing a single plank 

at midspan with no positive attachment increased the buckling load from 1.7 kips to 3.6 kips. In both cases, the 

buckled shape was a single mode shape, so the plank did not act as an ideal brace. If the beam was fully braced at 

midspan, the expected capacity would be 4.3 kips the measured yield capacity of the stringer. The measured plastic 

capacity of a single stringer was 5.0 kips. 

4.2 Test Results 

4.2.1 Test Procedure. The bridge was loaded with a cart filled with increasing weights of concrete blocks 

in 0.6 - 1.4 kip increments until failure. Failure was defined as significant lateral movement of beams and deck or 
yielding of beams. At the beginning of every run, the cart was positioned so that the tires rested on the weighing 

scales. The cart was then slowly pushed on to the bridge until the wheels reached midspan and then the cart was 

pulled off the bridge. Readings were taken every few seconds. The cart was stopped at the quarter point and midspan 

so that the bridge could be examined, photographs taken, and static data recorded. There were three runs at each 

load increment The first and third runs were done without the vibrator, while the second run was done with the 

vibrator. 

There was no significant difference in the gauge readings for the three runs except in the fmal load stage 

then the bridge failed. Hence, only the data from the third run at each load level was used for the analysis. For the 

last load level, only two runs were completed before the bridge failed and both were used for data analysis. The 

load carried by each beam in the bridge system was calculated from two sources, the strain gauge data and the 

vertical gauge data and they were within 4% of each other. From data recorded when the deck was placed, the strain 

gauge data gave the closest correlation to the measured weight of the planks, so the beam loads given in the 

subsequent sections are based on the strain gauge data . 

4.2.2 General Behavior. The axle load 
- midspan vertical deflection response of three of 
the stringers is given in Figure 4.5. Only three 20,-------,-------,-----,----

stringers are shown for clarity. The interior 
stringers deflected more than the exterior stringers 

because of the load location. The response was 
elastic until an axle load of 12.8 kips was reached. 

At this point stringer #3 laterally buckled about 
one inch but the overall inplane behavior of the 

bridge was not significantly affected. When the 

load was removed from the bridge, stringer #3 

returned to an almost straight position. The 

behavior remained linearly elastic up to 14.1 kips. 

At the next load level of 15.4 kips, buckling 

started in stringers #2, #4 and #5 and the inplane 

#3 Buckled 

~ 10~----+~~~~~----~---~ 

~ 5~--~~-------4- r;;;::'r ~=:;;;:r~~r· 
#3 #4 #5 

OF----~----~----~---~ 
0 1 2 3 4 

STRINGER VERTICAL DEFLECTION (in. ) 

Figure 4.5 Midspan vertical deflection of the stringers 
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stiffness began to deteriorate. The bridge failed at 
16.0 kips when the deck along with all five 
stringers deflected laterally more than two inches 
at midspan when the axle reached midspan during 
the second load pass with the bridge vibrator 
active. The stringers hit the safety stops which 
prevented complete failure. Upon unloading, the 
deck returned to its original position and all the 

stringers were permanently deformed. 

The midspan lateral deflection of three 
stringers is given in Figure 4.6 which shows that 
stringer #3 started to buckle first. The lateral 
movement of stringers #I and #2 at loads below 15 
kips is not lateral buckling but merely deformation 
consistent with the deformed shape of the plank 

under the live load at midspan. Stringers # 1 and #2 
are pushed towards the east while #4 and #5 (not 
shown in Figure 4.6) are pushed towards the west. 
This also explains to some extent the fact that 
stringer #5 buckled earlier than #1 since# 5 was 
bent in the direction of overall system lateral 
buckling whereas #I was bent in the opposite 
direction. 

Figure 4. 7 shows the lateral 
displacement curve for the deck and stringer #2 for 
comparison. The deck did not show any lateral 
displacement until a load of 16.0 kips when it 
moved laterally instantaneously. The deck and 
stringer #2 moved laterally almost the same 
amount which indicates that friction was sufficient 
to transmit the lateral brace forces. When the 
bridge was unloaded, the deck exhibited elastic 
behavior and returned to its original straight 
position. Table 4.1 summarizes the behavior 

during the test. 

When the truck was on the bridge, only 
the single plank supporting the tires was in contact 
with the steel stringers as shown in Figure 4.8. 
The other wood planks were supported only by the 
exterior stringers which deflected less than the 
more highly loaded interior stringers. Stringer #3 
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Figure 4.6 Stringer Lateral Displacement at Midspan. 

20.--~---,---,-----,-----,----, 

Strin~er# 2 

~---~-----+~·=·-·: .. ~====:t~~~-~j~ ~ 151- ....... . 
~ ..... 1 

~_..; 
c { 
~ 10r------t-----+-----+-----r---~+;-----t 
...1 ~ Dec~;/ 
~ w--w 
~ 5 ---+ T'~I =:::;;:I::::::::;;I;;:::::::;;;:I ~I 'w 

Er #2 #3 

OL---~----~----~----~----~--~ 
-5 

Figure 4.7 

4 ~ ~ ~ 0 

MIDSPAN LATERAL DEFLECTION (in.) 

Deck Lateral Displacement at Midspan 

Figure 4.8 Buckled Position - Stringer #3 

1 

1 



41 

Table 4.1 Observed Behavior During Test 

Load Level 
Axle Load 

Observed Behavior During Test 
(kips) 

1 3.5 Vertical displacement of the beams increased linearly with load. No lateral 
movement was observed on the beams or the deck. 

2 4.3 -Do- Nailers started lifting off the deck 

3 5.0 -Do-

4 5.7 -Do-

5 6.5 -Do-

6 7.3 Beam #3 shows some lateral movement 

7 8.0 -Do-

8 8.6 -Do-

9 9.4 -Do-

10 10.6 -Do-

ll 11.5 -Do-

12 12.8 Beam #3 buclded 

13 14.1 -Do-

14 15.4 Beams #2, #4, and #5 start buclding. Yield Jines were observed in the midspan 
region on the top right and bottom left flanges of beams #2, #3, #4 and #5. 

15 16.0 Beam #1, #2, #3, #4, #5 experience lateral torsional buclding. Beams #2-5 
touched safety supports below. Deck showed 2 in. lateral movement at midspan. 

16 After the Test Deck came back to initial straight position. The five beams showed a residual 
lateral displacement of 0, 1.44, 3.25, 1.25, 1.5 inches, respectively, at top flange 
midspan. Yield lines were observed in the midspan region of all the beam. 

started to buckle when the load was only 4 ft from the end support (the unbraced length was 20 ft) as shown in 
Figure 4.9. As the load moved towards midspan the lateral displacements increased and the deck held the beams 

in the new deflected position. From visual observation, the plank directly below the truck axle was not in full contact 

with the top flange of the beams as they buckled. The plank was bearing on the flange tip which provided a restoring 
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MIDSPAN LATERAL DEFLECTION (in.) 
Figure 4.9 Cart position of start of buckling. 

2 

torque to the beams. 

43 Load Distribution 

The weight of the deck was determined by 
measuring the strains before and after the deck was 

constructed. The distribution of the deck load is 

shown in Figure 4.10. 

From visual observation it was noted that, 

as the wheel load moved on to the bridge, the 

three central beams picked up more truck load than 
the exterior beams and hence they deflected more 
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than the exterior beams thereby causing the deck 
itself to rest on the exterior beams. This caused the 
entire deck load to be transferred to beam #1 and 
beam #5, the exterior beams, except for the particular 

plank supporting the axle load. The planks did not 
touch the three interior beams at all, except for the 
one which was loaded. This plank was in contact 
with all five beams. Figure 4.10 shows the 

distribution of the deck load among the five beams 
before (deck load only) and after the cart comes on to 
the bridge (with live load). Initially, before the cart 

came on to the bridge, the two exterior and the center 

stringers picked up most of the deck load. After the 
cart came on to the bridge, the deck load was carried 
mainly by the exterior stringers. 

The transverse distribution of wheel loads 
among the stringers of a bridge is a function of the 

deck stiffness, beam stiffness, stringer spacing etc. 
The wheel load distribution controls the member size 

and consequently the strength and serviceability. 

Empirical wheel load distribution factors for stringers 
and longitudinal beams are given in Table 3.23.1 of 
AASHTO (AASHTO, 1990). For a timber deck, 

made of 4x8 planks, resting on steel stringers, the 
fraction of total wheel load a beam has to be 

designed for is S/4.5, where Sis the stringer spacing. 
For the test bridge, which has five stringers at a 
spacing of 3 feet, the distribution factor is 0.67, i.e., 
each stringer has to be designed for a load of 0.67 
times the total wheel load or 0.33 times the axle load. 

Based on the principle of virtual work, the 
distribution of the wheel loads among the five beams 
was determined. The analysis indicated that 75% of 
the axle load is supported equally by the three interior 

stringers, while 25% is carried by the two exterior 
stringers. 

The measured total load {live plus deck load) 

distribution and the live load distribution in each 
stringer for different load levels are shown in Figures 
4.11 and 4.12, respectively. The fraction of the total 
load or live load carried by each beam is plotted on 
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the y-axis. The central three beams pick up most 
of the live load. The deck load is redistributed to 
the outer beams as described earlier, so the total 
load distribution is nearly uniform among the five 

beams. The data are shown at three different load 
levels to check if the magnitude of the load affects 
the load distribution. The total load distribution 
and the live load distribution remained nearly 

constant at loads less than 8 kips. At the ultimate 
load of 16 kips, stringer #3 shed load to the other 
beams as it lost in-plane stiffuess due to its earlier 
lateral buckling. The AASHTO load distribution 

is conservative compared to the experimental 
values. 

g soo+----....,._-r--~---r-

4.4 Lateral Deck Stiffness Test Result 

The lateral stiffuess of the deck was 
measured before any truck loading and after failure 

of the bridge. As shown in Figure 4.13 the deck 
stiffuess after failure was slightly less than the 
original stiffness because a significant number of 
nails attaching the nailers to the planks worked out 

of the wood during the many loading cycles as 
shown in Figure 4.14. The representative deck 
stiffness is 1260 lb/in which is 4.6 times the 
stiffuess of the nailers alone as shown in Figure 

4.13. This indicates that the two nail connection 

~ 

to each plank adds significant stiffness to the system. 

