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The first of three composite girder tests is presented from 
a project with the objectives of vahdating current inelastic 
design procedures and developing new inelastic provisions 
for bridges comprising noncompact girders. The first girder 
test was a half-scale, three-span composite beam with com­
pact sections. The future tests will be two-span composite 
girders comprising noncompact sections. The essential 
components of inelastic design provisions are moment-
inelastic rotation relations at the critical sections. These 
relations are necessary to predict inelastic rotations, per­
manent residual deflections, and redistributed moments in 
the structure. Along with the design and modeling of the 
half-scale test, experimental moment-rotation behavior 
characteristics for moving load inelastic tests and a plastic 
collapse test are presented. Inelastic behavior in terms of 
design limits and predicting residual deformations is pre­
sented on the basis of the experimental results. 

I nelastic steel bridge design procedures account for 
the reserve strength inherent in multiple-span steel 
girder bridges by allowing redistribution of negative 

pier region elastic moments to adjacent positive mo­
ment regions (1,2). The redistribution causes slight in­
elastic rotation at the interior pier sections, residual mo­
ments in the beam, and some permanent residual 
deflection. After the redistribution, the structure 

achieves shakedown {3,4): deformations stabilize and 
future loads are resisted elastically. 

The A A S H T O Alternate Load Factor Design ( A L F D ) 
(1) method allows inelastic design for bridges compris­
ing compact sections. A L F D is incorporated into the 
A A S H T O Load and Resistance Factor Design ( L R F D ) 
Bridge Design Specification (2). Inelastic design proce­
dures allow the designer flexibility and the possibility 
of more economical designs by eliminating cover plates 
and flange transitions at negative moment regions (5). 
Expanding inelastic designer provisions to include non-
compact sections is desirable because of the wide use of 
plate girders with thin webs. 

This paper presents results of a Vz-scale composite 
girder test. In all, three composite girders, each approx­
imately 30.5 m (100 ft) long, wil l be tested. Simulated 
moving loads in the elastic and inelastic range will be 
cyclically applied to the test girders. Afterward, the 
girders wil l be tested to failure in a static collapse con­
figuration. The first test consists of a three-span, com­
pact, rolled section, whereas the other two will be two-
span girders with typical noncompact plate girder 
sections. The project wil l verify design limit behavior of 
current inelastic design provisions for compact bridges 
and extend the inelastic procedures to include noncom­
pact designs. 

The specific objectives of this paper are to {a) present 
the design and modeling of the test girder, (b) illustrate 

304 



BARKER AND HARTNAGEL 305 

the inelastic behavior, and (c) develop critical moment-
inelastic rotation relations for the first test girder. 

INELASTIC DESIGN OF STEEL GIRDER BRIDGES 

A L F D inelastic design procedures (1) specify require­
ments at service load levels (normal traffic), overload 
levels (occasional heavy vehicle), and maximum load 
levels (one-time maximum vehicle). Inelastic L R F D pro­
visions (2) specify these limits as Service I , Service I I , 
and Strength I , respectively. The L R F D procedures also 
have a separate fatigue limit loading. Following are the 
L R F D load levels at the respective limits: 

Fatigue = D + 0.75L(1 + / ) , {la) 

Service I = D 1.00L(1 + / ) , (16) 

Service II = D + 1.30L(1 + / ) , and (Ic) 

Strength I = L 2 5 D C + 1 . 5 0 D W + 1.75L(1 + I) (U) 

where 

D - dead load, 
L = live load with lateral distribution factor, 
I = impact factor (33 percent), 

D C - component dead load (slab, beam, and bar­
rier curbs), and 

DW = wearing surface. 

Fatigue and Service I limits are for fatigue and de­
flection checks. For inelastic design at the Service II limit 
state, after interior pier elastic moments are redistrib­
uted to adjacent positive moment regions, the design 
requirement is a limited stress at positive moment 
regions. At the Strength I level, a mechanism must not 
form with the application of the factored loads. 

