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The 13th Edition of the AASHTO Standard Specifications 
for Highway Bridges1 includes provisions for Load Factor 
Design (LFD) of steel bridges by the strength design 
method. Limit-state criteria are provided in LFD that en
sure that specified structural performance requirements are 
satisfied.2 In LFD, shear and moment envelopes are deter
mined by elastic analysis with limited distribution for the 
effects of local yielding. Therefore, sections are propor
tioned for strength equal to or greater than required by the 
envelopes. 

After 10 years of AlSI-sponsored research, Autostress-
design procedures are now included in the AASHTO 
Guide Specification for Alternate Load-Factor Design Pro
cedures for Steel Beam Bridges Using Braced Compact Sec
tions.3 Autostress is a procedure that extends the existing 
LFD rules by introducing improved limit-state criteria. 
These criteria permit inelastic load redistribution in con
tinuous-beam bridges under heavy loads while satisfying 
the same structural performance requirements as LFD.4 

Design specifications have long recognized the reserve 
strength of steel members beyond the first-yield stress. For 
instance, LFD permits a 10% redistribution of the peak 
moments at intermediate supports to maximum positive 
moment sections for compact continuous beams at higher 
loads. The Autostress procedures can be viewed as a refine
ment of this 10% redistribution allowance to more closely 
approximate actual behavior. The ability of continuous 
steel members to adjust automatically for the effects of 
local yielding is recognized. Elastic negative bending mo
ments at higher loads are automatically redistributed by the 
structure to positive bending regions. To emphasize this 
redistribution occurs automatically, the term Autostress 
has been used for the suggested procedures based on the 

Michael A. Grubb is Assistant Manager, Bridge Engineering, 
A ISC Marketing, Inc., Pittsburgh, Pennsylvania. 

FIRST QUARTER/1987 

new criteria. Taking advantage of this inherent ability per
mits a designer to use prismatic steel members in con
tinuous spans along the entire bridge length, or in between 
field splices. The resulting benefits include lower fabrica
tion costs, and elimination of structural details with unde
sirable fatigue characteristics. For instance, cover plates 
can be eliminated from rolled beams. Similarly, flanges of 
welded sections with similar proportions will have fewer 
splices and thickness changes. 

The development of most of the guide specification pro
visions was based on test results for several component 
specimens with proportions similar to rolled beams.5 Other 
provisions were based on research to support the Proposed 
AISC Load and Resistance Factor Design (LRFD) build
ing-design specification.6 The research suggests that well-
established principles of plastic design can be extended to 
compute the resistance at Maximum Load by mechanism 
formation. Also, structural performance requirements at 
Overload can be satisfied by establishing camber require
ments to offset the effects of local yielding in addition to the 
elastic dead-load deflections. Because the mechanism re
sistance generally is high, permanent deflection (Overload) 
criteria rather than strength (Maximum Load) criteria 
usually govern. This results in more economical steel beam 
bridge designs. The Autostress procedures were first ap
plied and confirmed in the design and testing of an in-
service rolled-beam bridge—the Whitechuck River Bridge 
in the Mt. Baker National Forest near Darrington, Wash.7 

This paper contrasts present LFD with the Autostress 
procedures, and briefly summarizes the background re
search that led to the development of the guide specifica
tion provisions. Thus, it also serves as an in-depth commen
tary to the specification. The guide specification is presently 

The material in this paper is intended for general information only. 
Any use of this material in relation to any specific application should 
be based on independent examination and verification of its unre
stricted availability for such use, and a determination of suitability 
for the application by professionally qualified personnel. No license 
under any United States Steel Corporation patents or other proprie
tary interest is implied by the publication of this paper. Those 
making use of or relying upon the material assume all risks and 
liability arising from such use or reliance. 
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Table 1. Structural Performance Requirements 

Load Level 

Service load 
[D + (L + /)] (nominal 
dead load plus standard ve
hicles plus impact) 

Overload 
[D + (5/3*(L + /))] (nom
inal dead load plus occa
sional heavy vehicles plus 
impact) 

Maximum load 
1.3*[D + (5/3* (L + /))] 
(limited occurrences of load 
factor times Overload) 

Structural Performance 
Requirement 

Provide adequate fatigue life, 
limit concrete cracking and 
live-load deflections 

Limit permanent deforma
tions that otherwise could 
create objectionable riding 
quality 

Provide load resistance equal 
to or greater than maxi
mum load 

limited to rolled-beam bridges and similar welded-beam 
bridges of equivalent dimensions that are adequately 
braced. Research is now in progress to extend the Auto-
stress procedures to slender plate-girder sections.8 

LOADS AND PERFORMANCE REQUIREMENTS 

Members designed by the LFD method of AASHTO1 are 
proportioned for multiples of the design loads. They are 
required to meet specified structural performance require
ments for three theoretical load levels—Service Load, 
Overload and Maximum Load. It is important to distin
guish between the three load levels. Table 1 lists the load 
levels in order of increasing load. The second column of 
Table 1 lists the structural performance requirement for 
each load level, which is a brief verbal description of the 
performance required of a bridge at that load level. The 
guide specification requires that members be proportioned 
to meet the same LFD structural performance require
ments at the same three load levels. 

Service Load 

Service Load is the same load as that used in AASHTO 
working stress design. The limit-state criteria at Service 
Load ensure that the fatigue life and live-load deflection of 
a member are controlled within acceptable limits. The 
guide specification invokes the same limit-state criteria as 
LFD to satisfy fatigue and live-load requirements. Stress 
ranges are kept within allowable fatigue limits and elastic 
live-load deflections are treated in accordance with current 
practice. Furthermore, the guide specification requires that 
concrete cracking be controlled by invoking the current 
AASHTO rules (Sect. 8.16.8.4) for distribution of flexural 
reinforcement.5 Control of slab cracking is a significant 
requirement to ensure overall high quality construction. 

