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• Eighteen slab and beam bridges were sub
jected to test traffic at the AASHO Road Test. 
This report describes the behavior and per
formance of the bridges under regular test 
traffic and during the accelerated fatigue tests. 
Also reported is an analysis of the fatigue 
strength of the bridge beams. A more detailed 
account and description of the material con
tained herein may be found in "AASHO Road 
Test Report Four, Bridge Research" (HRB 
Special Report 61D). 

Layout of Project 
The test road was located 80 miles southwest 

of Chicago on the right-of-way of Interstate 
80. The test facility was laid out in six loops 
shown in Figure 1. Each loop was a segment 
of Chicago on the right-of-way of Interstate 
roadways were connected by turnarounds at 
both ends. 

Four major loops (3 through 6) were tested 
under tractor semitrailer truck traffic. One 
smaller loop (2) was tested with light truck 
traffic and one loop (1) was used for studies 
with static, creep speed and vibrating loads 
and for observations of the effects of time and 
weather with no traffic. 

The principal design variables were those 
that specified pavement and bridge structures 
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and test vehicles. The test facilities for pave
ment research included asphaltic concrete and 
Portland cement concrete pavements of a wide 
range of designs. 

The test bridges were located in Loops 5 and 
6 which were subjected to the heaviest truck 
loads. They were placed in groups of four at 
the beginning of the tangents containing the 
pavement test sections (Fig. 2). The bridges 
at the west end of both loops were made with 
steel beams. At the east end of Loop 5 the 
bridges were made with prestressed concrete 
beams and at the east end of Loop 6 with 
reinforced concrete beams. 

Early in the course of the tests two of the 
original steel bridges were replaced with 
new test structures also with steel beams. The 
replacement structures are designated as 9A 
and 9B (Fig. 2). 

The four bridges at each location were sup
ported on a common concrete substructure con
sisting of two abutments and one pier (Fig. 
3). Each superstructure consisted of three 
beams and a reinforced concrete slab. The 
beams were simply supported on 50-ft spans. 
Each bridge provided one traflSc lane. 

Vehicles, Measurements, Test Programs and 
Methods 

Each test bridge was assigned only one type 
of truck. Eight bridges had single-axle and 
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Figure 3. Typical longitudinal section. 

ten bridges had tandem-axle vehicles operating 
over them. The single-axle vehicles operated 
on the inside lane and the tandem-axle vehicles 
operated on the outside lane. Figure 4 shows 
the nominal axle loads and spacings of vehicles 
operating over the test bridges. A typical 
single-axle vehicle which operated on Loop 5 
is shown in Figure 5; a tandem axle vehicle 

from Loop 6 is shown in Figure 6. The total 
weight of the test vehicles varied from about 
50,000 to about 110,000 lb. However, the 
weights of vehicles operating in a particular 
lane were reasonably uniform. The weights of 
the vehicles were determined on an electronic 
scale which weighed one axle at a time. 

To determine the combined cumulative ef-
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Figure 5. Typical single-axle vehicle from Loop 5. Figure 6. Typical tandem-axle vehicle from Loop 6. 

facts of time and test traffic, a number of 
measurements and observations were made on 
bridges with no load other than their weight. 
Strain measurements, deflection measurements 
(Fig. 7), determination of the degree of crack
ing of concrete beams, measurements of longi
tudinal and transverse slab profiles and 
condition surveys served this purpose. 

Additional measurements on unloaded struc

tures included the strains caused by the slab 
weight and those caused by variations in 
temperature. 

The bridge beams were instrumented for 
measurements of transient strains and deflec
tions caused by vehicles. The transient deflec
tions were measured at midspan of all bridges. 
The strains were measured on the rolled sec
tions off the ends of coverplates, at midspan 
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Figure 7. Brackets and scales for sag measurements. 

Figure 8. Amplifiers and recording oscillographs in trailer. 

and at other locations. The recording equip
ment (Fig. 8) used to make the measurements 
was housed in a trailer. The trailer was moved 
f rom bridge site to bridge site, thus avoiding 

the necessity of having several sets of record
ing instruments. 

The vehicles were scheduled to operate over 
the test bridges in a single line centered on 
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Figure 10. Cumulative number of trips of regular test 
vehicles. 

the 14-ft lane. The actual placement, shown by 
a histogram (Fig. 9) , indicated deviations from 
the desired placement with the majority of 
vehicles traveling farther away from the curb. 
Each lane was assigned 6 to 10 vehicles oper
ating 15 hr, during an approximately 19-hr 
daily period. Approximately 5 hr per day re
mained for special studies and maintenance of 
pavements and vehicles. This operation at 

speeds of 25 to 35 mph resulted in approxi
mately 800 to 1,400 trips per day. 

The accumulation of vehicle trips with time 
is shown in Figure 10. The regular test traffic 
was started in November 1958 and ended in 
December 1960 after approximately 550,000 
vehicle trips over each original bridge that 
survived the test traffic. 

The environmental conditions at the test 
road were observed at a centrally located 
weather station. In addition, temperature and 
other environmental conditions were measured 
at each bridge site in conjunction with ob
servations of the unloaded bridge. The meas
uring and recording equipment for determining 
the temperature (Fig. 11) was housed in a 
trailer. 

After the conclusion of the regular test traffic 
in December 1960, 7 of the 13 surviving bridges 
were subjected to accelerated fatigue tests. The 
bridges were excited with a mechanical oscil
lator (Fig. 12) to such an amplitude that the 
maximum stress and the range of fluctuating 
stress at the critical sections (i.e., sections at 
the ends of cover plates in steel bridges with 
cover plates and at midspan in all other 
bridges) approximated the average condition 
observed during the test traffic. The vibration 
was continued at this amplitude until failure or 
until the total number of stress cycles, includ
ing the cycles accumulated during the test 
traffic, reached II/2 million. 

T E S T S OF S T E E L BRIDGES 

Description 
Each steel superstructure consisted of three 

beams and a reinforced concrete deck. The 
erection of steel beams at one site is shown in 
Figure 13. The cross-sections of typical non-
composite and composite steel bridges are 
shown in Figure 14. The slabs were 15 ft wide 
and 6I/2 in- thick; they provided one 14-ft lane 
for the test traflSc. 

The beams were fabricated from wide-flange 
rolled-steel sections. All steel beams were rolled 
of A7 structural steel and, except for one 
bridge, were 18 in. deep. The exception was 
noncomposite bridge 3A which had beams 21 
in. deep. The beam size for individual bridges 
is given in Table 1. Beams of three noncom
posite bridges and of two composite bridges 
had partial-length cover plates welded on the 
bottom flange only. Beams of two noncom
posite bridges had partial-length cover plates 
welded on both the top and bottom flanges. All 
plates were welded to the flange with continu
ous fillet welds along the longitudinal edges. 
The ends of the plates were square and had no 
end welds. Beams of three noncomposite 
bridges had no cover plates. 
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Figure 11. Temperature recording equipment. 

T A B L E 1 

D E S I G N S T R E S S E S 

Bridge 
Beam Size 

Governing Design Stress 

Designation Type Location Max. Tension, psi 

l A Noncomposite 
with tension 

18WF55 Bottom fiber, 
end plate 

27,000 

cover plate' 
Bottom fiber, 35,000 I B Noncomposite 18WF50 Bottom fiber, 35,000 Noncomposite 
near midspan 

2A Noncomposite 18WF55 Bottom fiber, 35,000 Noncomposite 
near midspan 

2B Composite 
with tension 

18WF50 Bottom fiber, 
end plate 

35,000 

cover plate 
27,000 3A Noncomposite 21WF62 Bottom fiber, 27,000 Noncomposite 

near midspan 
27,000 3B Composite 

with tension 
18WF60 Bottom fiber, 

end plate 
27,000 

cover plate 
35,000 4A, 4B Noncomposite 18WF60 Bottom fiber, 35,000 4A, 4B 

with tension end plate 
cover plate 

27,0002 9A, 9B Noncomposite 18WF96 Bottom fiber. 27,0002 9A, 9B 
with 

cover plates 
top & bottom 

end plate 

' All cover plates were Jie by 6 in. in cross-section. 
* In the exterior beam; all other values pertain to the center beam. 

In eight bridges the beams were independent 
of the slab. A treatment of the top surface 
of the top flanges inhibited formation of 
natural bond between the slab and the steel 

beams. In two bridges, 2B and 3B, the steel 
beams were connected to the slab wi th channel 
connectors. 