4.5 Capacity of the Test Bridge 

200 

Q5 1~ 1S 

Lateral Deflection (in.) 
Figure 4.13 Measured deck stiffness 

Figure 4.14 Deck damage by truck loading. 
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2.0 

The measured axle load at failure was 16.0 kips. The uniformly distributed dead weight of the deck and 
steel beams was equivalent to a concentrated load at midspan of 2.0 kips. Therefore, the ultimate capacity is 18.0 
kips. From the test, it is clear that the bridge beams were braced. The lateral stiffuess of the deck was established 
at 1.26/5 = 0.252 k/in. per beam from the deck stiffness tests, If the lateral deck stiffness is assumed as a lateral 
brace at midspan, the bridge capacity is 5x3.3 = 16.5 kips from Figure 4.15. In this case, the deck stiffness is about 
114 of the ideal stiffness. Assuming that the deck provided torsional restraint through "tipping effects" gives a bridge 

capacity of 18 kips ( 5 times the capacity established from the tipping effects test on a single stringer in the 
preliminary tests). Assuming that the deck provided torsional restraint of 6EI/S at midspan gave a single beam 
capacity of 4.3 kips. The yield capacity of the bridge is 21.5 kips. These results are presented in Figure 4.16. 
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Figure 4.16 shows that asswning the deck 
as a lateral brace at midspan gives a capacity within 
10% of what was observed during the test. Some 

relative movement between the deck and the 
stringers did occur but it is not clear that this 
movement can be classified as slip. The midspan 
lateral movement of the interior stringers occurred 

before the midspan plank made contact with the 

steel stringers. It is unconservative to asswne that 
the deck can provide a torsional sti:ffuess of 6EIIS 
because the planks were only bearing on the flange 
tips. The maximwn bridge load compares closely to 
the tipping effect load determined by the 
preliminary tests in which the tipping effects raised 
the beam capacity by a factor of 2. The same 
increase was noted from the bridge test. The 
relative contributions of lateral bracing and tipping 

effects cannot be established from the experiment. 
It was clear that the deck provided restraint 
(combination of lateral and torsional restraint) and 

increased the bridge capacity from 8.5 kips 
(asswning no bracing from deck) to 18.0 kips 
which is within 15% of the yield capacity of21.5 
kips. The test bridge was designed to have a deck 
of minimwn lateral sti:ffuess so as to test the worst 
case. In reality, bridges have decks of reasonable 
lateral stiffuess and usually provide enough bracing 
to cause the stringers to fail by yielding. The 
bracing design equations can be used to calculate 
the braced capacity of the bridge. This requires a 
quantification of the amount of bracing as 
discussed in Chapter 5. 

4.6 Summary 
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The ultimate load carried by the bridge indicated that the beams were partially braced by the deck. The 
bracing was mainly due to the lateral restraint provided by the friction mobilized at the deck beam interface and 
torsional restraint due to tipping effects. It was observed from the test that the deck was in full contact with the beam 
only at the location of the wheel load. Hence, there can be restraint only at the wheel location. As the beams tried 

to buckle there was contact between the top flange of the beams and deck only at the flange tips. Hence, the torsional 
restraint of 6EIIS cannot be asswned though there is help from tipping effects. At the midspan, the interior beams 
move relative to the decks but this lateral movement occurred before the load reached midspan. 
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The design equations can be used to calculate the improved capacity of the beams due to the effects of 
bracing. This requires the quantification of a brace stiffuess. Based on the lateral stiffuess tests of the deck, A 
conservative estimate of the lateral stiffness of a wood deck can be obtained by considering only the bending 
stiffness of the nailers. 

The load distribution factors given by the AASHTO Bridge specifications are conservative; more realistic 
factors would result in better utilization of bridges. For example, when assessing lateral buckling, all five girders 
must buckle before collapse. So, the load rating controlled by lateral buckling could be calculated using the five 

girders rather than the 3.3 girders as per the AASHTO load distribution factors. The bracing provided by the bridge 
deck is a significant contribution to the overall capacity of the bridge. The bridge test showed that the capacity was 

twice the unbraced capacity. In order to evaluate the bracing effect, the lateral and torsional restraint provided by 
the deck must be assessed based on the deck to beam connection details. 





CHAPTERS 
BRACE DESIGN AND BRIDGE DECK EVALUATION 

5.1 Design Requirements for Lateral Braces 

In the previous chapters it vyas shown theoretically and experimentally that the bracing equations, Eq. 2.1 

and 2.1 0, could be used to predict the buckling strength of beams with discrete or continuous bracing. These two 

equations rely on the stiffness of the lateral or torsional braces, respectively. Winter (1960) showed that effective 

braces require not only adequate stiffness, but also sufficient strength. The strength requirements are related to the 

initial out-of-straightness of the member to be braced. Winter's approach will be illustrated for column bracing 

because the derivation of strength requirements is relatively simple for this case. 

5.1.1 Brace Strength. In the column braced at midspan, shown in Figure 5.1, the ideal brace stiffness 

corresponding to buckling between the brace points is Pi = 2P e 14 as given in Table 2.1. This stiffness requirement 

is applicable to columns which are straight. For a column with an initial out-of-straightness, ~0, and a brace stiffness, 

pL, there will be an additional deflection ~ as load P is 

applied which can be determined by taking moments p 
about point n 

Substituting the total column deflection ~ = ~o + ~ 
into Eq. (5.1) gives 

~T = 
~0 

= 
~0 

1-~ 
(5.2) 

j3LLb per 

If ~o = 0 and P == Pe, Eq. (5.1) gives PL =Pi the ideal 
stiffness. If 13L = Pi == 2P e I 4 and ~0 is not zero, the 

p 

Figure 5.1 Imperfect column. 

heavy solid line in Figure 5.2(a) shows the relationship between ~T and P given by Eq. (5.2). For P == 0, ~ == ~0 • 

When P increases and approaches the buckling load, 1t
2EI/42, the total deflection ~T becomes very large. For 

example, when the applied load is within 5% of the buckling load, ~ == 20~0• If a brace stiffness twice the value 

of the ideal stiffness is used, Eq. (5.2) gives much smaller defections, as shown in Figure 5.2(a). When the load just 

reaches the buckling load, the ~T 2~0 For 13L 3j3i and P = Pe, ~ 1.5~0 • 

From Figure 5.1 and Eq. (5.1) the force in the brace, Fbv is 

(5.3) 

47 
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Figure 5.2 Braced column with out-of-straightness. 

Substituting Eq. (5.2) into Eq. 5.3 gives 

(5.4) 

which shows that the brace force is directly related to the magnitude of the initial imperfection. If a member is fairly 

straight, the brace forces will be smalL Conversely, members with large initial out-of-straightness will require larger 

braces. A plot ofEq. (5.4) for an initial imperfection Ll0 41500 is shown in Figure 5.2(b). If the brace stiffness 

is equal to the ideal stiffness, then the brace force gets very large as the buckling load is approached because .1..r gets 

very large, as shown in Figure 5.2(a). For example, at P 0.95Pe, Eq. (5.4) gives a brace force of 7.6% of Pe. 
Theoretically the brace force will be infmity when the buckling load is reached if the ideal brace stiffness is used. 

Thus. a brace system will not be satisfactory if the theoretical ideal required stiffness is provided because the brace 

forces get too large. If the brace stiffness is over designed, as represented by the llr. = 2~i and 3~i curves in Figure 

5.2(b), then the brace forces will be more reasonable. For a brace stiffness twice the ideal value and a Ll0 = 41500, 

Eq. (5.4) gives a brace force of only 0.8% Peat P Pe, not infmity as in the ideal brace stiffness case. For a brace 

stiffness ten times the ideal value, the brace force will reduce even further to 0.44%. The brace force cannot be less 

than that 0.004P corresponding toLl= 0 (an infmity stiff brace) in Eq. (5.3) for Ll0 = 4 I 500. For columns Yura 

(1971) showed that the brace force could conservatively be taken as 0.008 of the column load. This force is based 

on a brace stiffness at least twice the ideal value and an initial out-of-straightness of 4 I 500. 

The effect of initial out-of-straightness on bracing requirements for beams follows a similar trend. Figure 

5.3 shows the theoretical response of twin girder Test B9; 24-ft. span, W12X14 section midspan load at the top 

flange, lateral brace stiffness= 0.65 k/in. which is less than ideal, and top and bottom flange out-of-straightness 

0.16 in. and 0.13 in., respectively. The finite element computer program, ABAQUS, was used to develop the load

deflection response and P a= 5.18 kips at very large deflections. The BASP buckling program gave Per= 5.34 kips. 

These two P cr estimates are within three percent of each other. The experimental P cr. from a Meek plot of test data 
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gave Per 5.47 kips, as listed in Table 3.3. The 

experimental lateral deflections are much less than the 

/ BASP Theory- no initial deflection theoretical values. This is probably due to the fact that 

i 3 
.s 

2 

Brace Stiffness - 0.65 k I in. 
Initial Deflection = 0.16 in. 

o 0r·-----=~----,-----~----~----~ 0.5 1 1.5 2 2.5 
Lateral Deflection (in.) 

Figure 5.3 Beam with initial out-of-straightness. 

the experimental midspan lateral deflection is for two 

beams with some difference in out-of-straightness. The 

test result is an average of two beams. Even though 

the measured lateral displacements are one-third of the 

expected, the buckling loads are very similar. Equation 

5.2 developed for columns gives results very close to 

the ABAQUS solution when A
0 

is taken as the initial 

out-of straightness of the compression flange. 

Since the behavior of beams and columns with 

initial out-of-straightness is similar, the brace strength 

requirement for column, 0.008P, can be converted to 

beams by replacing P with Mlh, 

(5.5) 

where M is the maximum beam moment and his the distance between the centroids of the top and bottom flanges. 