Overload 

The structural performance requirement at overload is also 
concerned with durability of the structure. Permanent de

formations, caused by occasional heavy vehicles, that could 
be objectionable to the riding quality of the structure must 
be controlled. In LFD, permanent deformations are con
trolled by limiting Overload flange stresses to 0.&0*Fy (non-
composite sections) or 0.95*Fy (composite sections) in posi
tive and negative bending. Fy is the yield strength of the 
steel section. For compact sections, 10% of the negative 
interior-pier moments may be redistributed to maximum 
positive moment sections before computing the stresses. 

The Autostress procedures in the guide specification 
place no limit on the stress in negative bending at Overload. 
Instead, a continuous-span bridge is allowed to undergo 
controlled plastic deformations at interior piers that will 
stabilize after a few cycles of an overload vehicle. These 
plastic deformations normally occur only in the flange outer 
fibers—they do not create a plastic hinge. Instead, they 
result in the formation of automoments, so-called because 
they form automatically. The automoments are residual 
moments that, along with the dead load, remain in the 
structure after the Overload is removed. The automoments 
ensure that the structure will behave elastically to all subse
quent loads not exceeding the Overload. Thus, the stress at 
the pier sections need not be restricted. The only limit-state 
criterion for negative bending at Overload in the guide 
specification is that the rebars over the piers remain elastic 
to help ensure that any concrete cracks will close when the 
Overload is removed. Also, it is suggested the rebars be 
distributed as mentioned earlier. 

In positive bending, the guide specification retains the 
current LFD Overload limit-state criteria. The stress in 
positive bending due to the elastic Overload moments plus 
the automoments is limited to 0.95* Fy for composite sec
tions and 0.80*FV for non-composite sections. This limit is 
retained to help control any permanent deflections caused 
by positive bending. Thus, the automoments are simply a 
refinement of the 10% redistribution allowed in LFD. They 
reduce the elastic pier moments and increase proportion
ately the maximum positive moments. 

The automoment computations are based on actual 
moment-rotation behavior of the interior-pier sections. 
Typical moment-rotation curves are included in the guide 
specification to aid in the automoment computations if 
experimental curves are not available. Permanent deflec
tions caused by the automoments are also calculated and 
included in the dead-load camber. If no Overload occurs 
during the life of the structure, some of the automoment 
camber would remain. However, this would not be ob
jectionable because the automoment camber is usually 
comparable to the composite dead-load camber which is 
relatively small. The formation and computation of auto
moments will be discussed later in more detail. 

Maximum Load 

The Maximum load structural performance requirement 
deals primarily with load resistance; the criterion is that the 
Maximum load must be able to cross the bridge a limited 

2 ENGINEERING JOURNAL/AMERICAN INSTITUTE OF STEEL CONSTRUCTION 



number of times. In LFD, this is achieved for compact 
sections by limiting the elastic Maximum load moment at 
any section to be below the plastic moment. The plastic 
moment is equal to the yield strength, Fy, times the plastic 
section modulus, Z (values of Z for rolled sections are given 
in Ref. 9). Also, for compact sections, 10 percent of the 
peak negative moments may be redistributed before the 
comparison is made, as previously discussed for Overload. 

The AISC building design specification,9 LFD, and the 
guide specification each have slightly different criteria to 
qualify a section as compact, which can lead to confusion. 
For the remainder of this paper and in the guide specifica
tion, a compact section is defined as a section that can both 
reach the plastic moment and rotate inelastically at the 
plastic moment a limited amount. In the guide specifica
tion, the Maximum load performance requirement is 
achieved from the condition that the plastic mechanism 
strength equals or exceeds the fully factored load. The 
resistance of continuous bridge members can be deter
mined by the plastic-design concept of mechanism analysis 
if the section is compact with adequate inelastic rotation 
capacity, and if the nominal yield strength of the steel does 
not exceed 50,000 psi. This recognized the fact that plastic 
redistribution takes place in continuous beams with braced 
compact sections at maximum load. 

In a continuous bridge, the first plastic hinges normally 
form at the piers. Thus, conventional plastic design, as 
defined in Part 2 of the AISC building design specification, 
requires that the pier sections be able to reach the plastic 
moment, and that the hinges at the piers be able to rotate 
inelastically at the plastic moment as the load redistributes 
to the maximum positive moment sections. For such be
havior, the AISC Part 2 specification requires that the 
flange- and web-slenderness ratios must be within specified 
limits, the lateral bracing of the compression flange must be 
adequate, and the pier shears must be less than or equal to 
the plastic shear force. 

Compact sections with flange- and web-slenderness ra
tios in the upper range of the specified slenderness limits in 
the guide specification are able to reach the plastic moment, 
but may not have enough available inelastic rotation capac
ity at the plastic moment. Rather than specify more strin
gent requirements limiting the number of sections that can 
be used, the guide specification requires that an effective 
plastic moment10 be determined for the pier sections in the 
strength analysis at Maximum load. The effective plastic 
moment is a reduced moment, based on the actual section 
geometry, at which the pier sections can be considered to 
have adequate rotation capacity. For compact sections with 
flange- and web-slenderness ratios in the lower range of the 
specified slenderness limits, the effective plastic moment 
will equal the plastic moment. The effective plastic moment 
will be discussed in more detail in the next section. 