The slab reinforcement was the same for all 
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Figure 12. Mechanical oscillator on a bridge. 

Figure 13. Erection of steel beams. 

ten steel bridges. I t consisted of two layers of 
longitudinal and transverse deformed bars, 
placed at the top and at the bottom of the slab. 

Design 
The design of the test bridges evolved f rom 

two basic requirements: (a) the experiment 
was to be limited primarily to the study of the 
behavior in flexure of the principal load-carry
ing members; and (b) the beams were to be 

subjected to the selected stress level at each 
passage of the regular test vehicle. 

The original bridges were designed for maxi
mum tensile stresses in the center beam of 
27,000 and 35,000 psi as indicated in Table 1; 
bridges 9A and 9B were designed for 27,000 
psi in the exterior beams. The choice of these 
stress levels was dictated by the objectives of 
the bridge research concerned with the effects 
of repeated over-stress on the fatigue strength 
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Figure 14. Typical steel bridge sections. 

of rolled beams with partial-length cover plates 
and the progression of yielding. 

To obtain these stresses in the tests, the de
signs of the beams were based on moments 
computed by an elastic analysis rather than 
on moments obtained by conventional design 
methods. On the other hand, the slabs, shear 
connectors and miscellaneous details were de
signed by conventional methods and for con
ventional allowable stresses. 

Properties of Materials 
Special precautions were taken to achieve 

uniformity in the construction materials. The 
steel beams for any one bridge were made 
from the same heat of steel (except for bridges 
3A and 4B). The mechanical properties of the 
structural steel and concrete were determined 
by a large number of static tests of steel 
coupons and concrete cylinders. 

The mean yield point of the flange steel var
ied between 32.5 to 37.9 ksi from bridge to 
bridge. The mean compressive strength of 
concrete, at the beginning of test traffic, varied 
from 4,760 to 6,040 psi from slab to slab. 

Residual stresses caused by rolling the wide-
flange sections were determined by sectioning 
short lengths of wide-flange sections cut prior 
to fabrication from beams used in the test 
bridges. The estimated mean residual stress in 
the beam flanges ranged from —7.4 to 11.3 ksi. 

An estimate of the fatigue strength of the 
rolled beams with partial-length cover plates 
was obtained from laboratory tests of beams 
having the same details as the bridge beams. 
The test data were described by mathematical 
equations which expressed the fatigue life as a 
function of the stress range and the minimum 
stress level. 

Behavior of Steel Beams 
Dead Load Stresses.—All original bridges 

were completed approximately 13 months be
fore the first passage of a vehicle. During this 
period, the bridges were subjected only to the 
effects of their weight and the environment. 
During the period after casting the slab, but 
before the beginning of the tests, the dead load 
stresses remained essentially unchanged as 
shown by strain histories in Figure 15 which 
shows the bottom flange strains measured at 
midspan of bridges subjected only to dead load. 
Strains were not measured when the slab was 
cast for noncomposite bridge lA. However, 
computed strain due to the slab weight is indi
cated. Strains caused by the slab weight were 
measured for noncomposite bridge 2A. The 
lower half of Figure 15 shows the strain his
tory of composite bridge 3B. All three bridges 
showed only minor variations in strain prior 
to the beginning of test traffic. This was typi
cal of the behavior of all steel bridges during 
this period. 

The variation of dead load deformations in 
the center beam during the period of regular 
test traffic are shown in Figures 15 and 16. 
The strain measurements showed a rapid in
crease (Fig. 15) during the first 100 crossings 
with regular test vehicles; thereafter, the in
crease was very gradual. Testing was discon
tinued on bridge 2A because of the large initial 
deformations. The dead load set measurements 
shown in Figure 16 were started just prior to 
the beginning of test traffic. They too showed 
a rapid increase during the first 100 crossings. 

Both the strains and permanent set of non-
composite and composite bridges increased 
gradually. In the composite bridges a seasonal 
fluctuation was also present. 

The traffic caused permanent deformations 
in all steel bridges. Large permanent set 
occurred in five noncomposite bridges. Com
posite bridges generally had the least set. 

BRIDGE 2 A 

BRIDGE lA 

-BEGINNINC OF TEST TRAFFIC 

NONCOMPOSITE 

Figure 15. Typical strain histories for center beam of 
steel bridges. 
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Figure 16. Time-deflection relationships for center beam of steel bridges. 
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In four bridges, IB , 2A, 4A and 4B, the per
manent set at midspan exceeded 3 in. in 26 to 
235 trips of regular test vehicles. In noncom-
posite bridge 3A the permanent set continued 
to increase with traffic and was about 3 in. 
when a vehicle accident occurred after 392,000 
trips. In all other bridges the permanent set 
caused by regular test traffic was less than 
1/500 of the span length. A vehicle accident 
on bridge l A near the end of regular test 
traffic caused additional permanent set. 

In any one bridge, the exterior beam had the 
highest dead load stresses, and the interior 
beam had the lowest dead load stresses. This 
was in agreement with calculated values which 
took into account the system of forming and 
the actual distribution of bridge weight. The 
dead load sti'esses at critical sections varied 
from 8.3 to 25.6 ksi. 

The permanent deformations within any one 
bridge were reasonably uniform for the three 
beams. The large increases in strain do not 
indicate an increase in dead load stress, but 
merely indicate that yielding occurred in the 

bridge beams rather than a change in bridge 
weight. It is possible that a redistribution of 
the bridge weight could have occurred. How
ever, this was not likely as the curves of the 
three beams for each individual bridge were 
similar. Hence, all bridges were assumed to 
retain their original dead load distribution. 

Live Load Stresses.—The maximum stresses 
occurred at or near midspan in the steel beams 
without cover plates and just off the ends of 
the plates in steel beams with cover plates. The 
stresses at these critical locations varied dur
ing the vehicle trip. A typical variation of 
strain during the trip of a vehicle over a bridge 
is shown in Figure 17. 

After a vehicle crossed a bridge, the bridge 
continued to vibrate causing alternate upward 
and downward deflections of decreasing ampli
tude. These deflections caused strain fluctua
tions (Fig. 17). The maximum amplitude of 
the first negative half cycle of the strain fluctu
ation was designated a rebound strain. The 
rebound strain was of a sign opposite to that 
of a strain observed while the vehicle was on 
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the bridge and thus increased the range of the 
fluctuating stress. The ratio of the sum of the 
maximum transient stress and the rebound 
stress to the maximum transient stress was in 
excess of 1.1 for all noncomposite bridges but 
less than 1.1 for composite bridges. It re
mained essentially constant for any one bridge. 

The variation of stresses and deformations 
in the center beam during the period of regular 
test traffic is shown in Figure 18 for noncom
posite bridge l A and composite bridge 2B. The 
variations are means of the maximum stress or 
deflection for sampled trips of vehicles over the 
bridges. The variation in the mean stress or 
deflection with time is indicated by the heavy 
solid lines. The dispersion of the individual 
readings is indicated by the shaded areas as 
two standard deviations from the mean. Both 
the transient stresses and transient deflections 
showed variation from one sampling period to 
another, but the stress fluctuated essentially 
around a constant level while the deflection 

fluctuated about a level slowly increasing with 
time. Individual samples showed a normal dis
tribution around the mean at all but three 
critical sections. 

The stresses and deflections (Fig. 18) were 
typical of all noncomposite and composite steel 
bridges, even though the magnitudes of the 
individual effects varied from bridge to bridge. 
The mean live load stress varied from 12.5 to 
17.5 ksi in the steel bridges that did not fail 
during the first 300 vehicle trips. These 
stresses and deflections were essentially the 
same in all three beams of the same bridge. 