Mlh is an equivalent compressive force acting at the compression flange. In Load Factor design M is based on 

factored loads, 1.3 dead + 2.2 live, and in Allowable Stress design, M is based on the service loads. Impact should 

also be considered in determining M. Nethercot ( 1989) has also verified that the brace force is less than 1% of the 

flange force when brace stiffness is at least twice the ideal stiffness. The brace force recommendation given by Eq. 

5.5 is based on an initial out-of-straightness of adjacent brace points of I.J500. For example, if lateral braces are 

spaced at 15 ft, the initial relative lateral displacement between adjacent brace points could be 3/8 in. 

5.1.2 Brace Stiffness. The lateral brace stiffness in Eq. (2.2) must be divided by two to limit the lateral 

deflection as the critical buckling load is reached as described above. Therefore, for design, the brace stiffness effect 

(5.6) 

should be used with Eq. (2.1). The general design recommendations for lateral bracing stiffness and strength are 

summarized in Appendix A. The buckling moment can be calculated for any magnitude of lateral bracing stiffness 

from Eq. (Al). In addition, Equation (Al) can be used to determine the brace stiffness required to force buckling 

between the braces (full or complete bracing) by setting Mer = M5 and solving for Ad. This will be illustrated later. 

In most practical situations, the bracing provided or available will be much greater than that required to 

force buckling between braces (full or complete bracing). In such situation, Eq. (Al) may be unduly burdensome 

to check for all problems. For discrete braces, Winter (1960) derived the ideal stiffness for full bracing. For beams 

under uniform moment the Winter brace lateral stiffness required to force buckling between the braces is 
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Pi = #Pr I 4 where Pr = n2 Elyc I L2
b, 4c is the out-of-plane moment of inertia of the compression flange, lyf2 for 

doubly symmetric cross sections, and# is a coefficient depending on the number of braces within the span, as given 

in Table 2.1. For other moment diagrams and top flange load, Winters ideal bracing stiffness can be modified as 

follows, 

(5.7) 

where ebb is the moment diagram modification factor given by Eq. 1.2 for braced beams, CL is the top flange factor 

defmed by Equation 2.3, and#= 4- (21n) or the coefficient in Table 2.1. The modifications were developed from 

the analytical studies presented in Chapter 2. For the twin girder test beams, laterally braced at midspan, # = 2, ebb 

= 1.75, CL = 1 + 1.2/1 = 2.2, 4 144 in. and Pr = n2 (29000)(23212)1(144i = 16.01 kips, Pt = 0.856 k/in. which 

is shown by the * in Figure 5.4. A linear response between zero bracing and ideal bracing is assumed and shown 

by the dashed line. Equation 5.7 compares very favorably with the test results and is a simpler alternative to the use 

of Eq. (2.1 ). For design Eq. (5.7) must be doubled for beams with initial out-of-straightness as given by PL • in Eq. 

(A6) in Appendix A. It is recommended that Eq. (A6) be checked first for full bracing. IfEq. (A6) is not satisfied, 

then Eq. (AI) can be used to get Mer. 

5.1.3 Relative Braces. In the previous sections discrete or continuous braces were considered that can 

be represented by springs attached to the braced beams. The solution assumes that all braces have the same stiffness. 

In addition, each brace laterally supports a single point along the span. For example, a wheel load can transmit the 

lateral bracing stiffness of a deck slab only at the wheel location. Another example is a girder temporarily braced 

during construction by several guy cables attached between the top flange and the ground, each attached at a different 

discrete location along the span. A more common top flange lateral bracing system that is not a discrete system is 
shown in Figure 5.5. In this case the lateral brace prevents the relative lateral movement of the two points a and 
b along the span of the girder. The system relies on the fact that if the girders buckle laterally, points a and b would 

move different amounts. Since the diagonal brace prevents points a and b from moving different amounts, laterally 
buckling cannot occur except between the brace points. 
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Figure 5.4 Revised Winter stiffness. Figure 5.5 Relative lateral bracing. 
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The strength and stiffuess requirements for 
relative bracing can be derived by referring to Figure 

5.6. The brace force Pil must resist the overturning 

moment P(Ll0 + .ll); P.14 = P(Ll0 + .ll). If Ll = 0, the 

ideal stiffuess is Pf4. Solving for the brace stiffuess, 

P [ il
0 l - I+_ 

Lb .ll 
(5.8) 

Choosing ~ = .ll as for the discrete braces, the required 

stiffuess is P1 = 2Pf4. The brace force is 

(5.9) 

Using ~/4 = 0.002 and twice the ideal stiffuess as presented previously for discrete braces, the brace force 

requirement becomes Fbr = 0.004 M/h, or one-half the value for discrete braces. The full bracing stiffuess 
requirement becomes 

(5.10) 

after making modifications for top flange loading and non·uniform flange force due to variation in moment along 

the span. The relative brace requirements for stiffuess and strength are also summarized in Appendix A. The use 
of the discrete and relative bracing formulations will be illustrated in the following two example problems. 

5.1.4 Example Problems. Two different lateral bracing systems are used to stabilize five composite steel 

plate girders during construction; a discrete system in Example 1 and relative bracing in Example 2. Each brace 
in Example I controls the lateral movement of one point along the span, whereas the diagonals in the top flange truss 
system shown in Example 2 controls the relative lateral displacement of two adjacent points. Relative systems 

require 1/2 the brace force and from 1/2 to 114 of the stiffuess for discrete systems. In both examples, a tension type 

structural system was used but the bracing formulas are also applicable to compression systems such as K·braces. 
In Example I the full bracing requirements for strength and stiffuess given by Equations (A6) and (A 7) in Appendix 
A are used because they are simple and conservative compared to the general solution given by Equation (AI). The 

results should be fairly accurate, however, since the required moment (121I k-ft) is close to the full bracing moment 

(1251 k-ft). 

In both examples, stiffuess controls the brace area, not the strength requirement. Note that in Example I 

that the stiffuess criterion required a brace area 3.7 times greater than the strength formula. Even if the brace was 

designed for 2% of the compression flange force (a commonly used bracing rule), the brace system would be 

inadequate. It is important to recognize that both stiffuess and strength must be adequate for a satisfactory bracing 
system. 
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LATERAL BRACING - DESIGN EXAMPLE 1 

Span = 80 ft. ; 10 in. concrete slab 

5 girders @ 8 ft spacing, A36 steel 

Design a lateral bracing system to stabilize the 
girders during the deck pour. Use the external 
tension system shown. The form supports 
transmit some load to the bottom flange so 
assume centroid loading. 

Use Load Factor Design for the construction 
condition - L.F. = 1.3 

Loads: Steel girder: A = 48.75 in.2 , wt = 165 lb/ft 

Cone. slab: 8' x ~ x 150 lb/ft
3 

= 1000 lb/ft 
12 

w = 1165 lb/ft = 1 .165 klft 

1 2 1 2 
M = 1f w L.: X L.F. = ""8""(1.165) (80) 1.3 = 1211 k-ft 

M = 36 (561)/12 = 1682 k-ft > 1211 k-ft 
y 

Try 4 lateral braces @ 16-ft spacing 
~1.0 

Check lateral buckling - center 16-ft is most critical (AASHTO 1 0-1 02c) 

s 32.o _I 12.9 ( so )2 
M = 91x10 (1.0) 16 x 12 ~ 0.772 "'3ZU + 9.87 

16
x

12 

= 15020000 lb-in = 1251 k-ft > 1211 k-ft 4 braces required 

Brace Design: Use the full bracing formula - discrete system
See Appendix A, Eq A6 & A7 

F! = 1t 
2 

(29000) (32.0) 
f (16x12) 2 = 248 kips; # = 4 - ~ = 3.5 ; ebb= 1.0 ; q_ = 1.0 

3.5 (248)(1.0)(1.0) . . . . 
I)L = 2 16 x 12 = 9.04 kim. for ea. g1rder = 45.2 kim. for 5 g1rders = F/ A. 

2 ~~ Ab (29000) A. F 
Brace stiffness = cos 8 T b = 2 = 45.2 klin. !;_~ 

({0 ) ~3: ~Ab 

I I 
~ CONTROLS 

~ = 2.61 Jn. ' 

Brace Strength: 
(A36 steel) 

Fb = 0.008 (5) (1211 X 12/49.0) = 11.86 k 
r '-.five girders 

Ab~ = 11.37/ cosa; Ab = 
11 ·~:-/0 = 0.74 in~ 



LATERAL BRACING - DESIGN EXAMPLE 2 

Same as Example 1 except the bracing system is a relative system -
a top flange horizontal truss. Each truss stabilizes 2 1/2 girders. 
The unbraced length of the girder flange is 16 ft which was checked 
in Example 1. 

Brace stiffness: 

• 2 pf ebb el 
f:\ L = 

Lb 

pf = 248 kips 

ebb = 1.0 

~ = 1.0 
2(248) 1.0 (1.0) 

= 16x 12 = 2.58 klin for ea. girder 

= 6.45 klin for 2 1/2 girders 

cos's ~ALE);( ~) fb (29000) 

(8x12~ 
= 6.45 klin; Ab = 0.239 in 

2 

Brace strength: 
(1211 X 12) 

Fbr = 0.004 (2 1/2) 49 = 2.97 kips 

2.97-{5 
Ab f}r = 2.97 -{5' ; A b = = 0.184 in

2 

36 

Stiffness controls the brace size; 9/1~ OK A = 0.248 in
2 
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The simpler modified Winter full bracing requirements (Eqs. A6, A 7) were used to design the braces in 
Example I because the buckling moment between brace points (1251 k-ft) was close to the maximum applied 
moment (1211 k-ft). Eq. (AI) could have also been used for the discrete braces in Example 1 as follows (see 
Appendix A for the equations): 

Set ~·d Mer 1211 X 12 14530 in-k 

(Eq. AS) Mo 91 X 1()3 ( 
32

·
0 

) 0.772 
12

·
9 

+ 9.87 (~ r 1763 in-k 
80(12) 32.0 12x80 

(Fig. AI) l3L 
PL X 4 - PL . p = 1t2 (29000) (32.0) = 9.94 k 
80(12) - 240 ' yc {80 X 12i 

(Eq. A3) Ad 80(12) 
.1713 L .;rr;_ = 125 

(1.0)9.94 PL 
8.10 Iff;. 