For compact sections in positive bending, the maximum 
strength at maximum load according to the guide specifica
tion is computed assuming a fully plastic stress distribution 
in the sections, including the concrete slab. The moment 

capacity then equals the sum of the moments about the 
plastic neutral axis of the composite section of all compres
sive and tensile forces. The guide specification also states 
that whenever a composite section in positive bending 
reaches this plastic moment, no further plastic rotation is 
permitted. Thus, if the first hinge should form in positive 
bending, the limit state is reached. This is because there has 
been little research on the available rotation capacity of 
composite sections in positive bending. 

REVIEW OF RESEARCH STUDIES 

Maximum Load 

Consider a two-span continuous beam loaded by a uniform 
dead load, 1.3£>, and by the AASHTO HS20 Maximum 
load lane load plus impact, 1.3[5/3(L 4- /)] , as shown in Fig. 
1. The moment M— represents the interior-pier moment, 
and the moment, M+, represents the maximum positive 
moment. Because yielding is expected at Maximum load, 
the permanent deflections that would remain in the struc
ture after the live load is removed are shown. The inelastic 
rotation at the pier is dP- . The permanent rotation at the 
maximum positive moment section, caused by yielding in 
positive bending, is 0P+ (not shown in Fig. 1). 

Figure 2 shows the basic design procedure in LFD at 

/ Y 

177^77. 

Fig. 1. Two-span continuous beam at maximum load 

ep- ep+ 

Fig. 2. Moment vs. permanent rotation-load factor design 
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maximum load. Two graphs are shown; M— vs. 8P— , and 
M+ vs. 6P+ . The elastic Maximum Load moments at the 
interior pier, Me— , and at the maximum positive moment 
section, Me+ , are plotted on the ordinates of the respective 
graphs (dP- = 9P+ = 0 . ) . Also plotted is the plastic 
moment in negative bending, Mp— , and the plastic moment 
in positive bending, Mp+ . Mp— is computed assuming that 
the concrete slab does not carry any tensile stresses, and 
that the slab reinforcement is composite with the steel 
beam. This is allowed if the reinforcement and slab are 
continuous over the interior support. Mp+ is computed 
including the concrete slab, and consequently, is usually a 
larger value. In LFD, it can be interpreted that all sections 
are elastic up to the plastic moment. If the pier section 
meets specified slenderness and lateral-bracing require
ments, LFD allows Me— to be reduced by 10%, as shown in 
Fig. 2. This reduction in moment must be redistributed to 
the maximum positive moment section. In this particular 
case, Me+ is increased by 4% of Me—. Since the total 
moments after redistribution are everywhere less than 
Mp— and Mp+ , the design is satisfactory at maximum load. 

In conventional plastic design, the interior-pier section is 
assumed to be elastic up to Mp— , then to rotate inelastically 
at Mp— as shown in Fig. 3. Also shown in Fig. 3 is a 
moment-rotation curve that is typical of the actual behavior 
of a compact section. Residual stresses result in some yield
ing of the section before reaching Mp—. The section may 
then be able to exceed Mp— because of strain hardening 
before eventually unloading due to local buckling of the 
web and compression flange. Mp— is thus a moment that 
provides a convenient computational device, but has no 
specific relation to actual behavior. The design assumption 
of rotating at Mp— is satisfied as long as M— is greater than 
or equal to Mp— during inelastic rotation, which could 
include the unloading portion. 

Since the interior-pier section is assumed to rotate at a 
constant Mp— , the maximum moment in positive bending 
M+ can be easily computed from the statics of a simple 
beam with an end moment equal to Mp— , as illustrated in 
Fig. 3. If the computed M+ is less than Mp+ , a mechanism 

M + 
ACTUAL ' 

BEHAWOK + 

. ASSUMED . 
BEHAVIOR M i 

i.sPftOrttf 
JNWIIOK 

MEA. 

777T T/ffT V 

rV 

M + < N p + NO MECHAHlS/A 

6P- 9P+ 

Fig. 3. Moment vs. permanent rotation-plastic design 

does not form and the design is satisfactory. It is assumed 
that the positive bending section is also elastic up to Mp+ 
(9P+ = 0). To make the simplifying assumption of elastic-
perfectly-plastic behavior, it must be assumed that the pier 
section has adequate inelastic rotation capacity at Mp— 
until the positive moment section reaches Mp+ . The rota
tion capacity is defined as the plastic rotation at the point on 
the downward portion of the actual curve where the mo
ment equals Mp— (Fig. 3). Criteria are needed to ensure 
that a section has adequate rotation capacity in order to use 
plastic-design assumptions. 

For adequate rotation capacity at the plastic moment at 
each rotating hinge, the plastic-design procedures in Part 2 
of the AISC Specification9 require the slenderness ratio of 
the compression flange meet the limit 

V 1,565 
t 'Fyf 

(1) 

where b' is the width of the projecting flange element, t is 
the flange thickness, and Fyf is the yield strength of the 
compression flange in psi. The web slenderness should 
meet 

D 12,377 

L 
fFV] 

(2) 
yf 

Fyf is used for the web because plastic web buckling is 
governed by flange strain. D is the distance between flanges 
and tw is the web thickness. It is assumed in Eq. 2 that D 
represents 95% of the total depth of the section d. The 
above flange and web limits are 7.0 and 55.4, respectively, 
for 50,000 psi steel. 

The web slenderness requirement in Eq. 2 applies to 
symmetrical sections. Figure 4 shows the cross section at an 
interior pier of a continuous bridge. When the section is 
subjected to negative bending, the reinforcing steel is often 
assumed to act compositely with the beam so the neutral 
axis shifts toward the slab. Yielding further shifts the neu
tral axis. This increase of the depth of the web in compres
sion is illustrated for the unsymmetrical steel test specimen 
188-3-6 from Ref. 11 in Fig. 5. This increased depth of the 
web in compression was determined to have an important 
effect on the rotation capacity of unsymmetrical sections.12 

Thus, the guide specification states that for unsymmetrical 
sections, where the distance from the neutral axis to the 
compression flange exceeds D/2, the web requirement in 
Eq. 2 must be modified by replacing D with the quantity 
2Dcp. Dcp is the distance to the compression flange from the 
neutral axis at the plastic moment. 