Total Stresses at Critical Sections.—The 
dead load, live load and total stresses deter
mined just prior to the beginning of regular 
test traffic are shown in Table 2. The total 
stresses are compared to the design stresses 
and the yield strength of the flange material. 
In general, the design stresses compared favor
ably with the actual stresses in those beams for 
which the design was made; except that in 

T A B L E 2 

I N I T I A L S T R E S S E S AT C R I T I C A L SECTIONS OF S T E E L B E A M S 

Bridge Beam 
Location of 

Critical 
Section 

Bottom Flange Stress (ksi) 

Dead Load Live Load' Total 
Design 

Stress (ksi) 
Yield 

Point (ksi) 

l A Interior End Plate 12 3 13 0 25 3 34 7 
Center End Plate 15 3 12 4 27 7 27 0 34 7 
Exterior End Plate 18 0 12 1 30 1 — 34 7 
Mean 27 7 

I B Interior Midspan 17 5 15 0 32 5 — 37 9 
Center Midspan 21 6 13 8 35 4 34 8 37 9 
Exterior Midspan 25 6 14 9 40 5 — 37 9 
Mean 

Midspan 
36 1 

2A Interior Midspan 14 8 20 2 35 0 — 34 7 
Center Midspan 18 3 21 1 39 4 35 0 34 7 
Exterior Midspan 21 5 19 6 41 1 — 34 7 
Mean 

Midspan 
SS 5 

2B Interior End Plate 15 0 15 2 30 2 — 37 9 
Center End Plate 18 8 15 0 33 8 35 0 37 9 
Exterior End Plate 22 1 13 7 35 8 •— 37 9 
Mean S3 3 

3A Interior Midspan 12 2 16 4 28 6 — 35 3 
Center Midspan 15 2 15 7 30 9 27 3 35 3 
Exterior Midspan 17 9 17 5 35 4 — 35 3 
Mean 

Midspan 
Si 6 

35 1 3B Interior End Plate 13 1 12 9 26 0 — 35 1 
Center End Plate 16 0 12 8 28 8 26 9 35 1 
Exterior End Plate 18 9 12 1 31 0 — 35 1 
Mean 28 6 

35 1 4A Interior End Plate 12 3 23 6 35 9 — 35 1 
Center End Plate 15 3 23 6 38 9 34 7 35 1 
Exterior End Plate 18 0 23 1 41 1 — 35 1 
Mean SS 6 

35 1 4B Interior End Plate 12 3 26 8 39 1 — 35 1 
Center End Plate 15 3 26 8 42 1 34 7 35 1 
Exterior End Plate 18 0 24 3 42 3 — 35 1 
Mean 2 

32 5 9A Interior End Plate 8 5 14 4 22 9 — 32 5 
Center End Plate 10 3 14 4 24 7 — 32 5 
Exterior End Plate 12 0 13 5 25 5 27 0 32 5 
Mean 2U U 

32 5 9B Interior End Plate 8 3 15 7 24 0 — 32 5 
Center End Plate 9 5 15 1 24 6 — 32 5 
Exterior End Plate 11 7 14 3 26 0 27 0 32 5 
Mean 2lt 9 

' Stress caused by regular test vehicle moving at 30 mph. 
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Figure 18. Time-stress and time-deflection relationships for center beam of steel bridges l A and 2B. 

noncomposite bridges 2A, 3A, 4A and 4B the 
actual stresses exceeded the design values by 
more than 10 percent. However, the maximum 
total stress occurred in the exterior beam while 
the design was made for the center beam ex
cept for bridges 9A and 9B. Thus the maxi
mum total stress exceeded the design stress in 
every steel bridge except 9A and 9B, 

The yield point of the beam flange was ex

ceeded in bridges I B , 2A, 4A and 4B. The dif
ference between the yield point and the mean 
total stress was approximately 4.5 ksi for 
bridges 2B and 3A, approximately 7.0 ksi for 
bridges l A and 3B, and approximately 8.0 ksi 
for bridges 9A and 9B. 

The excess of actual stresses over the design 
stresses was caused primarily by two factors: 
(a) the dead load had been assumed in the 
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Figure 19. Time-deflection relationship for center 
beam of noncomposite bridge 3A. 
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Figure 20. Progression of yielding in bridge 3B. 

design to be evenly distributed to the three 
beams, but actually the exterior beam sup
ported substantially more than one-third of 
the total; and (b) in the noncomposite bridges 
a 10 percent interaction had been assumed be
tween the slab and the beams while in reality 
no interaction existed. 

Yielding.—During the early trips of vehi
cles, beams of steel bridges yielded and de
formed permanently to a varying degree. The 
most extensive yielding occurred in noncompos
ite bridges 2A, 4A and 4B in which the total 
strains were in excess of the yield point strain 
of the material in all three beams. The least 
yielding and the smallest permanent set occur
red in composite bridge 3B and in noncompos
ite bridges 9A and 9B. Bridges 9A and 9B 
were subjected to the lowest total stresses. 
Bridge 3B was the lower stressed composite 
bridge but was stressed higher than noncom
posite bridges 9A, 9B and lA. 

Tests of bridges I B , 2A, 4A and 4B were 
discontinued after 29 to 235 trips of the regu
lar test vehicles because of large permanent 
deformations. As indicated in Table 2, the 
total stresses were in excess of the yield point 
for one or more beams of each bridge. Hence, 
inelastic deformation would be expected to 
occur. The inelastic deformation continued to 
increase with successive trips. The tests were 
discontinued after the permanent set exceeded 
3 in. in all beams. 

In all other bridges, the permanent set in
creased rapidly during the initial phases of the 
regular test traffic, but the bridges became 

almost stable after a few hundred trips. The 
exception was noncomposite bridge 3A which 
continued to deform at a moderately rapid 
rate throughout the first 50,000 trips (Fig. 19). 
However, it sustained 392,000 trips before it 
was eliminated from further testing by an acci
dent causing severe permanent deformations 
of all three beams. 

Typical progression of tension yielding is 
shown in Figure 20. The distance between the 
critical section and the yield line closest to the 
nearest support is plotted as a function of the 
number of vehicle trips. Average values for 
the three beams are shown. At the end of test 
traffic yield lines appeared within 10 ft of the 
supports. The development of yielding in the 
bridges that continued to be tested was similar. 
No yielding was noted on the cover plates. 

No tension yielding was observed in the 
beams of bridges 9A and 9B. Light compres
sion yielding was found on the edges of the top 
flanges. 

The total dead and live load stresses were 
generally lower than the yield point of the 
steel. However, residual stresses should be 
considered along with the dead and live load 
stresses for a satisfactory indicator of the mag
nitude of applied stress that would cause yield
ing. 

For purposes of quantitative comparison, the 
difference between the yield point and average 
residual stress of the flange was defined as the 
effective yield strength. The effective yield 
strengths are compared in Table 3 with the 
mean live and dead load stresses and with 
the magnitude of permanent set. Although 
several other factors undoubtedly influenced 
the relative magnitudes of the permanent set, 
it is apparent that the set increased with in-

T A B L E 3 

E F F E C T OP R E S I D U A L S T R E S S ON Y I E L D I N G 
OF R O L L E D S T E E L B E A M S 

Effective Mean Mean Permanent 
T(„^„o Yield L L + D L S Set (in.) 
Bridge strength',/. Stress, 

(ksi) S (ksi) Initial Pinal 

(o) NONCOMPOSITE B R I D G E S 

lA 26 7 27 7 1 04 0 44 1 06 2 
3A 26 9 31 6 1 17 1 18 3 41' 
9A 25 1 24 4 0 97 0 32 0 65 
9B 25 1 24 9 0 99 0 29 0 63 

(b) COMPOSITE B R I D G E S 

2B 26 6 33 3 1 25 0 29 0 67 
3B 31 1 28 6 0 92 0 09 0 33 

' DiflFerence between the yield point and the mean residual 
stress in flanges 

2 Before accident on October 19, 1960. 
' Before accident causing failure. 
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creased ratio of the applied stress to the effec
tive yield strength. 

Yielding had less effect on permanent defor
mations of composite bridges than on those of 
noncomposite bridges. Responsible for this be
havior were larger rotations in noncomposite 
beams. An equal inelastic elongation of the 
bottom beam fibers causes larger rotations in 
a noncomposite beam than in a composite 
beam. Another cause for this behavior was the 
restraining effect of coverplates on the extent 
of yielding. Practically no yield lines were 
found on the coverplates or the lengths of beam 
flange covered by the plates. Hence, yielding 
was confined to the beam section outside the 
coverplates. Due to the rapid decrease in the 
moment gradient a relatively short length of 
the beam experienced inelastic deformation in 
coverplated beams. 

Fatigue Cracking.—No fatigue cracking was 
noted until near the end of regular test traffic. 
When cracks were first noted in original 
bridges l A , 2B and 3B they had sustained 
approximately 530,000 vehicle trips. 