(Eq. AI) 14530 / [ ( 1763 )'}. + ( 9.94 X 49.0 )2 ( 8.1 .;rr;.)] ( 1 + 8.1 .;rr;.) 
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Crossframes 

I><l~:br 
Diaphragms 

~ 
r:hGI1 

Solving for PL gives 8.34 k/inJgirder and the required 

area reduces to 2.41 in. 2 The required brace area is 

less tban required for full bracing because the required 

moment of 1211 k-ft. is less than critical buckling 

moment between braces (1251 k-ft). If the critical 

moment for buckling between braces (1251 k-ft) was 

used in Eq. (Al) instead of the required moment (1211 

k-ft), then PL = 9.04 k/in., the same as given by Eq. 

(A6) for full bracing. 

-s-----;>1 

h~ 
6 E lb 

13--
b s 

Figure 5.7 Torsional bracing systems. 

5.2 Design Requirements for Torsional Braces 

In Chapter 2 the effect of the torsional brace 

stiffness on the lateral buckling strength of a single 

straight beam was given by Eq. (2.1 0}. Most torsional brace systems are diaphragms, decks, cross frames or floor 

beams spanning between adjacent girders at points along the span, as shown in Figure 5.7. There are two basic 

structural systems in this figure: bending members represented by diaphragms, decks or floor beams; and trusses 

for the cross frames. The two systems can be correlated by noting that Mbr = Fbr hb, where hb is the depth of the 

cross frame. The term "brace forces" used hereinafter refers to both Mbr and Fbr· 

5.2.1 Brace Strength. Equation (2.12) gives the relationship between continuous torsional brace stiffness 

and the buckling load for singly and doubly symmetric sections. That equation can be rearranged to give the ideal 

continuous brace stiffness 

(5.11) 

Equation (5.11) can be simplified by conservatively neglecting the ~u~ term which will be small compared to Mer 

at full bracing. Taking the maximum CT, which is 12 for top flange loading, the ideal continuous torsional stiffness 

becomes 2 
}rTi = 1.2Mc; (5.12) 

E IeffCbb 

where Mer is the maximum moment in the beam. The most common type of torsional bracing system is a cross 

frame or diaphragm between adjacent stringers or girders at a number of points, n, along the span. The ideal discrete 

stiffness, PTi, is 

(5.13) 
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For beams with an initial twist, e0 , it is assumed that the brace requirements are affected in a similar manner 

as that developed for lateral bracing of beams with initial out-of-straightness in Eq. (5.8). The required brace 

stiffuess, !>r, is 

(5.14) 

and the brace strength requirement for diaphragms is 

(5.15) 

As described in detail for lateral bracing, a brace stiffuess of at least twice the ideal stiffuess is recommended to 

control e and keep brace forces small. For ~T = 2 ~Ti> e =eo and assuming that eo= 1°(0.0175 radians) gives 

and 

2 
2.4 LMcr 

~T = 2 
nEieffcbb 

(5.16) 

(5.17) 

for strength and stiffuess, respectively. For a 14-in. deep section, the 1° assumed initial twist corresponds to a 0.25-

in. relative displacement between the top and bottom flanges. 

The brace force given by Eq. (5.16) is based on a brace stiffness twice the ideal value. In most situations, 

the torsional strength requirement controls the size of the brace so the actual stiffuess will be much greater than 

required. In such cases, the brace force from Eq. (5.16) can be modified by the factor, 

.5 
(5.18) 

which takes the same form as that developed by Winter (1960) for columns. For ~actual twice the ideal values, the 

factor is 1.0. For 13actual = IO!>ri, the factor becomes 0.55. For large ~actual' the brace force is reduced to one-half 
the value given by Eq. (5.16). For simple design applications, the conservative Eq. (5.16) is recommended. 

The torsional brace requirements Eq. (5.16) through (5.18) were checked using the computer program, 

ANSYS. Two Wl6x26 sections with a 20-ft span were connected by a cross frame at midspan. A concentrated load 

at midspan was applied to each beam. The beams were spaced 42 in. apart. An initial twist of 1° was specified at 
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50 

p 40 

(kips) 
30 

20 

2 3 4 5 6 7 8 

Fbr (kips) 

Figure 5.8 Brace forces from ANSYS. 

9 

midspan. The imperfection along the length of the 
beam followed an S-shape pattern (Helwig 1993). A 
tension system for the cross frame was assumed; only 
one of the diagonals was assumed to be effective. 

The analysis was performed for two different 
brace areas; 0.10 in.2, which is less than the minimum 

recommended value of0.19 in.2 as derived in Appendix 

B, and 1.0 in.2, about fourteen times the ideal value. 
The results shown in Figure 5.8 indicate that the brace 
force is reduced if the brace area (stiffness) is 
increased. For example, at P = 42 kips the brace force 

is 5.66 kips for Abr = 0.10 in.2 and 2.97 kips for Abr = 
1.0 in.2. At Abr = 0.10 the maximum brace force from 
the ANSYS analysis was 5.66 kips when one girder 

bucked between brace points at P = 42 kips. For Abr 
= 1.0 in.2, P increased to 44 kips when one girder 
buckled between brace points. In this case the 

maximum diaphragm brace force was 3.99 kips, a 30% 

reduction from the Abr = 0.1 in.2 solution. 

The ANSYS results also showed that maximum buckling load of the twin stringer system was different for 
the two cases in Figure 5.8 even though buckling occurred between the braces in both instances which should 
correspond to a buckling load of 47.2 kips as shown in Appendix B. The results for Abr 0.1 in.2 and 1.0 in.2 are 
P cr 42 kips and 44 kips, respectively. The difference is caused by the torsional brace forces. When lateral 
buckling occurs, the forces or moments in the bracing system cause a vertical force couple 2Mb/S, as shown in 
Figure 5.9, which increases the load on one beam and decreases the load on the adjacent girder. Thus, in calculating 

l>¢<M® 
i S S S ! 4Mbr 

"' 3S 

i i 

~Truck 

Figure 5.9 Beam load from braces. 

the load on the beam, the torsional brace forces should 
be considered. For the Abr = 0.10 in.2 case in Figure 
5.8 the brace force per beam of 5.66 kips causes a 
vertical beam force of2(5.66)(15.34)/(42) = 4.13 kips. 
Since Per= 47.2 kips, the factored beam load which 

can be supported by the W16x26 beams is 47.2-4.1 = 
43.1 kips, a ten percent reduction (The stiffer brace 
system had smaller brace forces so the applied force 

was larger at buckling when Abr = 1.0 in.2). The 

vertical force from the bracing system can be reduced 
by bracing each panel in a multi-girder system (a), 
shown in Figure 5.9. In this case the vertical force will 
be 2/3 that in system (b). In addition, the extra force 

in system (a) is applied to the exterior stringers which 
are usually more lightly loaded. 
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The brace force given by Eq. (5.16) is 5.9 kips which assumes that the brace stiffness is twice the ideal 
value. As shown in the detail hand calculations given in Appendix B, the modified brace forces from Eq. (5.18) 

which accounts for the actual stiffness for the two cases of Abr = 0.1 and 1.0 in.2 gives Fbr 8.40 kips and 3.63 kips, 

respectively. These two values are shown in Figure 5.8 by the asterisks, and it appears that Eq. (5.18) gives very 

conservative results for the Abr = 0.1 in.2 case, 8.40 kips versus 5.66 kips from ANSYS. Helwig (1993) showed that 

this conservative result is due to the choice of an S-shaped initial-out-of-straightness for the ANSYS analysis. If 

the initial imperfection pattern is a sine curve, Eq. (5.18) and ANSYS compare very favorably. 

5.2.2 Brace Stiffness. The minimum recommended torsional brace stiffness is twice the ideal stiffness; 
so for design Eq. (2.12) becomes 

(5.19) 

For double symmetric sections Ieff Iy. For any moment requirement, Mer, Equation (5.19) can be solved for the 

required brace stiffness pT. This expression can be conservatively simplified as illustrated in the previous section 

by using Equation (5.17) which assumes CT = 1.2 (top flange loading) and neglectes the M0 term in Equation (5.19). 
The actual brace stiffness must be compared to the required values from either Eq. (5.19), which is the most exact 

formulation, or Eq. (5.17) which is a conservative approximation. For some common cross frame arrangements, 

formulas for brace stiffness, 13b , are provided in Figure 5.1 0. In the tension system, diagonals are not designed to 

support compressive forces so only one diagonal is assumed effective. In the tension system, horizontal members 

must be provided which support the compressive forces shown. If the diagonals are designed to support compression, 

then horizontal members are not required. In the K brace system, a top horizontal is required. For the load system 

shown with equal lateral force on the two beams, there is zero force in the top horizontal; but if there is any 

different in the forces, the top horizontal will have a force in it. For torsional bracing systems relying on bending 

members, the stiffness is defmed in Figure 5.7. 

In crossframes and diaphragms, the torsional bracing forces are resisted by in-plane forces on the main 

girders as illustrated in Figure 5.9. The vertical girder deflections associated with the bracing forces cause a rotation 
of the cross frame or diaphragm which reduces the effective stiffness of the cross frame. Helwig (1993) has shown 

that for twin girders the strong axis stiffness 13g is 

(5.20) 
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K BRACE 

Aj, = area of horizontal members 
Ac = area of diagonal members 
E = modulus of elasticity 

.6. + .6. h 
9= ; M = F hb 

hb 

lib= M /9 

Tension System -
horizontals are required 

Tension- Compression System 
horizontals not required 

K Brace System -
diagonals designed for 
tension and compression 

L
0 

= length of diagonal members 
S = spacing of girders 
hb = height of the cross frame 

Figure 5.1 0 Stiffhess formulas for cross frames. 

where 1x is the strong axis moment of inertia of one girder. As the number of girders increase, the effect of girder 
stiffhess will be less significant. In mult-girder systems, the factor 12 in Eq. 5.20 can be changed to 24 (#- Iii# 
where# is the number of girders. For example, in a six-girder system, the factor becomes 100 or more than eight 

times the twin girders value of 12. 