To use plastic-design assumptions, the guide specifica
tion presently states that steels with a nominal yield 
strength less than or equal to 50,000 psi must be used. The 
section at the hinge must also be able to reach the plastic 
moment. The Proposed AISC LRFD Specification6 gives 
requirements for a section that can reach the plastic mo
ment with limited rotation capacity at the plastic moment. 
These requirements were adopted in the guide specifica-
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EFFECTIVE SLAB WIDTH 

PLASTIC NEUTRAL AXIS 
IN NEGATIVE BENDING 

Fig. 4. Cross section at interior pier 
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Fig. 5. Static neutral-axis location for specimen 188 3-6 

tion. To qualify, the slenderness ratio of the projecting 
compression-flange element must meet 

b' 2,055 
t 

The web slenderness must meet 
yf 

D ^ 19,230 
ryf 

(3) 

(4) 

These are simply the requirements adopted from Part 1 
of the AISC Specification9 with Fyf expressed in units of psi 
rather than ksi. Also, it is assumed D corresponds to 95% of 
the total depth. Again, D should be replaced by 2Dcp for 
unsymmetrical sections in negative bending. The above 
flange and web limits are 9.2 and 86.0, respectively, for 
50,000 psi steel. 

A review of the data available in the literature plotted in 
Fig. 6 suggests the section may not be able to reach the 
plastic moment when the flange and web slenderness ratios 
both exceed 75 percent of the limits in Eqs. 3 & 4. The 
following interaction equation11 is given in the guide spec
ification to redefine the allowable limits when this occurs 

D 
+ 9.35 

b'\ 33,650 
(5) 

yf 

Once again, D should be replaced by 2Dcp if the distance 
from the neutral axis to the compression flange exceeds 
D/2. 

For compact sections, the guide specification also re
quires that the shear force at rotating hinges be less than the 
plastic shear force 

V < 0.55*F *dX (6) 

©S( 
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WES ANO FLANGE CRITERIA, 
BUT FAILED TO REACH MP» 

/ i s aS 
WEB SLENDERNESS, 

~*i 60 7fc 

Fig. 6. Flange-web slenderness interaction 
diagram to just reach Mp 

*ft 

The total depth of the section d is used in Eq. 6. 
Finally, lateral bracing of the compression flange ad

jacent to a rotating hinge is also an important considera
tion. The bracing helps to prevent lateral buckling of the 
flange, which has a detrimental effect on rotation capacity. 
The lateral bracing requirements in the guide specification 
are adopted directly from the Proposed AISC LRFD 
Specification.6 The limit for the required lateral bracing is 
given as 

Lb [3.6-2.2(M1/M2)]*106 

Fy 
(7) 

Lb is the distance between points of bracing of the com
pression flange; ry is the radius of gyration of the steel beam 
with respect to the Y-Y axis; Fy is the yield strength in psi, 
and Mi and M2 are the moments at the two adjacent brace 
points. M1/M2 is positive for a member bent in single 
curvature. For bracing adjacent to the interior pier, M2 is 
equal to the effective plastic moment Mpe~, for compact 
sections. A trial-and-error procedure is required to deter
mine Lb. The existing LFD lateral bracing requirement in 
Article 10.48.2.1(c) need not be considered because it is 
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limited to conditions of constant moment and St. Venant 
torsional resistance only. Also, bearing stiffeners are re
quired at rotating hinge locations. 

To determine the available rotation capacity at the AISC 
Part 2 slenderness limits (Eqs. 1 and 2), an unsymmetrical 
steel beam with proportions approximating these limits was 
tested (specimen 188-3-6 from Ref. 11). The specific 
slenderness ratios of the specimen were b'lt = 6.69 and 
2Dcpltw = 56.2. The moment vs. permanent rotation curve 
for the specimen is plotted in Fig. 7. The available rotation 
capacity at the plastic moment was computed to be 58.0 
mrads (1 mrad equals .001 radian, or a slope of approx
imately Vs inch in 10 feet). 

Sections with compression-flange slenderness ratios be
tween 7.0 and 9.2, and web-slenderness ratios between 55.4 
and 86.0 (assuming 50,000 psi steel) may not have 58.0 
mrads of inelastic rotation capacity at the plastic moment. 
Consequently, the guide specification requires that an 
effective plastic moment, Mpe- , be used at the pier sections 
in the mechanism analysis at maximum load. Mpe— is a 
reduced moment that accounts for the effects of local web 
and flange buckling and is computed as 

Mn = RfMpf- + RwMp (8) 

Mpf- is the flange component of the plastic moment, in
cluding the composite rebars. Mpw- is the web component 
of the plastic moment. Rf and Rw are reduction factors for 
the web and flange, respectively. 

The reduction factors Rf and Rw are computed from 
effective yield strengths of the compression flange and web. 
The effective yield strength of the compression flange Fyfe is 
computed by rearranging and non-dimensionalizing Eq. 1 

Fyfe = 0.0845 * £ ( - ) ^Fyf (9) 

E is Young's modulus. Substituting 2Dcp for Z), then rear
ranging and non-dimensionalizing Equation 2 gives the 
effective yield strength of the web as 

^ywe L.D& lit 
Dr 

Fyf (10) 

Fywe is limited to Fyf because again, plastic web buckling is 
governed by flange strain. The reduction factors are then 
simply computed as Rf = Fyfe/Fyf and Rw = FyweIFyf. For 
sections with compression-flange slenderness ratios meet
ing Equation 1, and web-slenderness ratios meeting Equa
tion 2, Mpe- equals Mp— . Thus, in the mechanism analysis 
at maximum load M+ is determined as illustrated in Fig. 3 
except that Mpe- is substituted for Mp- at the pier section. 
Like Mp— , Mpe- is a computational device that gives good 
results. 