A l l of these steel bridges had partial length 
coverplates. The fatigue cracks first appeared 
in the bottom surface of the rolled section at 
the toe of the welds connecting the plate and 
were usually 14 to 1/2 in. long (Fig. 21). 

Except for one crack on bridge 2B, the 
cracks changed either very little or not at all 
during the remainder of the traffic. The crack 
on bridge 2B spread through one-half of the 

bottom flange (Fig. 22). At the end of regu
lar test traffic original bridges l A , 2B and 3B 
were subjected to approximately 556,000 vehi
cle trips. Bridge l A had four fatigue cracks, 
bridge 2B had five cracks and bridge 3B had 
two cracks at that time. At the end of test 
traffic two fatigue cracks were found on bridge 
9A and one crack on bridge 9B. Each of these 
two bridges had been subjected to approxi
mately 478,000 vehicle trips. 

During the accelerated fatigue test con
ducted on bridge 2B after the conclusion of the 
test traffic, an additional 47,500 cycles of fluc
tuating stress resulted in rupture of the inte
rior and center beams (Fig. 23). The total 
number of stress cycles to failure, including 
the regular test traffic and the accelerated 
tests, was 606,000. 

Altogether, 15 fatigue cracks were found on 
steel bridges after regular test traffic and the 
accelerated fatigue test. At the time the cracks 
were first noticed, the number of stress cycles 
varied f rom 478,000 to 606,000. The corre
sponding log iV was 5.679 to 5.783; hence, the 
total variation in the logarithmic life was only 
1.8 percent. Figure 24 shows a Wohler dia
gram of the test data. The heavy line, obtained 
by regression analysis of all data, can be con
sidered as corresponding to the average log N 
(531,000 cycles) because of the small variation 
in cycle life. A change in dead load stress 
f rom 5 to 20 ksi was accompanied by a change 
in stress range f rom 16.4 to 14.2 ksi. Appar-

Figure 21. Typical first fatigue crack. 
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Figure 22. Propagation of fatigue crack. 

Figure 23. Fatigue fracture of bridge 2B. 
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ently a large increase of dead load stress was 
counterbalanced by a small decrease in the 
stress range so that the number of cycles to 
fatigue cracking was essentially constant. 

The regression line from Figure 2 4 and the 
dashed lines which represent the limits of the 
test data are plotted in Figure 2 5 . The lines 

have been extrapolated to cover the full range 
from complete stress reversal to the ultimate 
tensile strength. The test data are in excellent 
agreement with the classic concepts of fatigue 
behavior. (1) 

The variation of the stress range in these 
tests was very small ( 1 2 . 8 to 1 7 . 6 ksi) and was 
confounded with the variation in the dead load 
stress. However, a set of parallel laboratory 
tests carried out at the University of Illinois 
{2, 3) has shown that the mathematical cor
relation between the minimum stress, stress 
range and the cycles to failure can be expressed 
as 

log N = 7 . 1 3 6 - 0 . 0 7 4 2 S , -

0 . 0 1 0 2 S „ „ „ ± 0 . 2 5 7 ( 1 ) 

in which 
S n n n = mmimum stress, ksi; and 

S, = stress range, ksi. 

Within the range of these tests the eflfect of 
stress range was 7 . 3 times as large as the effect 
of the minimum stress. In the bridge tests the 
variation in stress range was small so that the 
lack of large variation in the number of cycles 
to cracking is in accord with the laboratory 
findings. 

Behavior of Slabs of Steel Bridges 
Transverse cracks were found in the slabs of 

all steel bridges. They were first noted on the 
bottom side of the slabs of noncomposite 
bridges after a few trips of the regular test 
vehicles. The slabs had to conform to large 
live load deflections of the beams. This large 
live load deflection occurred because the slabs 
in the noncomposite bridges were independent 
of the beams and resulted in tensile cracking in 
the bottom fibers. 

In the spring following the beginning of 
traffic, these cracks extended through the full 
depth of the slab. The number of transverse 
cracks extending the full depth of the slab 
increased with continued traffic. Shrinkage 
took place primarily in the spring and appeared 
to be the major factor causing the extension of 
the transverse cracks. These cracks in slabs of 
noncomposite bridges represented lines of pro
gressive deterioration of the slabs. 

A few transverse cracks extending the full 
depth of the slab formed also in the decks of 
composite bridges due to shrinkage of the con
crete but these caused no observable deteriora
tion or any substantial changes in the response 
of the bridges to loading. 

The difference in the appearance of the slabs 
of composite and noncomposite bridges was 
readily apparent by visual observation. The 
noncomposite bridges had cracks wide enough 
to permit free flow of water through the decks. 
On composite bridges the cracks were limited 
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T A B L E 4 

SUMMARY OF T E S T R E S U L T S S T E E L B R I D G E S 

Bridge 
Mean Maximum Stresses (ksi) 

No. of Stress Cycles 

D L L L Total 
Regular 
Traffic 

Acc. 
Fatigue 
Tests 

No. of 
Fatigue 
Cracks ' 

Mode of 
Failure 

lA 15.2 12.5 27.7 557,400 10 Did not fail 
I B 21.5 14.9 36.4 235 — — Yielding 
2A 18.2 20.3 38.5 26 — — Yielding 
2B 18.7 14.6 33.3 558,400 47,500 5 Fatigue fracture 
3A 15.1 16.5 31.6 392,400 — — Accident 
3B 15.9 12.6 28.5 557,800 — 2 Did not fail 
4A 15.2 23.4 38.6 106 — — Yielding 
4B 15.2 26.0 41.2 106 — — Yielding 
9A 10.3 14.1 24.4 477,900 — 2 Did not fail 
9B 9.5 15.0 24.5 477,900 — 1 Did not fail 

' Number of cracks at the end of regular test traffic. 

in number and remained tight throughout the 
test. 

Summary of Steel Bridges 
The maximum stresses occurred at or near 

midspan in the steel beams without coverplates 
and just off the ends of the plates in the steel 
beams with coverplates. Mean dead load, live 
load and total stresses for each bridge are 
given in Table 4. The total numbers of vehicle 
trips over individual bridges and accelerated 
fatigue cycles are also summarized along with 
the mode of failure of each bridge and the 
number of fatigue cracks at the end of test 
traffic. 

The objectives were concerned with the fa
tigue behavior and the progression of yielding. 
Fatigue cracks were found at the ends of 
partial length coverplates near the end of test 

traffic. Cracks were discovered in all surviving 
steel bridges. 

Major yielding was found to occur with the 
first few hundred vehicle passages. Very little 
increase was noted thereafter. Hence, i t ap
pears that the detrimental effects of yielding 
occur immediately or not at all and depend on 
the residual stresses which are present in the 
beams. 

TESTS OF PRESTRESSED CONCRETE 
BRIDGES 

Description 
Each prestressed concrete superstructure 

consisted of three prefabricated prestressed 
beams supported on a 50-ft span and a rein
forced concrete slab. Erection of the prefabri
cated beams is shown in Figure 26. The 

VAfelL 

Figure 26. Erection of prestressed concrete beams. 
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Figure 27. Typical prestressed concrete bridge section. 

cross-sections (Fig. 27) are typical for the 
pretensioned and post-tensioned prestressed 
bridges. 

The beams were precast I-sections 25 in. deep 
and 17 in. wide at the bottom. Beams for two 
bridges (5A and 5B) were post-tensioned with 
cables made of 10 parallel wires enclosed in a 
flexible metal conduit. Beams for the other two 
bridges (6A and 6B) were pretensioned with 
7-wire strands. Both the cables and the wires 
were of high carbon steel and were cold drawn 
and stress relieved. The beams were connected 
to the cast-in-place slabs through bond, shear 
keys, and extensions of stirrups. Each beam 
was provided with end blocks. 

Design 
The bridges were designed for maximum 

tensile stresses in the center beams under 
passage of the test vehicle of 300 and 800 psi 
in the bottom concrete fibers (Table 5). The 

T A B L E 5 

D E S I G N S T R E S S E S 

Governing Design Stress 

Bridge Type Location Max. Tension Bridge Type 
(psi) 

5A Post-tensioned Bottom fiber 820 
near midspan 

5B Post-tensioned Bottom fiber 346 
near midspan 

6A Pretensioned Bottom fiber 828 
near midspan 

6B Pretensioned Bottom fiber 310 
near midspan 

choice of these stress levels evolved from the 
objectives of the research. In prestressed con
crete bridges the primary concern was the fa
tigue cracking of concrete subjected to tensile 
stresses and the fatigue strength of the pre-
stressing steel in cracked beams. 