PROTOTYPE BRIDGE DESIGN 

The three-span two-lane protype bridge (18.3 X 23.2 
X 18.3 m) (60 X 76 X 60 ft) was designed according 
to the fourth draft of the L R F D bridge design specifi­
cations using the inelastic design provisions (2). Four 
W 3 0 X 108 rolled beam girders with 25.4-mm (1-in.) 
headed studs at a nominal spacing of 305 mm (12 in.) 
were selected. A girder spacing of 3.05 m (10 ft) was 
used to support the roadway that was 11.0 m (36 ft) 
wide. Yield strength of the steel was 345 M P a (50 ksi). 
The deck was 203 mm (8 in.) thick with 27.6 M P a 
(4,000 psi) compressive strength concrete and Grade 60 
reinforcing steel. A future wearing surface of 0.57 k N / 
m^ (12 psf) [about 25 mm (1 in.) of asphalt] and a 
barrier rail weighing 4.45 kN/m (305 plf) [a standard 
406 mm (16 in.) concrete barrier curb] were considered 
as composite dead load. The bridge was designed as­
suming unshored construction. Also, the L R F D HS20 
design vehicle and a lane load of 9.34 k N / m (64 plf) 
was used for determining live load effects. The Vz-scale 
experimental test girder models an interior girder from 
the bridge system. Following is a brief description of 
the Service II and Strength I limit design procedures (6). 

ELASTIC ANALYSIS TECHNIQUES 

A prismatic elastic analysis was used to compute the 
noncomposite dead load moments, and elastic nonpris-
matic analyses were used to determine the composite 
dead load moments and the live load plus impact mo­
ment envelopes. L R F D lateral distribution factors were 
used to approximate the amount of live load applied to 
a single girder. Figure 1 shows the total live and dead 
load moment envelopes for the prototype girder includ­
ing impact and distribution factors. 
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DESIGN LIMIT STATES 

Service n Limit State 

The Service II check ensures that occasional overload 
vehicles equal to 1.30L(1 + / ) wil l not cause excessive 
deformations. Elastic overload moments at the piers 
are shifted through residual moments, MR, that occur 
at the pier because of inelastic pier rotations. Bp The 
residual moment is the difference between the elastic 
moment and the actual moment at the pier section. 
Due to inelastic action, the girder develops a residual 
moment field (self-equilibrating) that is locked in the 
structure and adds to other applied moments. The 
pier sections resist bending according to the following 
relationship (2). 

M = Alp[0.7 - 60.0(ep)] < 1.0 (2) 

where - 0 . 0 0 8 < Op < 0 radians, 
M = actual moment in accordance with continuity 

and moment-rotation behavior, 
9p = plastic rotation at pier in radians (negative), 

and 
Mp = section plastic moment capacity. 

For this design, residual moments were related to the 
pier rotation by an inelastic conjugate beam analysis 
developed by Dishongh (7). The moments at the piers 
caused by inelastic rotations at the piers, and M^, 
and the residual moment, MR, are 

E70P 

M , 
B 1 

3 2 ^ B + 1 

(3a) 

Solving Equation 4 for the plastic rotation at the pier 
section yields 6p = — 0.00083 radians. The residual mo­
ment was found as M R = 46 k N - m (34 kip-ft) at the 
two-pier sections and throughout the middle span. The 
residual moment field is symmetric because of the sym­
metric bridge design. 

For the Service I I criteria, center-span, centerline 
stresses were found to be maximum. L R F D states that 
the applied stresses must be less than or equal to 0.95 
of the flange yield stress, Fy, for composite, homogene­
ous sections in positive bending. The maximum Service 
II stress is determined by superposition of stresses where 
the live load moment stress component is equal to the 
elastic moment plus the redistributed residual moment. 
The total stress was calculated as 330 M P a (47.9 ksi), 
which is approximately equal to the requirement of 
0.95 = 327 M P a (47.5 ksi). 