As discussed in Chapter 2, cross section web distortion must be considered when evaluating the stiffhess 

Figure 5.11 Partially stiffened webs. 

oftorsional brace systems. The recommendations 

for stiffeners, including distortion effects, are 

summarized in Appendix A. In general, stiffeners 

or connection details, such as clip angles, can be 

used to control distortion. For decks and through 

girders, the stiffener must be attached to the flange 

that is braced. Diaphragms are usually W shapes 

or channel sections connected to the web of the 

stringer or girders through clip angles, shear tabs 

or stiffeners. When full depth stiffeners or 
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connection details are used to control distortion, then the stiffener size can be detennined from Eq. (A9). For partial 
depth stiffening illustrated in Figure 5.11, the stiffness of the various sections of the web can be evaluated separately, 
then combined as follows: 

3 3 
~. = 3.3E ( ~ ~2 ( 1.5 hi tw + t 5 b5 ) 

1 h. h I 12 12 
1 i 

1 

~T 

I I I 1 1 _+_+_+_+_ 

~c ~s ~~ ~b ~g 

(5.21) 

(5.22) 

Even further refmement could be made by considering the portion of the web within hb to be infmitely stiff. For 

rolled sections, ifthe connection extends over at least one-half the beam depth, then cross section distortion will not 

be important as demonstrated in Figure 2.18 and ~b :::::: ~T· The location of the diaphragm or cross frame is not very 
important; it does not have to be located close to the compression flange. The depth of the diaphragm, hs, can be 

less than one-half the girder depth as long as it provides the necessary stiffness to reach the required moment by 

Eqs. (5.19) or (5.20). For cross frames, ~s• should be taken as infmity; only~ and he will affect distortion. The 
distortion effect will be considered in the design examples. 

5.2.3 Example Problem. In Example 3, a diaphragm torsional bracing system is designed to stabilize 

the five steel girders during construction as described in Examples I and 2 for lateral bracing. The strength criterion, 

Eq. All, is initially assumed to control the size of the diaphragm. A CIO x 15.3 is sufficient to brace the girders. 

Both yielding and buckling of the diaphragm are checked. The stiffuess of the CIO x 15.3 section, 195,500 in

k/radian, is much greater than required but the connection to the web of the girder and the in-plane girder flexibility 

also affect the stiffuess. In this example, the in-plane girder stiffness is very large and its affect on the brace system 

stiffuess is only 2%. In most practical designs, except for twin girders, this effect can be ignored. If a full depth 

connection stiffener is used, a 3/8 x 3-1/2 in. section is required. The weld design, which is not shown, between 
the channel and the stiffener must transmit the bracing moment of293 in-k. If the more exact Eq. (5.19) would have 

been used, the ~T required would reduce to 14,300, a22% reduction. The difference between the simple Eq. (A lOa) 
and Eq. (5.19) is caused mainly by the top flange factor of 1.2 used in Eq. (AIOa). 

The 40-in. deep cross frame design in Example 4 required a brace force of 7.13 kips from Eq. (A1 I). The 

factored girder moment of 1211 k-ft. gives an approximate compression force in the girder of 1211 x 12/49 = 296 
kips. Thus, the brace force is 2.5% of the equivalent girder force. Thus, common rule-of-thumb brace forces of 

2% of the girder force would be unconservative in this case. The framing details provide sufficient stiffuess. The 

3-in. unstiffened web at the top and bottom flanges was small enough to keep !3sec well above the required value. 

For illustration purposes, a 30-in. deep cross frame attached near the compression flange is also considered. 

In this case, the cross frame itself provides a large stiffuess, but the 14-in. unstiffened web is too flexible. Cross

section distortion reduces the system stiffness to 16,900 in.-klradian, which is less than the required value. If this 
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TORSIONAL BRACING - DESIGN EXAMPLE 3 

h = 49.0, h = 30.85, ht= 18.15 in 
c 4 

Same as Example 1 except use the diaphragm 
system shown. In Ex. 1, four lateral braces were 
required which gave Mr = 1251 k-ft, just 3% 
greater than the required mom. Since torsional 
braces will impose some additional vertical forces 
on the girders as shown in Fig. 5.9, probably five 
braces should be used. However, for comparison 
with Examples 1 & 2, a four-brace system will be lx = 17500 , lye= 32.0 , lyt = 352 in 
designed. Mreq'd = 1211 k-ft (see Ex. 1) 

18.15 2 . 4 
Eq. 2.11: leff= 32 + 

30
_
85 

35 =239m 

Eq. (A11) ~r = 
2 

0.04 (80 X 12) (1211 X 12) = 293 in-k 
4 (29000) 239 (1.of 

A36 Steel: 
Req'd Sx = 293/36 = 8.14 in

3 

Try C10 X 15.39 -
1 = 67.4 in4

, S = 13.5 in3
• 

X X 
t, = 0.436 in , b = 2.60 in , J = 0.21 in4 

Check lateral buckling of the diaphragm 
3 

1 = (2.60) ( 0.436) /12 = 0.639 in 
yc 

6 
Mr = 91x10 (2.3) 0.639 

96 
.772 (0.21) + (..!WL)2 

0.639 96 

= 837000 lb-in = 837 in-k > MY = 13.5(36) = 486 > 293 in-k • OK 
2 

Check stiffness: Eq. (A10a); ~ . = 2-4{80 x 12)(121 1 x 12> = 17550 in-k/radian 

Girder: Eq. (5.20) 

T req d 4{29000) 239 {1 . 0) 2 

The stiffness of the diaphragms on the exterior girders is 6EI br /S. 
Since there are diaphragms on both sides of each interior girder, the 
stiffness is 2 x 6EI br /S. The average stiffness available to each girder 
is (2x6 + 3x 12)/5 = 9.6 Elbr/S. 

pb = 9.6 (29000) 67.4/96 = 195500 in-k/radian 
2 

p = 24 (5-1) 29000 (96) 17500 = 406000 in-k/radian 
9 5 (80x12) 3 

Distortion : From Fig 5.11 and Eq. (5.21) determine the required stiffener size , t = 3/8 in 

Rs= 3.3(29000)( 49 \
2
(1.5x19.5x.5

3 
+ .375b~) (1) 

... 19.5 19.5} 12 12 

From Eq. (A9) 17~50 = 195~00 + 4061oo + P: ; Ps = 40500 in-k/radian (2) 

Equating (1) and (2) gives b
5
= 3.17 in. - Use 3/8 x 3-1/2 stiffener 



TORSIONAL BRACING - DESIGN EXAMPLE 4 

Same as Example 3, but use cross frames. Make all 
member sizes the same. A K-frame system will be 
considered using double angle members welded to 
connection gusset plates. Member lengths are shown in 
inches. Use four crossframes. See Examples 1 and 3 for 
section properties. Use A36 steel. 

Assume brace strength criterion controls - Eq. (A 11) 

0.04 (80 X 12) (1211 X 12)
2 

~ (40) = = 293 in-k 
br 4 (29000) 239 (1.0f 

; Fbr = 7.31 kips 

2Fbr Lc 2(7.31) 62.5 
From Fig. 5.10 : Max force = diagonal force= S = 

96 
= 9.52 kips- camp 

The AASHTO Load Factor method does not give a strength formula for compression members 
so the formulation in Allowable Stress Design will be used. Convert to ASD by dividing the 
member force by the 1.3 load factor to get an equivalent service load force. 

Diagonal Force (ASD) = 9.52/1.3 = 7.3 kips 

Try 2l- 2 1/2 X 2 1/2 X 1/4 rx = .769 in. , A = 2.38 in? 

tlr = 62.5/.769=81.2; ~ = 16980-.53(81.2f = 13490psi = 13.5ksi 

Pauow = 13.49 {2.38) = 32.1 kips > 7.3 kips OK 

Check brace stiffness: 
Eq. {A 1 Oa) ; ~ = 17550 in-k/radian - see Example 3 

T req'd 

Fig. 5.10: ~ b = 2(29000) (96)2 (40f (2.38) = 717000 in-k/radian 
8 {62.5) 

3 
+ (96) 

3 

Girder : ~9 = 406000 in-k/radian - see Example 3 

~c = ~t = 3
·
3 ~~000> ( i.~ )2( 

1
·
5 <~·g> (.5r) = 399000 in-klrad 

Eq. {A9): tT = 71;000 + 40~000 + 39;000 ; ~T = 113000 > 17550 in-klrad OK 

Evaluate the cross frame shown below 

-
2(29000} (96) 2(30) 2(2.38) 

~ = 490000 in-k/radian 
b - 8 (56.6) 3 

+ (96)3 

~ = 3.3 (29000) ( 49 )2(1.5 (14.0) (.5)3) = 18300. -kl d 
t 14.0 14.0 12 In ra 

1 1 1 1 
f}T = 490000 + 406000 + -:1-:8-::::-:30=0:- ~T = 16900 < 17 550 in-klrad NG 

61 
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same cross frame was placed at the girder midheight, the two 7~in. unstiffened web zones top and bottom would be 

stiff enough to satisfy the brace requirements. For a fixed depth of cross frame, attachment at the mid-depth provides 
more effective brace stiffness than attachment close to either flange as illustrated in Figure 2.18. 

5.3 Bridge Deck Evaluation 

As discussed in Section 1.5 and Chapter 4, a bridge deck has the potential to act as a lateral and/or torsional 

brace. Torsional bracing effects should only be considered when there is a positive attachment to the deck which 

provides a moment connection between the /deck and the supporting stringers. When there is no positive attachment 
between the deck and the stringers, torsional bracing by the deck is not reliable since the restraint would reduce to 

zero when flange contact is lost as the beam twists. The tests reported in Chapter 4 show that even when the deck 

is not attached to the stringers, the deck can still function as a lateral brace at the wheel point due to friction at the 

contact surface. For these reasons, only lateral bracing by the bridge deck is discussed in this section. The 
application of the lateral bracing equations for short span bridges must be based on the assumption that sufficient 
friction or shear connection exists to transfer lateral loads associated with stringer buckling to the bridge deck. The 

deck can then function as a lateral brace and/or distribute lateral loads among the stringers, such that the most heavily 

loaded stringers are braced by those with lighter 
loading as shown in Figure 1.3. The lateral stiffness of 
a short-span bridge should be based on the stiffness of 

the total system, to include contributions from the deck 
and all of the stringers. 