The beams were designed on the basis of 
the moment of inertia of the uncracked section. 
Except for the governing tensile stresses, the 
design was made in accordance with the criteria 
for prestressed concrete bridges developed by 
the Bureau of Public Roads. The beam moments 
were computed by an elastic analysis rather 
than using those obtained by conventional de
sign methods. The slabs, web reinforcement 
and miscellaneous details were designed by 
conventional methods and for current allow
able stresses. 

Properties of Materials 

Standard concrete cylinders and modulus of 
rupture beams were made from each batch of 
concrete placed in the beams. The mechanical 
properties of the prestressing steel and con
crete were determined by a large number of 
static tests of the prestressing steel and the 
concrete cylinders and beams. 

The mean ultimate tensile strength of the 
wire and strand varied from 257.3 to 275.2 ksi 
from bridge to bridge. The mean ultimate com
pressive strength of concrete at the beginning 
of test traffic varied from 4,890 to 6,440 psi 
from slab to slab, and the mean ultimate com
pressive strength of the beam concrete was 
9,260 psi. The mean modulus of rupture of the 
beam concrete was 740 psi at the beginning of 
test traffic. 

The shrinkage and creep characteristics of 
the beam concrete were determined by outdoor 
tests of 6- by 12-in. cylinders (Fig. 28). The 
cylinders were loaded to levels of 2,000 psi, 
1,000 psi and 0 psi. The strain data, obtained 
over a period of 31/2 years, were described by 
mathematical equations. The creep of concrete 
was described as a function of time, applied 
stress and strength of concrete at the time of 
loading. The shrinkage was found to be a 
function of time which included provisions to 
account for its cyclic variation due to the chang
ing environmental conditions. 

The relaxation characteristics of the pre
stressing steel were determined by tests (Fig. 
29) of both strands and wire taken from the 
materials used in the construction of the test 
bridges. The initial stress ranged from 158 to 
199 ksi. Analytical correlations of the observed 
losses resulted in separate mathematical equa
tions for the strand and wire. The losses were 
expressed as functions of initial stress, ultimate 
strength and time. 

An estimate of the fatigue strength of the 
prestressing wire and strand was obtained by 
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Figure 28. Creep and shrinkage cylinders. 
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Figure 29. Relaxation experiments of prestressing steel: (left) strand; (right) wire. 

laboratory tests (Fig. 30) with stress fluctuat
ing between a minimum and maximum tension. 
Mathematical equations which expressed the 
fatigue life as a function of the stress range 
and the minimum stress level described satis
factorily the test data. 

Behavior of Prestressed Concrete Bridges 
Dead Load Stresses.—Strain measurements 

on all prestressed concrete bridges were started 
before casting the slab. An appreciable drop 

in strain was noted both before and after the 
slab was cast. A reasonable correlation was 
found between the measured decrease and that 
predicted by computations which utilized the 
mathematical expressions describing creep, 
shrinkage and relaxation. Typical measured 
variations in strain are shown in Figure 31 for 
the period prior to traffic. The slabs were cast 
on the dates indicated by the vertical dashed 
lines. 

The time losses during the period between 
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release of prestress and the first tests wi th 
vehicles were of the order of 3 to 6 percent of 
the initial prestress in the wire or strand. The 

Figure 30. Fatigue test of prestressing strand. 

concrete stresses in the bottom surface of the 
beams varied f rom — 860 to 473 psi and the 
stresses in the steel wire and strand varied 
f rom 144.9 to 172.3 ksi before first passages 
of the vehicles. 

The changes during test traffic in dead load 
strains are shown in Figure 31; the changes 
in dead load set at midspan are shown in Figure 
32. The strains and deformations of the center 
beam of bridge 5A were typical of all cracked 
prestressed concrete beams, and those of the 
center beam of bridge 5B were typical of all 
uncracked prestressed concrete beams. A l l 
four curves showed seasonal fluctuations. The 
dead load strains in uncracked beams fluctuated 
around an essentially constant level, but the 
strains in the cracked beams showed an over-all 
increase with time. 

Live Load Stresses.—First passages of regu
lar test vehicles over the prestressed concrete 
bridges resulted in tensile cracking in all three 
beams of bridge 5A and in the exterior beam of 
bridge 6A. 

The strain response at midspan of a cracked 
beam of bridge 5A and an uncracked beam of 
bridge 5B is shown in Figure 33. The large 
variations in the cracked prestressed beams 
occurred when the vehicle axles were near the 
gage location. The concentrated loads caused 
abrupt changes in the strain as the cracks 
opened. The rebound strain caused by the free 
vibration of the bridge gave rebound factors 
generally less than 1.1. 

The variation with time of transient stresses 
and deflections in the center beam is shown in 

BRIDGE 5 A S L A B C A S T 

l-BESINNING OF T E S T T R A F F I C 
L _ J I I 

BRIDGE 5 8 

Figure 31. Typical strain histories for prestressed concrete bridges. 
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Figure 32. Permanent deflection of prestressed concrete bridges. 
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Figure 33. Variation of bottom strain on passage of vehicle; gages on center beam 
at midspan. 

Figure 34 for a cracked and an uncracked pre
stressed beam. The upper half shows the 
maximum transient sti-esses in the bottom layer 
of steel at midspan; the lower half, the maxi
mum deflections at midspan. The dispersion of 
individual readings is indicated by the shaded 
areas, the limits of which are equal to two 
standard deviations from the mean. The tensile 
live load stresses in bridge 5A showed a sub
stantial decrease during the very early stage of 
the tests and then fluctuated around an essen
tially constant stress level. A similar fluctu
ation around a constant stress level was ob
served throughout the entire period of test 
traffic in bridge 5B. The transient deflection 
fluctuated around a gradually increasing level. 

The stresses and deformations of the center 
beam of bridge 5A were typical of all cracked 

prestressed concrete beams, and those of the 
center beam of bridge 5B were typical of all 
uncracked prestressed concrete beams. The 
concrete stress due to live load on the bottom 
surface of uncracked prestressed beams varied 
from 470 to 1,020 psi, as indicated in Table 6. 
The large live load stresses for bridge 5B did 
not cause cracking as an initial compressive 
stress was present in the bottom beam fibers 
from the prestressing force. The live load 
stresses in the steel strand and wire of cracked 
prestressed beams varied from 4.6 to 26.1 ksi. 

Total Stresses at Midspan.—The dead load, 
live load and total stresses determined just be
fore the beginning of regular test traffic for 
cracked and uncracked beams are shown in 
Table 6. The total stresses are compared to the 
design stresses and the modulus of rupture of 
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Figure 34. Time-stress and time-deflection relationships for center beam of pre
stressed concrete bridges 5A and 5B. 

T A B L E 6 

I N I T I A L S T R E S S E S AT MIDSPAN OP P R E S T R E S S E D C O N C R E T E B E A M S 

Bridge Beam 

Concrete Stress on Bottom 
Surface (psi) 

D L L L ' Total 

Design Stress Mod. 
on of 

Bottom Surface Rupture 
(psi) (psi) 

Stress in Bottom Layer of 
Prestressing Steel (ksi) 

D L L L ' Total Design 

5A Interior -84 (1,019)2 (935) 742 144 9 23 4 168 3 
Center 22 (1,020) (1,042) 820 742 145 0 18 4 163 4 150 6 
Exterior 398 (968) (1,366) — 742 150 5 26 1 176 6 
Mean 

(968) (1,366) 
169 k 

5B Interior -859 1,019 160 —. 742 152 8 4 5 157 3 
Center -643 1,020 377 346 742 149 1 4 5 153 6 152 2 
Exterior -321 968 647 — 742 152 9 4 3 157 2 
Mean 395 156 0 

6A Interior 5 530 535 — 742 164 6 2 6 167 2 
Center 129 570 699 828 742 163 5 2 8 166 3 148 1 
Exterior 473 (549) (1,022) .— 742 167 8 4 6 172 4 
Mean 

(549) (1,022) 
168 6 

6B Interior -470 468 -1 — 742 170 1 2 3 172 4 
Center -374 489 115 310 742 171 1 2 4 173 5 150 0 
Exterior 9 549 558 — 742 172 3 2 7 175 0 
Mean 173 6 

' stress caused by regular test vehicle moving at 30 mph. 
2 Values in parentheses are fictitious estimates based on live load stresses of tandem uncracked bridges. 

the beam concrete. For post-tensioned bridge 
5B the design stress compared favorably with 
the actual stress in the center beam; on the 
other hand, for the center beam of pretensioned 
bridges 6A and 6B the actual stresses in the 
concrete were lower and in the steel were 
higher than design values. The total dead load 

and live load concrete stresses in all beams of 
bridge 5A and the exterior beam of bridge 6A 
exceeded the modulus of rupture of concrete. 