Strength I Limit State 

To satisfy the ultimate strength requirement, a plastic 
collapse mechanism must not form with the application 
of Strength I factored loads. L R F D inelastic provisions 
use an effective plastic moment, MpE, at the negative 
moment pier hinge sections. The effective plastic mo­
ment accounts for moment unloading at large inelastic 
rotations. The mechanism check was carried out by ap­
plying the factored dead loads [ 1 . 2 5 D C -I- 1 .50DW], 
moving the factored design truck [1.75L(1 + I)] over 
the entire beam in tenth-point increments, and calcu­
lating the plastic collapse load factors for all truck po­
sitions (5). The critical mechanism, using Mp£ at the pier 
sections, was the maximum positive center span loading 
configuration. The plastic collapse load factor was 
found to be 1.38: the structure can withstand 38 per­
cent more factored live loads than caused by the 
Strength I factored design live loads. Thus, Strength I 
requirements did not control the design. 

M , 
2B + 2 

M R = M , + M , 

(3fc) 

(3c) 

where A and B are ratios of the two outer-span lengths 
to the center-span length 18.3/23.2 = 0.79. 

At the pier section, the applied Service II moment, 
[D -I- 1.30L(1 -I- /)] (Equation I c ) , plus the residual 
moment (Equation 3c) is equal to the actual moment 
defined by the moment rotation relation (Equation 2) 
for composite pier sections: 

[D + 1.30 L ( l + /)] + M R = Mp[0.7 - 60(ep)] (4) 

TEST GIRDER MODEL 

Structural modeling techniques were employed to de­
termine the theoretical scale factors, S, for the '/2-scale 
fundamental measures of interest. Steel and concrete 
properties for the prototype and the model were iden­
tical; therefore, the independent variables were chosen 
as elastic modulus, E (Sg = 1), and length, L (S^ = 2). 
The three-span test girder (18.3 X 23.3 X 18.3 m) (30 
X 38 X 30 ft) was modeled to obtain near-equal width-
thickness ratios and stresses. A •W14 X 26 rolled shape 
with headed studs 12.7 mm (1/2 in.) at a nominal spacing 
of 152 mm (6 in.) was selected. The deck was 102 mm 
(4 in.) thick and 1.3 m (50.5 in.) wide with No. 3 rebar 
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F I G U R E 2 Model beam load locations and cross section. 

in two layers in each direction. Figure 2 illustrates the 
test girder configuration. 

Loading applied to the model was scaled to simulate 
equal stresses in the model and the prototype. Although 
most properties modeled closely, the scale factors for all 
the section moduh were approximately 8.5 instead of 
the theoretical 8.0. Therefore, to model equal stresses, 
all prototype bending moments were factored by 1/8.5. 

Compensatory dead load was added to accurately 
simulate dead load stresses because a half-scale model 
weighs only one-quarter of the prototype and the 
proper scale factor is one-half. Ten concrete blocks 8.9 
k N (2,000 lb) were hung from the bottom of the W-
shape before the concrete deck was placed to compen­
sate for the self-weight lost as a result of scaling. A d ­
ditional concrete blocks were placed on top of the deck 

after it hardened to represent the composite dead loads 
(wearing surface, guard rails, etc.). 

Moving live loads were simulated with four discrete 
loading points on the test beam, as indicated in Figure 
2. Influence hues and linear programming were used to 
determine the sequence of loads needed to simulate a 
moving truck. Five individual load stages were devel­
oped to represent the moving load sequence. The critical 
location moments produced by the four discrete loading 
points are shown in Figure 3 along with the scaled Ser­
vice I theoretical design truck [ L ( l -I- /)] moment en­
velopes. The truck load sequence could be linearly ad­
justed to represent any percentage of the modeled truck 
design weight ( L L ) . 