To validate this concept, moment-rotation test results 
published by several investigators11"18 were examined. The 
data, presented in Table 2, represent unsymmetrical and 
symmetrical steel sections and composite steel-concrete 

Ref. 
No. 

Table 2 . 

Test 
Specimen 

Moment-rotation Test Data 

b' 2Dcp M ^ Mmax Mpe-

* *»> k/ft MP~ MP~ 

6 P - , 
mrads 

11 

U 

12 

U 

13 
U 

188-3-6(A) 
188-3-5(A) 
188-3-7(A) 
188-3-8(A) 

188-3-l(A) 
188-3-2(A) 
188-3-3(A) 

*188-3-4E (A) 
*188-3-4W(A) 

6.69 
6.99 
5.80 
7.04 

8.02 
8.02 
8.02 

8.02 
8.02 

56.2 
46.2 
60.9 
61.1 

78.7 
78.7 
78.7 

96.6 
96.6 

268.1 
209.3 
277.5 
312.6 

274.1 
274.1 
274.1 

319.6 
319.6 

1.15 
1.31 
1.10 
1.08 

1.08 
1.01 
0.98 

0.89 
0.89 

0.974 
0.950 
0.929 
0.879 

0.623 
0.623 
0.623 

0.574 
0.574 

63.3 
168.1 
63.9 
71.2 

71.5 
87.4 
58.5 

135.0 
110.0 

14 

S 

HT-28(B) 
HT-43(B) 
HT-52(C) 

7.87 
7.87 
7.87 

32.6 
32.6 
32.6 

56.4 
56.4 
56.4 

1.14 
1.13 
1.14 

0.777 
0.777 
0.777 

157.3 
80.0 

309.3 

15 A-l(B) 
A-2(B) 

S B-l(C) 
B-2(B) 
B-3(B) 
B-4(B) 
B-5(B) 
C-l(B) 
C-2(B) 
C-3(B) 
C-4(B) 
C-5(B) 

16 W S - I ( D ; 

WS-2(C) 
S WS-3(D 

W S - 4 ( D ; 

W S - 6 ( D ; 

WS-7-P(C) 
V/S-8-viv 

W S - 9 ( D ; 

WS-10(DN 

17 WS-12-NCD^ 
S WS-13-N(D 

i s S B - I ( D ; 

S B - 7 ( D ; 

U SB-3(C) 
SB-9(B) 

*HB-40(B) 
SB-2(B) 
SB-8(C) 

*HB-41(B) 
SB-14(A; 

SB-4(AN 

S B - I O ( A ; 

S B - 5 ( A ; 

SB-110A 
S B - 6 ( A ; 

9.42 
8.15 
9.71 
7.00 
8.15 
8.89 
9.16 
9.69 
7.00 
8.16 
8.89 
8.55 

9.67 
9.67 
9.67 
9.67 
9.67 
8.00 
8.00 
9.67 
9.67 

14.67 
14.67 

4.95 
4.95 
7.00 
7.00 
7.00 
8.25 
8.25 
7.55 

) 5.00 
7.05 
7.05 

) 7.45 
7.45 
8.35 

29.9 
29.9 
42.7 
42.7 
42.7 
42.7 
42.7 
52.2 
52.2 
52.2 
52.2 
52.2 

76.3 
95.7 

115.3 
137.8 
91.3 
81.7 
90.4 
74.7 
81.5 

104.3 
112.8 

46.0 
46.0 
62.0 
62.0 
62.0 
66.0 
66.0 
62.7 
72.4 
84.3 
76.9 

108.8 
83.6 

109.2 

133.4 
118.5 
40.7 
32.6 
36.1 
38.3 
39.1 
53.3 
43.3 
47.6 
50.3 
49.1 

307.1 
410.1 
524.6 
645.4 
375.8 
286.0 
334.2 
294.9 
323.9 

488.7 
539.5 

21.1 
21.3 
90.1 
90.1 
89.8 
80.3 
80.3 
77.7 

127.2 
129.4 
123.9 
179.7 
165.0 
246.4 

1.36 
1.40 
1.12 
1.17 
1.14 
1.06 
1.04 
1.13 
1.25 
1.16 
1.13 
1.14 

1.02 
0.98 
0.89 
0.86 
0.88 
0.99 
0.95 
1.08 
1.15 

0.92 
0.88 

1.31 
1.26 
1.27 
1.22 
1.16 
1.09 
1.06 
1.02 
0.96 
0.90 
0.99 
0.86 
0.93 
0.96 

0.725 
0.909 
0.629 
0.952 
0.785 
0.703 
0.677 
0.649 
0.953 
0.795 
0.719 
0.752 

0.561 
0.490 
0.439 
0.398 
0.506 
0.705 
0.662 
0.568 
0.540 

0.355 
0.335 

1.0 
1.0 
0.977 
0.977 
0.981 
0.759 
0.759 
0.868 
0.864 
0.683 
0.728 
0.620 
0.752 
0.538 

325.1 
296.4 
103.0 
138.6 
157.8 
213.0 
172.8 
111.2 
110.7 
120.7 
93.6 

141.8 

252.1 
118.4 
161.4 
166.2 
179.9 
110.9 
136.2 
89.4 

156.0 

282.1 
87.7 

600.0 
460.0 
356.2 
352.3 
317.1 
279.6 
299.7 
114.9 
68.6 
73.7 
87.4 
87.4 
75.4 