For uncracked bridges 5B and 6B, the varia
tion in the live load moment between the three 
beams was small. Each beam carried approxi
mately one-third of the total beam moment. 
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However, in bridges 5A and 6A the distribution 
was influenced by cracking of beams. Since the 
cracking decreased the stiffness and the ex
terior beams were cracked more extensively 
they resisted a smaller portion of the total 
moment than either of the other two bridge 
beams. 

The principal reason for the excess of the 
actual dead plus live load stresses over the 
design stresses was the uneven distribution 
of the bridge weight. The differences in the 
stresses in the center beams of the pretensioned 
bridges 6A and 6B were caused by the time 
losses being lower than those assumed in the 
design. 

Losses.—The time losses due to creep and 
shrinkage of concrete and relaxation of the 
prestressing steel were of the order of 3 to 6 
percent of the initial prestress during the 
period between release of prestress and the 
first tests with vehicles. The losses in pre-
stressed concrete beams during the course of 
test traffic were mainly seasonal in nature. 
These fluctuations were thought to be caused 
primarily by seasonal differential changes in 
the lengths of the beams and slabs. The effects 
of creep of concrete and relaxation of pi-e-
stressing steel appeared to be negligible. Only 
the differential shrinkage was of consequence. 
No correlation was found between the losses 
and the repeated applications of load. 

Cracking.—In the three beams of bridge 5A 
and in the exterior beam of bridge 6A, which 
had cracked during the first few vehicle trips, 
additional cracks formed and the existing 
cracks widened during the first 100,000 trips of 
vehicles. Further traffic caused only minor in
creases in the number of cracks but the maxi
mum crack width in bridge 5A continued to 
increase throughout the period of regular test 
traffic. When the traffic was completed, the 
maximum crack width in unloaded bridges was 
close to 0.01 in bridge 5A and half that in 

bridge 6A. The average crack spacing was 22 
in. in bridge 5A but only 10 in. in the exterior 
beam of bridge 6A (Fig. 35). 

Apparently the prestressing strand was more 
effective in retaining the bond between the con
crete and prestressing steel for beams subjected 
to high tensile stress. This would account for 
the better crack distribution in the pretensioned 
beams. 

Each prestressed concrete bridge was sub
jected to approximately 556,000 vehicle trips 
during regular test traffic. Approximately 
1,000,000 additional stress cycles were added 
to bridges 5B, 6A and 6B with accelerated 
fatigue tests. The additional stress cycles from 
the accelerated fatigue tests of prestressed 
bridges 5B, 6A and 6B, produced no substantial 
changes in the bridge appearance and behavior. 

Cracks were found in all briHge beams that 
had not cracked during the period of test 
traffic. However, most of those in bridges 5B 
and 6B and in the interior beam of bridge 6A 
were discovered only with special aids and their 
widths were not measurable with a 40-power 
microscope. These hairline or micro-cracks 
were apparently the result of the repeated 
loading. They did not influence appreciably 
the bridge stiffness nor cause noticeable in
creases in the live load stress in steel. 

No transverse cracking was noted in the 
slabs of prestressed concrete bridges. 

Summary of Prestressed Concrete Bridges 
The maximum stresses in prestressed beams 

occurred near midspan. Mean maximum dead 
load and live load stresses in the bottom beam 
concrete and in the prestressing steel are given 
in Table 7. The live load stress shown for the 
concrete of bridge 5A is fictitious as the beams 
cracked during the first passages of regular test 
vehicles. 

The total number of vehicle trips over the 
individual bridges and the accelerated fatigue 

BRIDGE 5A 
Exterior Beam , January, I960 

- 4 4 — 4 - [ 1 \ \ ^ ^ 

15 20 25 30 35 

BRIDGE 6A 
Exterior Beam, June I960 

MIDSPAN 

A 
15 20 25 30 35 

Figure 35. Crack patterns on prestressed concrete beams. 
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T A B L E 7 

SUMMARY OP T E S T R E S U L T S 
P R E S T K E S S E D C O N C R E T E B R I D G E S 

(Bridge 

Mean Max. Stresses No. of Applied Cycles 

(Bridge Steel (ksi) Concrete (psi) 
Regular 
Traffic 

Ace. 
Fatigue 

Tests 
D L L L D L L L 

Regular 
Traffic 

Ace. 
Fatigue 

Tests 

5A 
5B 
6A 
6B 

145 5 22 5 
151 6 4 2 
164 6 4 7 
171 2 2 5 

112 (1,020) 
-608 1,020 

202 550 
-280 502 

' 556,700 
556,700 
556,800 
556,800 

949,000 
943,400 
942,100 

> A fictitious estimate based on live load stresses of bridge 5B. 

cycles are also summarized in Table 7. None 
of the prestressed concrete bridges failed dur
ing the period of regular test traffic or the ac
celerated fatigue tests. 

In the prestressed concrete bridges the con
cern was with the fatigue cracking of concrete 
subjected to tensile stresses and the fatigue 
strength of the prestressing steel. 

The applied load cycles shown had no ap
preciable effect on the cracking of the concrete. 
The major cracking found in the prestressed 
beams was because the applied stresses ex
ceeded the tensile strength of the concrete. 
However, with continued applications of load, 
progressive bond failure appeared to develop 
in post-tensioned bridge 5A. This was apparent
ly not the case with pretensioned bridge 6A. 

Small micro-cracks which formed in bridges 
5B and 6B, subjected to the lower tensile 
stresses, had no adverse effect on the bridge 
stiffness nor caused any appreciable change in 
measured strains. 

No difference was found in the behavior of 
uncracked pretensioned bridge 6B and post-
tensioned bridge 5B. However, the cracked 
beams of pretensioned and post-tensioned 
bridges showed a markedly different behavior. 
The cracks in the post-tensioned beams of 
bridge 5A formed far apart and extended high 
into the web. The cracks of pretensioned 
bridge 6A formed close together and were con
fined to the bottom flange. The cracking of 
bridge 5A was accompanied by an appreciable 
decrease in stiffness. The cracking of bridge 6A 
had little if any effect on the bridge stiffness. 
These results indicated that the bond provided 
by the strand was superior to that provided 
by the smooth wires embedded in grout. 

Three of the prestressed bridges were sub
jected to 1,500,000 cycles of stress without any 
indication of fatigue failure of the prestressing 
wire or strand. Nothing further was found 
regarding their fatigue strength. 

T E S T S OF R E I N F O R C E D C O N C R E T E 
BRIDGES 

Description 
The reinforced concrete bridges were of 

monolithic T-beam construction. Figure 36 

Figure 36. Reinforcing bars and terms. 
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No 4 BARS No S at 8 

Figure 37. Section of reinforced concrete bridge 7A at 
midspan. 

shows the slab and beam reinforcement sup
ported by the forming prior to placing the con
crete. The cross-sections of all four reinforced 
concrete bridges were the same as that shown 
for bridge 7A (Fig. 37) except for details of 
the tension reinforcement in the beams. 

The bridges were made of medium strength 
concrete and deformed reinforcing bars of in
termediate grade. The stems of the beams 
were all 20 in. deep and the slabs were all 6V2 
in. thick. The beams were reinforced in tension 
with two layers of deformed bars. Three No. 
11 bars were placed in the bottom layer and 
two No. 9 bars were placed in the top layer of 
all concrete beams. In addition, the top layer of 
each beam of bridges 8A and 8B included one 
No. 8 bar. Stirrups were provided in the end 
15 ft; they were omitted in the center 20 ft of 
each beam. Diaphragms were cast over the 
supports. 