Several different measurements were recorded for the 
test including rotation, deflection, reaction, strain 
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gauge, and deck slip readings. The locations of these 
measurements are shown in Figure 4. 

TESTING AND DESIGN LIMITS 

The modeled live loads were applied to the test beam 
at various load levels cyclically at slow rates (impact 
included in static load). The entire loading history of 
the test is as follows. Elastic low-level tests were carried 
out at 10, 20,40, 60, 70, 80, and 90 percent L L where 
L L is the modeled Service I loading. These provided an 
opportunity to confirm elastic behavior and instrumen­
tation performance. 

Service I level loads (100 percent L L ) were applied 
to validate fatigue (ratioedjio 75 percent L L ) and de­
flection requirements of the L R F D provisions. Maxi ­
mum strains at the fatigue level loading were 158 JJLC, 

whereas the L R F D limit is 200 ixe. The maximum Ser­
vice I elastic deflection was 31 mm (1.22 in.), which 
corresponds to a predicted deflection of 30 mm (1.16 
in.). However, there was also a permanent set residual 
deflection of 3 mm (0.12 in.) at this level because o'f 
nonlinear behavior. 

Increasing the loads toward the Service I I level, loads 
of 110 and 120 percent L L were applied to examine the 
behavior in this range of loads. At the Service II level 
(130 percent L L ) , the girder experienced significant 
nonlinear behavior. Design provisions predict this resid­
ual deflection and limit stresses in positive moment por­
tions of the structure to 0.95 Fy for composite girders. 
A maximum strain of 1450 |xe occurred at the bridge 
centerline compared with the allowed strain of 1638 |xe 
for 345 M P a (50 ksi) steel. Therefore, the structure met 
the Service I I limit state criteria. However, at the 130 
percent L L level, strain measurements in the negative 
bending sections were substantially higher than were 
elastic strains, indicating that some yielding had oc­
curred in accordance with the design provisions. The 
residual deflection at the bridge centerline was 9.7 mm 
(0.38 in.) after the 130 percent L L loadings. The design 
provisions suggest cambering this residual deflection 
during fabrication. 

Cyclic loads were applied at 140, 155, and 166 per­
cent L L to examine the inelastic behavior above the Ser­
vice I I level. The last simulated moving load test was at 
175 percent L L plus factored dead loads [ 1 . 2 5 D C -I-
1 . 5 D W + 1.751(1 + /)] (Strength I level). This loading 
represents the worst possible maximum design load 
level applied to a bridge. The girder resisted this re­
peated load three times before some web buckling oc­
curred. The final residual deflection from the moving 
load tests was 65 mm (2.6 in.). 

After the cyclic tests, the girder was tested to failure 
by monotonically increasing loads proportioned to rep­

resent the theoretical design collapse configuration. This 
configuration simulated a stationary truck where the 
center axle of the truck was located at the centerline of 
the middle span. The additional factored dead load was 
applied by adding extra simulated loads to the P I 
through P4 discrete load locations. Live loads were then 
applied to P I , P2, and P3 to recreate the prototype 
mechanism moment diagram. The P I and P4 loads were 
set to load control for the duration of the collapse test, 
whereas the P2 and P3 loads were slowly increased un­
der stroke control until the girder failed by concrete 
crushing at the bridge centerline. The maximum col­
lapse load was 36 percent above the Strength I design 
limit. This corresponds to 38 percent excess capacity 
predicted in the design calculations. 

INELASTIC BEHAVIOR 

Moving Load Tests 

Each modeled truck weight percentage loading was re­
peated until the residual deflections stabilized and the 
bridge experienced shakedown. Figure 5 shows the per­
manent set residual deflection at the centerline of the 
bridge in terms of the percent Service I load level. This 
shakedown plot shows how the structure suffered in­
creasing permanent set as the live load level increased. 
The onset of permanent set occurred at 70 percent L L . 
After the last cycle of loads, the girder had a residual 
deflection at the centerline of 65 mm (2.6 in.). 