157.8 

* = Composite steel-concrete section 
U = Unsymmetrical steel section 
S = Symmetrical steel section 

(A) = 0% extrapolation 
(B) = < 50% extrapolation 
(C) = 50 to 100% extrapolation 
(D) = > 100% extrapolation 
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sections (in negative bending). All specimens are normal
ized to 50,000 psi yield-strength steel. Mpe- and the corre
sponding available inelastic rotation capacity, 6P—, at 
Mpe— are given for each specimen. Mpe- is expressed as a 
percentage of the plastic moment, Mp-, in the table. Some 
of the test curves had to be extrapolated to determine the 
rotation capacity because the tests were not carried out far 
enough. The percent extrapolation is indicated for each 
specimen by a letter in parentheses after each specimen 
name in Table 2. The maximum moment reached in the 
test, Mmax, is also given as a percentage of Mp- . Note that 
the guide specification slenderness limits do a reasonable 
job of ensuring that a compact section will at least reach 
Mp- . Specimen 188-3-6 is at the top of the table in bold
face type. Because the actual yield point of the compression 
flange exceeded 50,000 psi and was greater than that of the 
web, Mpe— was actually 97.4% of Mp— for this specimen. 
The rotation capacity at this level was 63.3 mrads vs. 58.0 
mrads at Mp-. A rotation capacity of 63.3 mrads can 
therefore be considered as adequate for current plastic-
design requirements. 

The other 48 data points are plotted in Fig. 7. These data 
cover a range of b'lt from 5.0 to 14.7 and 2Dcp ltw from 29.9 
to 137.8. Except for one instance, the available rotation 
capacity at Mpe- is greater than that provided by the AISC 
Part 2 section (188-3-6) with maximum slenderness ratios 
for the compression flange and web at Mp—. In the one 
situation, the rotation was 7% below that of the AISC Part 
2 section. Because the plastic rotation requirement of 63.3 
mrads can be regarded as an order-of-magnitude require
ment, the procedure appears reasonable. Adequate rota
tion capacity is thus assured at Mpe-. 

Overload 

Research on the Autostress procedures started with a paper 
presented at the ASCE National Structural Engineering 
Meeting in San Francisco in April, 1973,19 This paper sug
gested the classical shakedown theory be considered as a 
practical method of analysis of steel structures subjected 
to repeated loads. The shakedown analysis shows that per
manent deformations caused by local yielding will eventu
ally stabilize for independently variable loads below the 
shakedown limit.20 After several loading cycles, the struc
ture will behave elastically due to favorable residual stress 
patterns that are created by the local yielding. This theory 
seemed well-suited to the development of improved limit-
state criteria for continuous bridges at overload. 

Consider the deformed shape of the two-span continuous 
bridge in Fig. 8 after the dead load plus the AASHTO HS20 
overload lane load has caused local yielding near the in
terior pier. In the absence of dead load or tie down, the 
permanent rotation resulting from the local yielding would 
cause the beam to lift off the center support. The self-
equilibrating forces in Fig. 9 prevent this movement and 
create the indicated automoments. The autoforces and 
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automoments are similar to the prestressing forces and 
moments in continuous beams only these forces and mo
ments are created automatically as soon as the structure is 
subjected to heavy loads (no prestressing strands are used). 
These forces and moments coexist with the dead load in the 
structure after the live load is removed. The automoments 
ensure the structure remains elastic (or shakes down) when 
subjected to loads not exceeding the initial overload. They 
do not affect stress ranges related to fatigue design. A 
bridge member may never experience the automoments 
unless the actual loading is sufficiently heavy, which is 
acceptable. The permanent deformations caused by the 
automoments, including elastic and inelastic contributions, 
are shown in Fig. 9. They should be included in the dead-
load camber to satisfy the Overload structural performance 
requirement. 

The computation of the automoment for this structure is 
illustrated in Fig. 10. The computation is similar to that for 
AISC semirigid Type 3 building connections.9'21 The in
terior-pier moment M— is plotted vs. the permanent rota
tion at the pier 6P— . Two curves are shown in Fig. 10. The 
first is an experimentally based moment-rotation curve for 
the pier section. The second is a straight line connecting 
Points A and B known as the beam line. Point A is the sum, 
Me- , of the dead load MDL and overload live-load MLLE 
pier moments computed from an elastic analysis. 6 P - is 
zero because Point A is based on elastic behavior. Point B is 
the total change in slope at the pier caused by the dead load 
and Overload live load assuming the pier to have a free 
hinge. This total rotation can be computed from simple 
elastic formulas using the same stiffness properties as used 
in computing Point A. Because Point B is based on a free 
hinge at the pier, the pier moment is zero. From superposi
tion, any intermediate points fall on a straight line between 
Points A and B. 

The actual overload pier moment MSH and permanent 
rotation are located at Point C, the intersection of the two 
curves. Point C can be determined graphically, or by writ-

ACTUAL © P • INELASTIC PIER ROTATION 
I N E L A S T I C 
ROTATION 

Fig. 10. Graphic determination of automoment 
and permanent rotation 

ing equations for the two curves. MSH equals Me- plus the 
pier automoment MAUTO. MAUTO is positive in this 
example, and effectively reduces MDL after the live load is 
removed. Thus, the maximum positive moment must be 
increased by the proper proportion of MAUTO before 
checking the total Overload stress in positive bending. 
Since the automoment remains in the structure, it is recom
mended that the composite moment of inertia, computed 
using a modular ratio of 3n, be used to compute the stress in 
positive bending due to the automoment. No stress check is 
required at the interior pier. This is because no further 
permanent rotation occurs under subsequent applications 
of MLLE, as shown in Fig. 10. The automoments have 
caused the structure to shakedown. The permanent deflec
tions due to the automoments can be computed from simple 
elastic deflection formulas (using the 3n moment of inertia) 
and included in the camber. 