Desiyn 
The reinforced concrete beams were designed 

by the straightlme, cracked section theory. The 
governing design stresses were those in the 
bottom layer of reinforcing bars of the T-
beams. Two levels were chosen—30,000 and 
40,000 psi in the center beam as indicated in 
Table 8. The total compressive stress in the 
top fibers of the concrete slab varied from 1,320 
to 1,750 psi. As with the steel and prestressed 
concrete bridges, the choice of stress levels was 
dictated by the objectives of the research. Of 
prime concern was the fatigue behavior of de
formed bars and the effect of repeated stressing 
on the width and spacing of tensile cracks. 

To obtain the design stresses in the tests, the 
designs of the beams were based on moments 

T A B L E 8 

D E S I G N S T R E S S E S 

Bridge Type 
Governing Design Stress 

Bridge Type 
Location Max. Tension, (psi) 

7A, 7B Cast-in-place Re-bars, near 40,000 7A, 7B Cast-in-place 
midspan 

8A, SB Cast-in-place Re-bars, near 30,900 8A, SB Cast-in-place 
midspan 

computed by an elastic analysis rather than 
those obtained by conventional design methods. 
The slab, web reinforcement and miscellaneous 
details were designed by conventional methods. 

Properties of Materials 
The deformed bars, which were the tension 1 

reinforcement of the reinforced concrete beams, 
were of intermediate grade and had diamond 
shaped deformations (see Fig. 46). The 
mechanical properties of the deformed bars and 
concrete were determined by a large number of 
static tests of 2-ft bar coupons and concrete 
cylinders. The mean yield strength of the No. 
11 reinforcing bars was 49.5 ksi. The mean 
ultimate compressive strength of concrete at 
the beginning of test traffic, varied between 
4,390 and 4,960 psi from bridge to bridge. 

An estimate of the fatigue strength of the 
No. 11 bars placed in the bottom layer of the 
beam stems was obtained by laboratory tests. 
Bars cut from the reinforcement used in the 
test bridges were cast in concrete beams, each 
beam reinforced with one bar. The bar in any 
one beam was subjected to loads fluctuating 
between a minimum and maximum tension 
(Fig. 38). The test results were described by 
a mathematical equation which expressed the 
fatigue strength as a function of stress range j 
alone. 

Behavior of Reinforced Concrete Bridges 
Dead Load Stresses.—Before the traffic be

gan, dead load stresses in the bottom bars at| 
midspan of reinforced concrete beams deter
mined by strain measurements were lower than 
those computed by the straightline cracked sec
tion theory. This was believed due to incom
plete cracking of the stem of the beams. Dur
ing the period after casting the beams and 
slab but before the beginning of testing the 
dead load stresses remained essentially un
changed. 

After the traffic began there was a rapid 
growth of cracking in the reinforced concrete 
bridges. This resulted in a progressive increase 
of dead load stresses to the values given by the 
straightline theory. The dead load stresses at 
midspan in the bottom layer of reinforcement 
varied from 16.4 to 21.8 ksi. Typical changes 
in the dead load strain and set of the center 
beam at midspan are shown in Figure 39. The 
dead load strain in the tension reinforcing bars 
increased slightly with time. The dead load 
set showed seasonal fluctuation caused pri
marily by seasonal expansion and contraction| 
of the slab. 

Live Load Stresses.—The strain response at 
midspan of the reinforced concrete beams is 
shown in Figure 40. Like the other bridges, 
the reinforced concrete bridges continued to 
oscillate after passage of the test vehicle. The 
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Figure 38. FatiRue test of reinforcing bars. 
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Figure 39. Time-strain and time-deflection relationships for center beam of reinforced 
concrete bridge 8B. 

resulting rebound factor, equal to the ratio of 
the sum of the live load and rebound stress to 
the maximum stress, was usually more than 1.1. 

The mean transient live load stresses in the 
bottom bars at midspan and live load de
flections are shown in Figure 41. The relation
ships for the center beam of bridge 8B were 

typical of the reinforced concrete bridges. The 
mean transient stresses remained essentially 
constant throughout the period of test traffic 
even though individual samples indicated a sub
stantial variation around the mean as indicated 
by the scatter band. The variation around the 
mean showed a normal distribution. 
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Figure 40. Variation of bottom strain on passage of vehicles. 
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Figure 41. Transient time-stress and time-deflection relationships for center beam of 
reinforced concrete bridge 8B. 

The live load deflection increased with time. 
The decrease in stiffness between the beginning 
and the end of the traffic caused by cracking is 
evident. 

Total Stresses at Midspan.—The dead load, 
live load and total stresses determined just 
before the beginning of regular test traffic for 
reinforced concrete bridges are given in Table 
9. The total stress is compared with the design 
stress and the yield strength of the No. 11 re

inforcing bar. The design stresses were in ex
cellent agreement with the actual stresses in the 
center beam for which the design was made. 
However, the maximum total stresses occurred 
in the exterior beam carrying the largest pro
portion of the dead weight of the bridge. The 
total stress for every beam was below the yield 
point of the reinforcing bars. 

Cracking.—Tensile cracks in the stems of 
the reinforced concrete beams were found im-
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T A B L E 9 

I N I T I A L S T R E S S E S AT MIDSPAN OP 
R E I N F O R C E D C O N C R E T E B E A M S 

Stress in Bottom Layer of 
Reinforcing Bars (ksi) Design Yield* 

Bridge Beam Stress Point 
Dead 
Load 

Live 
Load' 

Total (ksi) (ksi) 

7 A Interior 17 7 23 5 41 2 49 5 
Center 18 3 21 7 40 0 40 0 49 5 
Exterior 21 7 22 7 44 4 49 5 
Mean Ul 9 

7 B Interior 17 7 22 4 40 1 — 49 5 
Center 18 2 21 8 40 0 40 0 49 5 
Exterior 21 8 22 6 44 4 49 5 
Mam U 5 

8 A Interior 16 4 15 5 32 9 — 49 5 
Center 17 0 14 7 31 7 30 9 49 5 
Exterior 20 0 14 7 34 7 49 5 
Main SS 1 

8 B Interior 16 5 13 5 30 0 — 49 5 
Center 17 0 14 9 31 9 30 9 49 5 
Exterior 20 0 15 4 35 4 49 5 
Mean 3$ U 

' Stress caused by regular test vehicle moving at 30 mph. 
2 No. 11 bars. 

mediately after the removal of the forms. The 
test traffic increased substantially the extent 
of tension cracking in all reinforced concrete 

BRIDGE 7B 
Interior Beam Below the Slab 

September 1958 

bridge beams. Crack patterns (Fig, 42), copied 
from photographs of two typical beams, are 
shown for the condition just prior to the first 
vehicle passages (September 1958) and for the 
final condition after traffic ceased (January 
1961). In bridges 8A and SB, subjected to the 
lower stresses, the increase consisted primarily 
of formation of new vertical cracks and of ex
tensions of the cracks in existence before the 
beginning of traffic. In bridges 7A and 7B, 
subjected to the higher stresses, numerous 
inclined cracks formed in the outer 15-ft seg
ments of the beams and a considerable amount 
of irregular cracking occurred near the level 
of the tension reinforcement. 

The crack width and number of cracks con
tinued to increase throughout the period of test 
traffic (Fig. 43). The data are from measure
ments of cracking on unloaded bridges, indicat
ing that laboratory measurements of cracking 
under static loading conditions do not apply to 
structures subjected to repeated loading. 

At the end of test traffic, the maximum crack 
width in unloaded bridges exceeded 0.01 in. 
The increase in the number of cracks was, of 
course, accompanied by a decrease in the crack 
spacing. However, throughout most of the 
experiment the average spacing was between 

\ \>\ / ; 
0 5 10 fs lo 25 

January 1961 
[ y y—7 -P ; J : : — : 1 1 i-t-l 

10 15 20 25 

BRIDGE 8B 
Exterior Beam Below ttie Slab 
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Figure 42. Crack patterns on reinforced concrete beams. 
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Figure 43. Tensile cracking of reinforced concrete beams. 

600 

6 and 8 in. The average crack width in mid-
span segnients of the beams was in excess of 
0.006 in. in bridges 7A and 7B and less than 
0.006 in. in bridges 8A and SB. The weight of 
a regular test vehicle increased the crack width 
by only 0.001 to 0.002 m. 

The crack width at the level of tension rein
forcement was 85 to 90 percent of the maxi
mum observed crack width. The distribution 
curves of the crack width at the level of tension 
reinforcement were found to be normal (Fig. 
44). The differences in crack width for the 
four bridges were small; however, the crack 
widths of bridges 8A and 8B were consistently 
the smallest. 