Stabilization of residual deflections was obtained 
with all live load levels except for the factored dead load 
plus 175 percent L L level (Strength I ) . Three cycles were 
carried out at the Strength I load level upon which each 
cycle resulted in large increases in residual deflection. 
The cyclic live loading portion of the test concluded at 
this level because some slight web buckling at the pier 
sections was detected. At the Strength I load level, the 
structure may or may not have shaken down. However, 
it can be concluded that the incremental collapse load, 
where inelastic deflections continually grow, occurred 
above the 166 percent L L level. 

The moment-inelastic rotation at the negative mo­
ment pier section is the determining relation for the in­
elastic design method. From this behavior, the inelastic 
rotation, residual moment field, actual moments, and 
residual deflection are determined. 

For the Service II limit. Figure 6 shows the moving 
load experimental moment-total rotation (elastic -I- in­
elastic) and the moment-inelastic rotation for the south 
pier. Figure 7 shows the same information except with 
the addition of the plastic collapse test moment-rotation 
data. Figure 6 includes live load negative moment load­
ings, whereas Figure 7 includes both dead and live load 
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negative moment loadings. From Figure 6, the inelastic 
rotation at the south pier (and north) is 4 mrad at the 
Service II level (130 percent L L ) . 

Positive moment regions also show similar moment-
rotation behavior, as shown in Figure 8 for the center-
line of the girder. At the Service II level, the inelastic 
rotation is 0.8 mrad. Even though stresses are less than 
0.95 Fy, there is some nonlinear behavior. The inelastic 
design provisions do not explicitly incorporate positive 
region inelastic rotation; however, although it is small, 
this inelastic rotation does have an effect on residual 
moments and deflections. 

The residual deflection at 130 percent L L (design 
limit), based on the actual inelastic rotations at the two 
piers and at the girder centerline, is calculated in Figure 
9. The conjugate bearri method, using a length weighted 
moment of inertia, is employed loaded with an un­
known residual moment field and known concentrated 
inelastic rotations. Figure 9 shows the calculated resid­

ual deflection to be 9.1 mm (0.36 in.), which is very 
close to the experimental deflection of 9.7 mm (0.38 

The determinate residual moment is 22 k N - m (16.2 i n 

kip-ft), which also agrees with experimental pier resid­
ual moments of 27.4 k N - m (20.2 kip-ft) and 25.9 k N -
m (19.1 kip-ft) after the 130 percent L L load cycles. 

The residual moment field increases the total mo­
ment in positive moment regions by adding to the elas­
tic applied moments. Because this total moment must 
not cause stresses above 0.9 Fy, it is important to esti­
mate the residual moment accurately. Thus , the pier sec­
tion moment-rotation relation should represent the true 
behavior. 

Concrete cracking over the pier regions, although im­
portant for serviceability, has little effect at Service I or 
Service I I levels, as indicated in Figure 10. At low loads, 
the concrete is uncracked or partially cracked and the 
neutral axis is high in the beam. However, at design 
limit loads, the concrete has cracked sufficiently such 
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that the neutral axis has settled near the design position. 
At the 175 percent L L , the neutral axis starts to migrate 
toward the plastic hinge location. 

Plastic Collapse Test 

After the moving load tests, the girder was tested to 
failure by monotonically increasing loads proportioned 
to represent the theoretical design collapse configura­
tion. The simulated factored portion of the dead load 
was applied to P I , P2, P3, and P4 and then P I , P2, and 
P3 were loaded to simulate the truck. Figure 11 is the 
total load at P2 and P3 (P2 + P3) plotted against the 
deflection at the girder centerline. The figure shows the 
Strength I factored load level (175 percent L L plus fac­
tored dead load) in relation to the load-deflection re­
sponse. The figure clearly shows that the girder had ex­
cess capacity (36 percent) beyond the Strength I loading 
in accordance with the design calculations. The theo­
retical plastic collapse load was calculated using the ef­
fective plastic moment at the pier sections and the plas­
tic moment capacity of the section at location P2. The 
actual maximum attained load was within 1 percent of 
the theoretical collapse load. 