The above computations assume there is no yielding in 
positive bending. Yielding in positive bending increases the 
permanent rotation at the pier. Ref. 22 describes proce
dures to adjust the beam line for positive-moment yielding. 
Also, when a bridge is continuous over more than one 
interior pier, carry-over of automoments occurs. The auto
moment at one pier influences the dead-load moments at 
the other piers. An iterative solution is then required. 

In the absence of experimentally based moment-rotation 
curves for the pier sections, two experimentally determined 
curves are given in the guide specification for computing 
automoments at overload. The dashed curve in Fig. 11 is for 
an unsymmetrical welded all-steel section from Ref. 12 
(Specimen 188-3-2) with a cover plate on one flange to 
simulate the composite rebars. It was determined from 
examining the available moment-rotation test data that 
all-steel specimens have sufficiently similar behavior at low 
plastic rotations to permit the use of a single curve. This 
curve should be used for non-composite beams, and to 
determine any automoments and respective camber re
quirements due to non-composite dead load on composite 
beams. The maximum stress in positive bending due to 
elastic non-composite moments plus any corresponding 
automoments is limited to 0.80* Fy. 

The dotted curve in Fig. 11 is for an actual composite 
specimen from Ref. 13 (Specimen 188-3-4W) with the same 
steel section as Specimen 188-3-2 without the cover plate. 
The specimen was from a half-scale interior-support model 
of a composite steel-concrete section subjected to negative 
bending. The permanent rotations are larger for the com
posite specimen 188-3-4W probably because of concrete 
cracking. Also, because the concrete slab shifted the plastic 
neutral axis more than the cover plate, Specimen 188-3-4W 
was not able to reach as high a moment. Thus, the solid 
curve is the curve for Specimen 188-3-4W shifted vertically 
to reach Mp- at the same 8 P - value as Specimen 188-3-2. 
Beyond that value of 6P— , no increase in moment is con
servatively assumed. This solid curve should be used to 
determine the automoments and required camber due to 
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the composite dead load and overload live load on compo
site beams. For this calculation, it is recommended that the 
origin of the axes be shifted so that it starts on the solid 
curve at the non-composite dead-load moment. Note the 
curves are normalized with respect to Mp- in Fig. 11. 
Therefore, the pier section must meet the compact-section 
requirements in Eqs. 3-7 to use these curves. 

The permanent pier rotation at overload is assumed to be 

! 1 

t : 

STEQ. • 
SpMnn«n t S S - 3 
2*0op /rW—78.; 

V 
/ i 

/ couej>sny 

• t 
/ / 

I 
/ / 

/ / 

/ 

I 

- 2 . '-

\y 

f 

• 

/ 

• \ COM 

_2«DM 

osrrc 

•rf 
as-: ~4W 

1 

Fig. 11. Guide specification moment 
vs. permanent rotation curves-overload 

* 0.8 

2 0 .4| -

< 
w 0.2 

TOTAL DEFORMATION 
DURING OVERLOAD 

PERMANENT 
OEFORMATION 
AFTER OVERLOAD 

cC0MP0SITE 
-^CONCRETE SLAB 

SIMULATED 
PIER REACTION 

SPECIMEN 188-3-4 CREF. 13) 

Fig. 12. Roadway profile during and after overload 

concentrated at the pier, which would be similar to the 
angle change at a pier with two true simple supports. How
ever, the model test in Ref. 13 indicated the permanent 
rotation at overload is actually smoothly distributed across 
the interior-pier reaction, shown in Fig. 12, because rebars 
remained elastic. Most of the yielding occurs in the com
pression region of the steel section because of the shift in 
the neutral axis due to the composite rebars. The rebars can 
probably be considered elastic at overload, as required by 
the guide specification, if the steel section Fy does not 
exceed 50,000 psi and the rebar Fy is not below 60,000 psi. 

CONCLUSIONS AND FUTURE WORK 

The improved limit-state criteria presented in the 
AASHTO guide specification for braced compact sections 
have resulted in demonstrated economies in short-span 
steel bridge designs. The criteria were applied in the design 
of the Whitechuck River Bridge, which proved to be cost 
competitive with other methods of construction. This 
bridge on a National Forest Service logging road was in
strumented and tested under heavy loads and showed no 
signs of distress during or after the tests.7 A design example 
has been prepared to accompany the guide specification 
which shows how a W36 rolled beam (without cover plates) 
can be used on a 100-ft span in a two-span continuous-beam 
highway bridge.23 A rolled-beam bridge has also been de
signed by the New York State DOT using the guide spec
ification. 

Research on extending the improved limit-state criteria 
to plate girders is presently underway. Initial moment-
rotation tests on plate girders in negative bending have 
been conducted, and sample designs are being prepared for 
examination as a continuation of AISI Project 188.8 Com
posite plate girders in positive bending are being tested in 
AISI Project 320A.24 A research project is also ongoing at 
the new FHWA Turner-Fairbank Structural Laboratory as 
part of AISI Project 330. Tests will be conducted on a 0.4 
scale model of a two-span, three-girder bridge with precast 
post-tensioned deck panels. The plate-girder bridge was 
designed using the Autostress procedures. A component 
test of the negative-moment region of one of the bridge 
girders has recently been completed. 