For the design or rating of short span bridges 

with rolled sections, the governing loading condition 
for flexure is a wheel load near midspan, as shown in 
Figure 5.12. To determine the lateral bracing effect of 
the deck at midspan, ~L• for this loading condition, the Figure 5.12 

general bracing equations can be simplified to the 
following for the Load Factor Design method in the 
AASHTO Specification (in-lb units): 

Wheel I 
Load ~ Deck Bracing 

L 

Loading condition for short-span 
bridges. 

Mer = ~ ( M; + 0.766 P~ 2 
A ) ( 1 + A ) ::; Ms 

::;~ 

(5.23) 

where 
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Mo = 91 x Iif Jo.772 ~.} (5.24) 

91 X 100 <; T e 
~=---;;_"'"y.::.c:. 

14, 
0.772 ..!._ + 9.87 ( ..! r 

lye 14, (5.25) 

with<; = 1.75, 14, = L/2 

(5.26) 

p = n2 
E Iy = 286 X 10

6 Iy 
y L2 L2 

(5.27) 

(5.28) 

L ""' span length, Iy = weak axis moment of inertia, lye ""' lateral moment of inertia of the compression flange :y2, 

J = St. Venant torsional constant, d = beam depth, h = distance between flange centroids, Cb = factor to account for 

moment gradient between brace points, PY Euler buckling load for columns, A= bracing factor, Ms =buckling 

capacity between brace points, and My = yield moment. M
0 

is the beam buckling strength assuming no bracing and 

top flange loading and is approximated by using the AASHTO Cb = 1.0 for the case when the moment within the 

unbraced segment is greater than the end moments and by neglecting the (<:1/4) term in Eq. (5.25). The lateral 

bracing effect of the bridge deck is represented by f3L in Eq. (5.28) which includes a reduction factor of 2 for initial 

out-of-straightness. 

For a known deck stiffuess, the buckling strength may be determined directly from Eq. (5.23). If a certain 

capacity, M,.eq, is required for a given bridge system, the bracing factor, Areq• may be determined by substituting M,.eq 

for Mer in Eq. (5.23) and solving for Areq as follows: 

~ + r 1 + 1.3 ( ~; r J ~ _ p;-~ 
2 

( ~ _ M: ) = 0 
y y 

(5.29) 

The required bracing effect may be found by solving for the appropriate root of the quadratic. From the required 

bracing factor, the corresponding brace stiffuess may be determined from Eq. (5.28) as follows: 

- 2 5 py 
!)Lreq - ~eq L (5.30) 

The equations above can be adapted for Allowable Stress Design by defming Mallow= 0.55 Mer from Eq. (5.23) and 

using 1.82 ~ax based on service load in place of M,.eq in Eq. (5.29). 

For a single span bridge, the maximum moment in the stringers is related to the axle load; the total bridge 

lateral brace force Fbr may be calculated as follows: 
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p axleL 
Fbr = 0.008 --

4h 
(5.31) 

If there is no positive attachment between the deck and stringers, friction may be adequate to develop the force. The 
required coefficient of friction can be determined by dividing the total lateral brace force by the corresponding axle 

load. Stringer depth, d, is usually within 5% of h. It follows from Eq. (5.31) that for a span-to-depth ratio (Lid) 
of 40, a friction coefficient of 0.08 is required. For a span-to-depth ratio of 20, a friction coefficient of only 0.04 

is required. The measured coefficient of friction between wood and steel (Webb and Yura, 1991) is 0.25 which 
means that friction can be used to mobilize the deck as a lateral brace when there is no mechanical connection 

between the stringer and the deck. 

5.3.1 Timber Deck Stiffness. Timber decks have the potential to increase the capacity of a bridge 
system by functioning as a lateral brace as well as a connecting link between stringers, so that stringers with lighter 
loading are able to serve as braces for those supporting heavier loads. Lateral stiffness provided by a timber deck 
is dependent upon specific construction and details. Except for a laminated deck, which may be treated as a 

diaphragm for stiffness calculation, the lateral bracing contribution of a timber deck is derived from the stiffness of 
the deck nailers and the rotational restraint provided by nailer/plank connections. Adequate attachment must be 
provided between the deck nailers and the planks in order to utilize the lateral stiffness of the nailers. When this 
attachment is made with two or more spikes, additional lateral stiffness is available through rotational restraint. 

Experimental studies on the timber deck of the full-size bridge test presented in Chapter 4 were conducted 

to determine the deck stiffness. The various tests and procedures for obtaining the deck lateral stiffness are given 
in the WebbNura (1991) report. Experimental studies and structural analysis using the SAP90 program showed that 

the stiffness of the deck depends on the lateral stiffness of the nailers used to align the deck and the moment-rotation 
characteristics of the nailed connection between the deck planks and the nailer. 

All of the 4x8 planks used to construct the full system bridge deck were significantly warped. Due to this 
warping, the 2x6 deck nailers were not in full contact with the 4x8 planks. The nailers were fastened to each plank 
with two lOd screw shank nails. The rotational restraint provided by this connection was determined experimentally 
for various degrees of contact between the members. The results of the nailer/plank connection rotational restraint 

Figure 5.13 Nailer-plank connection. 

test are presented in Figure 5.13. The ''No Gap"curve 

represents full contact between the 2x6 deck nailer and 
4x8 plank. the 1/8, 1/4 and 5/16 Gap curves represent 
tests in which gaps between the members were imposed 
as illustrated. Two to three specimens were tested for 

each degree of contact. The rotational stiffness of the 

full contact curve is due to both friction between the 
wood members and the lateral capacity of the nails. 
Figure 5.13 indicates that the rotational stiffness for the 

members with imposed gaps was fairly uniform, with 

the stiffness decreasing as the gap increased. As 

expected, the full contact stiffness was much greater. 
It can be seen that the loss of friction reduces the 

rotational stiffness significantly. The stiffness with a 

5/16 Gap is only 14% of that with full contact. The 
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average rotational stiffuess for the nailer/plank connection was postulated as 119 kip-in./rad for SAP90 analysis of 
the full bridge system because the 5116 inch gap most closely approximated average actual conditions. 

The SAP90 evaluation of the timber deck is given in Figure 4.13 as the solid straight line. The SAP 90 

calculated stiffuess of 1260 lb/in. compares reasonably with the experimental results. The main purpose of the 

comparison is to show that commercial computer programs are available that can be used to determine deck stiffness. 

However, this approach is not very practical because the moment-rotation characteristics of the nailer-plank 

connection must be known. The dashed line in Figure 4.13 gives the stiffness based on the nailers alone, which is 

about 114 of the actual stiffuess. Since the brace stiffuess requirement for bracing is not very large, this very 

conservative approach will usually show that the deck provides sufficient bracing to enable the steel stringers to reach 

their yield strength. An evaluation of a timber deck bridge common to the central Texas area is given in Design 

Example 5. 

5.3.2 TYpical Timber Decks. Construction details among off-system short span bridges with timber 
decks vary considerably. Some bridges still in service were built in the early 1900's. Upgrading and renovation, 

which has been implemented since the original completion of these bridges, does not follow any uniform set of 

construction details. Variability in construction often makes evaluation a difficult task. Several short span timber 
decked bridges located in Bastrop County, Texas, were examined as part of this investigation (Webb and Yura, 

1991). A lack of positive attachment between the deck and supporting stringers was common. Two bridges are 

selected for discussion. 

A photograph of the deck for Bastrop County bridge AA-0233-0 I is presented in Figure 5.14. Two rows 

of three 2 x 12's are located in the center of this 34-ft one lane bridge composed of two 17-ft spans. The 2 x 12 

overlay detail was found on most of the bridges visited. The 4 x 8 timber deck is supported by six continuous 

railroad rail stringers. The 2 x 12s serve to tie the deck planks together. Lateral stiffuess for this deck is derived 
from the six 2 x 12's and any rotational restraint provided by their connection to the planks. Typically, the 2 x 12's 

are fastened to the planks with only one spike and connections have not been provided at every plank. It is 
recommended that all of the 2 x 12's be fastened to each plank with two spikes. While it may be conservative to 

ignore the rotational restraint of the nailed connections, the use of two spikes will significantly improve the lateral 

stiffuess of the bridge deck as demonstrated in Figure 4.13. With one connector the lateral stiffness of this deck 
can be conservatively taken as that provided by the sum of the six 2 x 12's since no splices occur within the middle 
two-thirds of the span. With friction engaging the deck as a lateral brace at midspan, the discrete brace stiffness, 

I3L, based on a midspan loading model is equal to 9.66 kip/in. or 1.61 kip/in. per stringer. The corresponding 
uniform brace stiffness per stringer is 0.0105 kip/in. per in. of length. The calculations for this deck stiffuess are 
provided in detail as part of Design Example 5 given previously. For simplicity the bridge was conservatively 
modeled as two simple 17-ft spans. 

The deck for Bastrop County bridge AA-0237-01 is shown in Figure 5.15. Two rows of three 2 x 12's are 

located in the center of this 45-ft. one-lane bridge composed of three 15-ft. spans. This bridge had a posted axle 
or tandem weight limit of 7500 lb. In addition to the 2 x 12's, 4 x 8 planks are located along the outside edges of 

the deck. The 4 x 8 deck is supported by ten continuous railroad rail stringers. The 2 x 12's were not uniformly 

attached, with connections provided at about every other plank. It is recommended that the 4 x 8 side members and 

the 2 x 12's be fastened with two spikes to each 4 x 8 deck plank. A splice in one of the 2 x 12's and one of the 
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DESIGN EXAMPLE 5 
3 - 2x12 FASTENED TO EA. DECK PLANK 

W/ 2 SPIKES E •1600000 psi, ly • 1781n.4 (2 x 12) FRICTION TRANSFERS LATERAL LOAD 

f• >r'ft·a:l.~.::.~",~~'~::~~~~~ 
STIFFNESS OF TIMBER DECK: 

With each 2x12 fastened to each 4x8 deck plank with 2 spikes and no splice within the middle two
thirds of the span, the lateral stiffness of the deck can be taken as the sum of the six 2x12. 