After sustaining about 356 mm (14 in.) of deflection 
at the bridge centerline (in addition to the 65 mm (2.6 
in.) from the shakedown tests), the concrete crushed at 
the bridge centerline. Two aspects of the collapse test 
are worthy to note. The first is that the girder resisted 
350 mm (13.8 in.) of deflection at near maximum loads. 
This deflection (length/deflection = 3 3 ) shows tremen­
dous ductility for this compact girder. The second item 
is that this ductility behavior was not from an ideal 
elastic-perfectly plastic mechanism. 

In Figure 7 it was seen that the pier sections are un­
loading moment with increasing rotation throughout 

the test. This is primarily caused by flange buckling, 
web buckling (started during the moving load tests), 
and lateral buckling. The lateral torsional buckling was 
very apparent with two distinct sine waves [sweep ap­
proximately 25 mm (1 in.)] between the bracing 1.22 
m (4 ft) on each side of the pier. The flange and web 
buckling were visible but seemed to stabiUze early in 
the collapse loading. 

Although the pier sections were unloading, the cen­
terline positive moment section was absorbing the re­
distributed moments as shown in Figure 8. The com­
bination resulted in a very ductile girder. 

SUMMARY AND CONCLUSIONS 

More economical steel bridge designs (for compact gird­
ers) can be reahzed using inelastic design provisions. In­
elastic design provisions can reduce material and fab­
rication costs by ehminating flange transitions and 
cover plates at interior piers (5). Bridge safety is not 
compromised because, after the structure has experi­
enced several passes of the design limit loads, future 
loads are resisted elastically. Results from this test val­
idate the L R F D inelastic provisions at all design limit 
states. Extending provisions to allow inelastic design for 
bridges comprising noncompact sections would also be 
beneficial. However, even though the analytical tools 
exist (6) for developing inelastic design procedures for 
these girders, large-scale testing is necessary to validate 
theoretical engineering practice. 

The test results reported herein give an overview of 
the inelastic and plastic behavior of the Va-scale three-
span composite test beam. The experimental results 
compared well with theoretical expectations. The test 
showed that residual deflections stabilize well above 
current serviceability limits. Also, the accuracy of pre-

250 

A 200 

I 150 

2 
•8 

50 

Theoretical Capacity 

Maximum Capacity y\ 

f Strength I Load Level / \ 
Concrete Crushing at Midspan \ 

Unloading / 

50 100 150 200 250 300 

Deflection at Center of Bridge (mm) 
350 400 

F I G U R E 11 Collapse test middle span load: deflection response. 



B A R K E R AND H A R T N A G E L 313 

dieting inelastic behavior is dependent on the accuracy 
of the analytical models. 

For inelastic design, estimating inelastic deflections, 
residual moments, and inelastic rotations is of great im­
portance. The key to accurately predicting the bridge 
response is in the moment-inelastic rotation relation. 
This test produced one such relation for the negative 
pier region. However, it also developed the relation for 
positive bending. Positive inelastic rotations affect the 
results and can be easily incorporated into design 
provisions. 

The plastic collapse test illustrated the ductility in 
compact composite beams. The primary reason that the 
beam behaved so well is that it is compact, with the 
flanges being well below the compactness requirements 
(ultracompact). This will not be the case for the second 
two girder tests planned for this project. The flanges 
will still be ultra-compact, but the webs wil l have typ­
ical plate girder width/thickness ratios. However, pre­
vious work has shown that, although these girders are 
not as ductile, the noncompact sections have predictable 
moment-rotation behavior (6) that can be incorporated 
into inelastic design provisions. The second two non-
compact girder tests from this project wil l provide vital 
information for the development of inelastic design pro­
visions for noncompact girders. 
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