ACKNOWLEDGMENTS 

The development of the Autostress procedures was a team 
effort at the U.S. Steel Technical Center in Monroeville, 
Pa. The author gratefully acknowledges the efforts of Dr. 
Geerhard Haaijer, vice president and director of engineer
ing for AISC, and Phillip S. Carskaddan of AISC Market
ing, Inc., who were responsible for the initial development 
of the Autostress procedures. The guide specification was 
prepared by Dr. Haaijer. The project was sponsored by 
AISI. The AISI staff representative is Albert C. Kuentz. 
Many thanks for the advice from the members of the AISI 

FIRST QUARTER/1987 9 



Autostress Advisory Task Force, and to the many people 
involved in the design, construction and testing of the 
Whitechuck River bridge. 

REFERENCES 

1. Association of State Highway and Transporta
tion Standard Specifications for Highway Bridges 
13th Ed., 1983. 

2. Haaijer, G., C. G. Schilling and P. S. Car-
skaddan Limit-State Criteria for Load-Factor Design 
of Steel Bridges Engineering Structures. Butterworth 
and Co. Ltd., Vol. 5, No. 1, January 1983, Surrey, 
England (pp. 26-30). 

3. American Association of State Highway and Transporta
tion Officials Guide Specification for Alternate Load-
Factor Design Procedures for Steel Beam Bridges Using 
Braced Compact Sections Draft Copy, Aug. 28,1985. 

4. Haaijer, G., P. S. Carskaddan and M. A. Grubb 
Autostress Design of Steel Bridges ASCE Journal of 
Structural Engineering, Vol. 109, No. ST1, January 1983 
(pp. 188-199). 

5. Haaijer, G., P. S. Carskaddan and M. A. Grubb 
Suggested Autostress Procedures for Load Factor De
sign of Steel Beam Bridges American Iron and Steel 
Institute, Project 188, March 1,1985, Washington, B.C. 

6. American Institute of Steel Construction, Inc. Pro
posed Load and Resistance Factor Design Specification 
for Structural Steel Buildings Sept. 1, 1983, Chicago, 
III. 

1. Roeder, C. W. and L. Eltvik Autostress Design Cri
teria—Load Test of the Whitechuck River Bridge 
FHWA Project DTFH61-81-C-00114, University of 

Washington, January 1985, Seattle, Wash. 
8. Schilling, C. G. Moment-Rotation Tests of Steel 

Bridge Girders American Iron and Steel Institute, 
Project 188, April 15, 1985, Washington, B.C. 

9. American Institute of Steel Construction, Inc. Specifi
cation for the Design, Fabrication, and Erection of 
Structural Steel for Buildings 8th Ed., 1980, Chicago, 
III. 

10. Carskaddan, P. S., G. Haaijer and M. A. Grubb 
Computing the Effective Plastic Moment AISC En
gineering Journal, 1st Qtr., 1982, Chicago, III. (pp. 
12-15). 

11. Grubb, M. A. and P. S. Carskaddan Autostress De
sign of Highway Bridges, Phase 3: Moment-Rotation 
Requirements American Iron and Steel Institute, 
Project 188, July 6, 1981, Washington, B.C. 

12. Grubb, M. A. and P. S. Carskaddan Autostress De
sign of Highway Bridges, Phase 3: Initial Moment-
Rotation Tests American Iron and Steel Institute, 
Project 188, April 18, 1979, Washington, B.C. 

13. Carskaddan, P. S. Autostress Design of Highway 
Bridges, Phase 3: Interior-Support-Model Test 
American Iron and Steel Institute, Project 188, Feb. 11, 
1980, Washington, B.C. 

14. Adams, P. F., M. G. Lay and T. V. Galambos Exper
iments on High-Strength Steel Members Fritz En
gineering Laboratory Report No. 297.8, Lehigh Uni
versity, July 1984, Bethlehem, Pa. 

15. Lukey, A. F. and P. F. Adams Rotation Capacity of 
Beams Under Moment Gradient ASCE Journal of 
Structural Engineering, June 1969. 

16. Holtz, N. M. and G. L. Kulak Web Slenderness 
Limits for Compact Beams Structural Engineering 
Report No. 43, University of Alberta, March 1973. 

17. Holtz, N. M. and G. L. Kulak Web Slenderness 
Limits for Non-Compact Beams Structural Engineer
ing Report No. 51, University of Alberta, August 1975. 

18. Climenhaga, J. J. and R. P. Johnson Local Buckling 
in Continuous Composite Beams The Structural En
gineer, September 1972. 

19. Haaijer, G. Autostress Design of Steel Struc
tures ASCE National Structural Engineering Meet
ing, Preprint No. 1930, April 9-13, 1973, San Fran
cisco, Cal. 

20. American Society of Civil Engineers Commentary on 
Plastic Design in Steel Manual of Engineering Prac
tice 41, 1971 (pp. 106-116). 

21. Bisque, R. O. Wind Connections with Simple Fram
ing AISC Engineering Journal, Vol. 1, No. 3, July 
1964, Chicago, III. (pp. 101-103). 

22. Carskaddan, P. S., G. Haaijer and M. A. Grubb 
Adjusting the Beam-Line Method for Positive-Mo
ment Yielding AISC Engineering Journal, Vol. 21, 
No. 4, Chicago, III (pp. 217-221). 

23. Grubb, M. A. Design Example—Two-Span Con
tinuous Beam Highway Bridge Designed by the Auto
stress Method American Iron and Steel Institute, 
Project 188, May 10, 1985, Washington, B.C. 

24. Vasseghi, A. and K. H. Frank Ultimate Strength of 
Composite Steel Plate Girders—AISI Project 320— 
Test Results of Girder 1 Phil M. Ferguson Structural 
Engineering Laboratory Report, University of Texas, 
August 1984, Austin, Texas. 

10 ENGINEERING JOURNAL/AMERICAN INSTITUTE OF STEEL CONSTRUCTION 