Discrete Brace Stiffness : PL • PI b. = 48 E ldl L3 I d • 6 (178) = 1068 in~ 

P 1 = 48 (1.6x10
6

)(1068)/ (204)
3 

• 9660 lb{in 

i-~2--r~,~-.... PL per Stringer - 966016 - 161 o lb/in. 

BUCKUNG STRENGTH : 

Unbraced Capacity, Eq. (5.24) : M0 -
91
;:

6 
-Jo.n2 ( 3.40 )(0.60) = 559800 lb- in. 

Eq. (5.27) Py = 286x10 ( 6.791 I ( 204 f .. 46700 lb 

/1610 (204) 
Eq. (5.28) A • 0.45y 46700 = 1.21 

Buckling Capacity With Bracing : 

Mer= ~559800)2 + 0.766 (413700)
2 

(9.51)
2 

(1.2'ii) ( 1 + 1.21) = 1.0413x10
6

1b-in 

Check Capacity for Buckling Between Braces : 

91 x1cf( 1.75 )( 3.40) L 0.60 ( 10.0 )2 
M s = 102 yo.n2 3.40 + 9.87 102 

Check Material Strength, MY • 36000 (24.7) = 889000 lb- in. < M a Yaelding Controls 

REQUIRED COEFFICIENT OF FRICTION : 

Brace Force per Stringer, Eq. (5.31) br = 0.008 (889000) I 9.51 "" 748 lb 

Maximum Wheel Load per Stringer, P "" 4 (889000) 1204 = 17400 lb 
max 

Required CoeffiCient of Friction, C • 748117400 • 0.043 « 0.25 Friction OK 



Figure 5.14 Bastrop County Bridge AA-0233-01. 

Figure 5.15 Bastrop County Bridge AA-0237-01. 
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4 x 8 side members occurs in the middle two
thirds of both exterior spans. Assuming that the 
recommended connections have been provided, 
the lateral stiffuess for this bridge deck can be 

conservatively taken as the sum of the individual 
stiffuess for five of the six 2 x 12's and one of 
the two 4 x8 side members due to the splices. 
Relying on friction to transfer loads at midspan, 

the corresponding discrete brace stiffuess based 
on a midspan loading model, is 13.3 kip/in. or 
2.67 kip/in. per stringer. The continuous brace 
stiffuess per stringer is 0.0198 kip/in. per in. of 

length. For an S7 x 15.3, this deck would 
provide sufficient lateral bracing to force 
yielding before buckling. 

Even though friction requirements are 
small, there may be some reluctance among 
engineers to depend upon friction resistance to 
transfer lateral loads and engage the deck as a 

lateral brace. Figure 5.16 presents an alternate 
remedial lateral shear connection detail which 
can be implemented on any of the bridges that 
were examined. The 2 x 6 members located 

adjacent to the stringers have been oriented to 
provide additional contact with the top flange 
and minimize end grain splitting which may 
otherwise result from interaction with the 

stringer. The connection to the deck for this 
detail should be designed for brace forces 
determined as discussed in the previous section 
on strength requirements for lateral braces. 

In the timber decks checked, the deck 
was found to have sufficient lateral stiffuess to brace the stringers at midspan until yielding occurred. While the 
authors believe that typical bridge decks do provide full bracing at the wheel load, a definite statement to that effect 
cannot be made since the laboratory test deck did not provide full bracing at midspan due to inadequate deck 
stiffuess. Admittedly, the laboratory test deck had marginal stiffuess compared to actual decks. 

5.3.3 Stiffness Evaluation of Concrete Decks. A related study of the bracing effects of bridge decks 

was completed by Kissane (I 985) for the New York State Department of Transportation. The objective of that 
research was to determine the effectiveness of a non-composite concrete bridge deck as a lateral brace for the 
compression flange of the supporting steel stringers without any positive shear connection between the two. Steps 
were taken to eliminate any physical or chemical bond between the concrete deck and the supporting S 12 x 31.8 steel 
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LAG BOLT OR SPIKE 

SECTION A-A 

Figure 5.16 Remedial deck/stringer connection 

stringers. The steel stringers, which spanned 21 feet, 
were loaded until flange yield was observed. Kissane 
concluded that the friction resistance between the 
concrete deck and stringers was sufficient to mobilize 

the deck as a brace and allow the stringers to reach 

their full in-plane bending capacity without buckling 
laterally. Other factors which may have increased the 
buckling capacity of the stringers were not discussed. 

Such factors would include any restraint provided by 
the connections between the stringers and supporting 

transverse girders. Also, torsional restraint may have 
been provided if the deck prevented the top flange of 

the stringer from twisting. As part of this research 

(Kissane, 1985) a related field test was conducted on a 
similarly constructed bridge system. Test results 

indicated that the steel stringer resisted less than 15% of the applied load. The majority of the load was carried 

directly by the continuous concrete deck in bending. No conclusions could be drawn from the field test concerning 

the bracing effects of the bridge deck since the load carried by the stringers was well below that required to cause 
buckling. 

The lateral stiffness provided by concrete decks is significantly greater than that of timber decks. For a five
inch thick normal weight 3000 psi concrete deck supported by six stringers, with a width of 16ft and a span of 17 

ft, the corresponding continuous brace stiffness per stringer, based on a single midspan discrete bracing mode, is 68.0 
kip/in. per in. of length. This is 6000 times greater than O.Ql05 value for the same bridge with a timber deck (see 
County bridge AA-0233-01 discussed above). Concrete decks provide much greater lateral stiffness and have better 
friction resistance than timber decks. For such bridges the axle location can be considered a brace point. 



CHAPTER6 
CONCLUSIONS AND RECOMMENDATIONS 

An effective brace must prevent twist of the cross section. Two types of bracing systems have been 

considered, top flange lateral bracing systems and torsional bracing systems. These systems must satisfY both 

stiffuess and strength criteria and a summary of the requirements for each system is given in Appendix A. The 

analytical and experimental studies showed that the bracing requirements for beams are related to the shape of the 

moment diagrams, the maximum moment, and the location of the load on the cross section (top flange loading is 

the most critical), and the design methods developed consider all of these factors. 

For torsional bracing systems such as cross frames and diaphragms, cross section distortion is a very 

important parameter that must be considered when evaluating or designing the bracing system (Eqs. 5.21 and 5.22 

or Eq. A9). These formulas can be used to design adequate stiffeners and connection details to control distortion. 

For rolled sections, diaphragm connections should extend at least three-quarters of the depth. For plate girders which 

have thin webs, the connection of the diaphragm or cross frames should be as close to each flange as practical. 

Design Examples 3 and 4 illustrate the sensitivity of the brace stiffuess to the connection details. For most torsional 

brace designs, the strength criterion will control the size of the bracing members and the stiffuess criterion will 

control the size of the stiffeners and the connection details. 

The test on a full-size short-span bridge with a wooden deck which was not attached to the steel stringers 

showed the friction at the wheel location was sufficient to mobilize the lateral stiffeners of the deck for bracing the 

beams. The bridge capacity was doubled by the bracing effect of the deck. Concrete decks are very stiff so the 

wheel location can be considered a brace point in such bridges. Wooden deck stiffness can vary considerably, 

depending on the construction details. Wooden decks examined in the central Texas area had sufficient stiffuess to 

prevent beam buckling at the wheel location and the bridges could be rated based on their yield strength. For rating 

purposes, the lateral stiffness of the deck can be obtained by considering only the lateral stiffness of the deck nailers. 

The studies herein have also verified the new lateral buckling equation in the 1990 AASHTO Bridge 

Specification. Both experiments and theory show that the new formula can be used with confidence. The old 

formula for lateral buckling gave overly conservative capacities for large unbraced lengths. The new formula should 

be used in the rating of bridges. A sample rating of an existing bridge (Bridge AA0539-001, Village Creek- Ellis 

County, Texas) is given in Appendix C. That bridge has a current inventory rating of H3.2; the new rating based 

on the 1990 AASHTO Specification would be H6.2. Increased rating of short-span bridges should be expected if 

lateral buckling controlled the current rating. If the bridge is not adequately braced at the wheel location to force 

either yielding or buckling between existing braces (like the full-size bridge tested), then the buckling capacity should 

be based on the sum of the lateral buckling capacities of all the girders if positive vertical contact between the deck 

and the girders can be assumed at the wheel location. In wide bridges it is probably more realistic to sum the 

buckling capacities of the girders within the lane with plus one or two girders on either side of lane to account for 

possible uplift of the planks. An example of this lateral buckling concept is given in part 2 of Appendix C. Friction 

at the wheel location will force all the girders to buckle simultaneously, so the bridge capacity should not be based 

on just the most highly stressed single girder. 
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APPENDIX A 
BRACING EQUATIONS FOR DESIGN 

-Load Factor Design 

Brace Stiffness - discrete or continuous bracing 

where 

DISCRETE BRACE STIFFNESS 
L 1\_ kip/ln. or ll,. kip-lnJradlan 

Convert to continuous brace stiffness by: 

CONTINUOUS ~L., T X (#of Dlsaete Braces) 
BRACE STIFFNESS • "j)L., T • 

,. • 0. 75 for one midspan brace 
- 1.0 for two or more braces 

,.L 

Figure AI. Equivalent continuous bracing. 

I 
M

0 
(lb-in. units) = 91 X 1cf ~ 

L 
0.772 ..!._ + ( rtd )2 

lye L 

1 +g 
n 

(top flange load) 

1.0 (centroid or 
loading) 

(AI) 

(A2) 

(A3) 

(A4) 

moment 

(A5) 

For top flange loading adjust Eq. (A5) as given in the SSRe Guide (Galambos, 1988) or omit the second term under 
the square root. In the equations above 

M
0 

buckling strength assuming the beam is laterally unbraced along the span 
M

5 
buckling strength between braces; Eq. (A5) with 4 instead of L and ebb (same as M,. in AASHTO) 

eL top flange loading factor 
ebu the eb factor assuming the beam is unbraced 
ebb the eb factor assuming the beam braces are fully effective 

and 

E 

number of discrete braces 

span length 

distance between braces 

weak axis moment of inertia of 
compression flange 

modulus of elasticity 

G 

J 

h 

~ 

d 

7I 

shear modulus (E/2.6 for steel) 

St. Venant torsion constant 

distance between flange centroids 

yield moment 

beam depth 
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Full Bracing Stiffuess Requirement - Discrete or Relative Bracing 

or 

where # "" 4 - (2/n) or the coefficient in Table 2.1 for discrete bracing 

# 1.0 for relative bracing 

Pf 1t
2 E IycfL{ 

Mr the maximum beam moment at factored load 

Strength Requirement 

Discrete bracing: 

Relative bracing: 

0.008 CLMr I h 
0.004 CLMr/ h 

Stiffuess: Mallow = 0.55 Mer :::> 0.55 ~ or 0.55 M5 

See Eq. (Al-A5) 

Full Bracing Stiffuess: 
Use Eq. (A6) - no change 

Strength: 
Discrete bracing: Fbr 0.008 CLM/h 
Relative Bracing: Fbr = 0.004 CLM/h 

where M is the maximum beam moment at 
service load. 

top flange of girder 

top flange of girder 
relative brace 

Figure A.2 

(A6) 

(A7) 

(A8) 
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Load Factor Design 

P=~ 
b s 

f1ff. i I 1&.'!~ ~w~ Effective Web Width for Distortion 

stiffener at least 3/4 depth 

Torsiona~ace 

~T = 
~b = 
~sec = 

~g = 

Cross Frames 

~ (See Fig. 5.10) 
b 

effective torsional brace 
stiffness of attached brace 
accounts for cross section 
distortion, see Eq. ( 5.21) 
girder stiffness = 12 S2 EI/ L 3 

3 3 
b 3.3 E (JYi Is t>s} and ...!... = __!_ + _l_ (A9) 
sec= h 12 ( N + 1.5 h) + 12 

1 . I t . b . 

~T ~b ~sec 

use 1n. or cont1nuous rac1ng 

Brace Stiffness- discrete or continuous bracing -use Eq. AlO or AlOa 

where CT = 

leff = 

1.2 for top flange loading; = 1.0 for other loading 
lye + (~ I he) Iyt = ly for double symmetric sections 

(AlO) 

Instead of solving Eq. Al 0 for the required j3T, the following expression can be used for discrete 
braces 

2 
1 

2.4 L Mf 
Req d ~T = ----2 

n E Ieff Cbb 
(A lOa) 

where Mr = maximum factored moment 

S ...... t.. 0.04LMf 
Brace tren!:Wl Mbr = Fbr hb = 

2 
nEieffCbi, 

(All) 
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- Allowable Stress Design 

Stiffness: Mru!ow = 0.55 Mg. ::5 0.55 (~ or Ms) 

or ~Req'd = Eq. lOa with Mf = 1.82 M 

Strength: Same as All but with M as the maximum moment at service load 

(See Eq. (A.9- A.IO) 



APPENDIXB 
CROSS FRAME BRACE FORCES 

W16x26 
fy = 50 ksi 
Top flange loading 

Per 

ly = 9.57 in.4
, J = .23 in.4

, 10' ~ 10' 
d = 15.69 in., h = 15.34 in., 
G = E/2.6 

Find the required size of the cross frame members 
for full bracing at midspan. 

Lateral buckling capacity, Eq. (l.l): 

<; = 2.75 (Eq.1.2), Mer = 1.75 n E 9.57(.23) n2 9.572 (15.34~ = 2830 in-k; 
120 2.6 4 (120)2 

p a = 2830(4) = 47.2 kips 
240 

Ideal bracing, Eq. (5.13): 

13 = 1.2 {240) (2830) = 2713 in. -k/radian 
1i (1.75~ (29000) (9.57) 

Required brace stiffness, 13T = 2 X ideal = 2 X 2713 = 5430 in-k/radian 

Cross frame stiffness: The diagonals are designed for tension only. Assume that all cross frame members are the 
same size, Ac Ah in Figure 5.10. 

29000 (42~ (15.34~ Ac 
13 = = 47600 A 

b 2 (44.7)3 + (42)3 c 

Girder stiffness, Eq. (5.20): 13g = 12 (42~ 29000 (301) 1 {240)3 = 13370 in-k/radian 

1 1 1 
--= +--· 
5430 47600 Ac 13370' 

Req'd A = 0.192 in? 

Required brace force, Eq. (5.16): Fbr = 
0·04 <240) <2830~ = 5.90 kips 

15.34 (29000) 9.57 (1.75~ 

75 



76 

For comparison with the ANSYS solution in Figure 5.8, 

if Ac = 0.1 in.2 and P = 42 kips with Per= 47.2 kips 

1 1 1 
-=--+--· 
~T 4760 13370 ' 

~T = 3510 in-k/radian 

Adjusting Eq. (5.18) for P < P cr gives 

For Ac = 1.0 in.2 and P 44 kips 

1 1 1 -=--+--· 
~T 47600 13370 ' 

~T = 10440 in. -k/radian 

Fbr = 5.90 ·5 (44/47·2) = 3.63 kips 

1 - 2713 ( 44) 
10440 47.2 



APPENDIXC 
SAMPLE BRIDGE RATING 

BRIDGE RATING - Bridge AA0539-001 - Village Creek - Ellis County 

13' A )( 

I< 
)( 

39' 

Seven stringers@ 2'-3 - S12 x 31.8 
FJ = 33 ksi : Corrosion loss = 5% 
cross frames at 1/3 pts. 

Moment diagram- H15 Loading 
126 kft ILI><.I><IxD<I><I 

(L2-1/2x2-1/2x1/4 A=1.06in.2 

rz = 0.424 in. 

Timber deck : 2 x 8 planks 
four- 2 x 8 runners 

Live load wheel moments 

S12 X 31.8 ~ = 36.4 in 3 

d = 12.0in 

ly = 9.36 in 4 J = 0.90 in 4 

lye= 4.68 in 4 

First consider lateral bracing only at the cross frames. 
Unbraced length = 13ft, c;, = 1.0 near midspan. 

3 
Fb = 50x10 (lO) 4.68 .772(0.9} + 987( 12.0 )2 = 18.74 ksi 

(ksO 36.4 · 13x12 4.68 · 13x12 

Fb max = 0.55 F = 0.55 (33) = 18.15 ksi < 18.74 . •. yielding controls 

Mallow= 

No need to consider the bracing effect of the timber deck. 
Cross frames alone are sufficient to prevent buckling. 

~corrosion 

(1- 0.05) 36.4 (18.15) /12 = 52.3 k-ft 

Dead Load I beam = 0.075 klft; MoL = 1/8 w L2 = 1/8 (.075) (39) 
2 
= 14.3 k-ft 

Distribution Factor = 2.25/4 = .562, Impact factor = 1.3 
~------------------------------~ 

I ((52.3 -14.3) ) 
H15LL"' 126x.562x1.3 = 92.1 k-ft lnventoryRating=H15 92.1 = H6.2 

The current rating (1988 AASHTO) = H3.2 

Check cross bracing: 2 
F; (l 2) _ 0.04 (39 X 12)(52.3 X 12) = 13.58 in-k 

br - 2 (29000) 9.36 

Fbr= 1.13kips; Diagonal= 1.13
2;75 

= 1.24kips 

e 1 r = 29.5/.424 = 70,· F 
33 

[1 70 2
(
33

) J 
a = 2.12 - 411: (29000) 

P allow = 13.4 (1.06} = 14.2 k » 1.24 kips OK 

Brace stiffness OK - full depth cross frame - no distortion 

77 
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SAMPLE BRIDGE RATING - PART 2 

00 00 
IIIIU 1 

2'- 3 

30' k-----~)1 

Recommended Procedure 

Similar to previous bridge but there are no cross frames. 
One lane - bridge width = 13 ft 6 in. Span = 30 ft 
For stringer properties, see previous example. 

The wooden deck runners are badly deterioated so assume 
that the deck can not provide a bracing effect at the wheel 
location. Assume the full span is laterally unsupported. 

H15 moment truck= 185 k-ft 
wheel = 92.5 k-ft 

At least six stringers will be in contact with the wooden cross plank at midspan. 
Because of the friction between the plank and the six stringers at the axle location, they 
must all move laterally if buckling occurs near midspan. The lateral buckling strength 
of six stringers support the truck load. 

Buckling strength : 
3 fb = 50 X 10 ( 1 O) 4.68 .772 (0.9) + g 87( 12.0 )2 : 7.13 ksi 

(ksij 36.4 . 30 X 12 4.68 . 30 X 12 

Fb max = 0.55 F = 0.55 (33) = 18.15 ksi > 7.13 . ·. buckling controls 
corrosion 

Mb = (0.9{7.13 (36.4) /12 = 20.54 k-ft M
0

L= 0.075 ( 30 )
2 

/8 = 8.44 k-ft 

Truck loading per stringer: H15LL = 185.0 x 1.3 impact /6 = 40.1 k-ft 

Rating = H15 ( 
20·5:~. :.44 

) = H4.5 ~ CONTROLS 

Check stringer yielding at wheel load : Mb = (0.95) 18.15 (36.4)112 = 52.3 k-ft 

Distr. factor= 0.562, Impact factor= 1.3: H15 LL = 92.5 (1.3) (0.562) = 67.6 k-ft 

Rating = H15 ( 
52·~;.!44 ) = H9.7 

Current Procdure 

Mb = 20.54 k-ft Allowwheel MLL= 20.54-8.44 = 12.1 k-ft 

Distr. factor= 0.562 . Impact factor= 1.3 : H15 LL = 92.5 (1.3) (0.562) = 67.6 k-ft 

Inventory Rating = H15 ( ~) = H2.7 
67.6 
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