No transverse cracking was noted in the| 
slabs of the reinforced concrete bridges. 

Fatigue Failure.—All four reinforced con
crete bridges survived the period of regular 
test traffic during which over 556,000 passages 
of regular test vehicles were made over each 
bridge. 

Accelerated fatigue tests were conducted on 
bridges 7A, 7B and 8A using the mechanical 
oscillator. These tests proceeded withouf 
changes in the response or general appearance 
of the bridges until fracture of bars or until 
the test was discontinued. 

In bridges 7A and 7B, stressed to the higherl 
stress level, two bars broke in the exteriorl 
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Figure 44. Distribution of crack width at the level of 
tension reinforcement. 

beam after approximately 174,000 stress cycles. 
This brought the total number of stress cycles 
caused by passages of regular test vehicles and 
accelerated fatigue tests to approximately 
730,000. The broken bars in bridge 7B are 
shown in Figure 45. 

All four fractures passed through the cor
ners of the diamonds formed by the deforma
tions. The remaining bar in the bottom layer 
of each of the two exterior beams did not frac
ture but had several incipient cracks (Fig. 46). 

Summary of Reinforced Concrete Bridges 
The maximum stresses occurred near mid-

span in the reinforced concrete beams. Mean 

dead load, live load and total stresses for each 
bridge are given in Table 10. Also given are 
the total numbers of vehicle trips over each 
bridge and accelerated fatigue cycles. The 
mode of failure is indicated. 

The investigation of reinforced concrete 
bridges was concerned mainly with the fatigue 
behavior of the deformed bars and the effect 
of repeated stressing on the width and spacing 
of tensile cracks. 

Observations of dead load cracking indicated 
that the number of cracks and their width 
were increasing throughout the full period of 
test traffic. The increase in crack width due 
to the vehicle weight was approximately the 
same throughout the test period. Therefore, 
repeated loading does influence the cracking of 
reinforced concrete beams. 

The fatigue behavior of the deformed bars 
showed that the bar deformations influenced 
the fatigue strength as the fatigue fractures 
formed at the deformations. The dead load 
appeared to have little effect on the fatigue 
strength as all bridges had approximately the 
same dead load stress as shown in Table 10. 
On the other hand the two bridges that failed 
had the higher stress range and the highest 
maximum stress. 

As the concrete covered the tensile reinforce
ment no indication of the impending fatigue 
fracture was possible. Only the final fracture 
was observed. After the concrete cover was 
removed several incipient cracks were found 
on bars that had not fractured. 

All four reinforced concrete bridges survived 
the period of regular test traffic during which 
over 556,000 trips of the test vehicles were 
made over each bridge. The maximum total 
set accumulated during the period of test traffic 
was 0.3 in. However, together with the set 
that occurred before the beginning of traffic it 
led to a substantial decrease in camber—from 
0.7 to 1.0 in. 

A N A L Y S I S OF F A T I G U E S T R E N G T H 
OF BEAMS 

Fatigue cracking of steel beams with partial 
length coverplates, cracking of prestressed 
concrete beams during the regular test traffic 
and accelerated fatigue tests, and fatigue fail-

T A B L E 10 

SUMMARY OF T E S T R E S U L T S R E I N F O R C E D C O N C R E T E B R I D G E S 

Bridge 
Mean Max. Stresses (ksi) No. of Applied Cycles 

Mode of Failure Bridge 
D L L L Total Regular 

Traffic 
Acc. Fatigue 

Tests 

Mode of Failure 

7A 
7B 
8A 
8B 

19 2 
19 2 
17 8 
17 8 

24 1 
22 2 
15 3 
15 2 

43 3 
41 4 
33 1 
33 0 

556,100 
556,100 
558,400 
558,400 

172,200 
174,100 
941,600 

Fatigue fracture 
Fatigue fracture 

Did not fail 
Did not fail 



48 C O N F E R E N C E ON T H E AASHO ROAD T E S T 

Figure 45. Fatigue failure of bars in bridge 7B. 

1 

Figure 46. Incipient 'atigue craclis in reinforcing bars. 

ures of reinforcing bars furnished data for 
quantitative comparisons with the results of 
the simpler laboratory tests. 

The laboratory tests were made on speci
mens closely approximating the essential de
tails of the corresponding bridge beams. The 
specimens were subjected to repeated stresses 
fluctuating between a minimum and a maxi
mum level until fatigue cracking or fracture 
developed. The results of these tests were ex
pressed in the form of equations relating the 

number of cycles causing cracking or fracture 
to the applied stresses (i). 

The test bridges were also subjected to 
stresses fluctuating between minimum and 
maximum levels. However, unlike the labora
tory tests, neither the minimum stress nor the 
stress range remained constant through the 
duration of the test. The stress range for regu
lar test traffic was obtained as the sum of the | 
maximum live load stress and the rebound 
stress. The minimum stress was obtained as I 
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the difference between the dead load stress and 
the rebound stress. 

In the laboratory tests the stress fluctuations 
followed a simple sine wave, in bridge tests the 
shape of the time-stress curve was irregular 
including major stress waves caused by the 
weight of the moving vehicles, minor stress 
waves caused by vibration of the bridge, and 
rest periods corresponding to the intervals be
tween the trucks and to breaks in the test 
traffic. Finally, in the laboratory tests the 
duration of one stress cycle was of the order 
of 1 sec or less while in the bridge tests the 
intervals of the major stress cycles were of the 
order of 40 sec or more. Thus the stress his
tories of the bridge tests differed considerably 
from those of the laboratory tests. To be mean
ingful, the comparisons between the two types 
of tests had to account for at least the major 
differences in these stress histories. 

In comparing quantitatively the results of 
the bridge tests with laboratory data, the only 
characteristics of the stress histories consid
ered were the minimum stress and the stress 
range. The effects of the speed of loading, rest 
periods and vibrations were disregarded pri
marily because of lack of methods which would 
permit their inclusion in the analysis. 

For bridges that showed signs of fatigue 
distress in steel, the comparisons were based 
on the mathematical equations which described 
the laboratory fatigue tests. Two methods were 
used: (a) comparing the total observed num
ber of stress cycles with that computed for 
mean stress range and (b) utilizing the hy
pothesis of cumulative damage proposed by 
Miner (5). As long as the variation in stress 
range is small a reasonable approximation of 
the fatigue strength can be made based on the 
mean. When variations in the stress range are 
jresent. Miner's hypothesis may be used to 
lelp account for the variation. 

Steel Beams 
Two methods were used to compare the 

fatigue distress in the steel beams with the 
laboratory data. In the first method the fatigue 
strength of beams with partial length cover-
plates was compared with laboratory data that 
were expressed in mathematical terms as a 
function of mean stress range and minimum 
stress. The ratio of the number of cycles to 
failure to the estimated number of cycles pre
dicted by the laboratory tests and the mean 
stress range is shown as dots in Figure 47 
which also indicates the limits of variability 
of the laboratory data. As long as the observed 
number of cycles to first cracking falls within 
these limits, the test may be said to be within 
the estimate indicated by laboratory tests. The 
use of mean stress range is probably justified 
as long as the variations in stress range are 
small. 
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Figure 47. Comparison of fatigue strength vs stress 
range. 

The second method of comparing the fatigue 
distress with the laboratory data is a more 
refined method which accounts for the varia
tions in the stress range. The effect of the 
variations in the range of the fluctuating stress 
may be accounted for with the aid of Miner's 
hypothesis. According to Miner, at fatigue 
failure the sum of the ratios of the actual num
ber of cycles at each particular stress to the 
number of cycles required to cause failure at 
the same stress is equal to unity: 

= 1.0 (2) 

The values of n, and N, may be obtained from 
the known minimum stress, histogram of the 
stress range and the mathematical equations 
representing the laboratory data. 

The resulting ratios are plotted as circles in 
Figure 47. Generally, the sums of ratios are 
higher than the ratios based on mean stress 
range. But the differences are small so that the 
two methods may be considered equally appli
cable to the conditions encountered in these 
tests. 

All ratios are practically within the range 
representing the variability of the test data. 
Thus the analyses indicate that the fatigue 
strength of steel bridges with partial-length 
coverplates was in agreement with the results 
of laboratory tests. 

However, almost all ratios are less than 
unity and the lower stress range consistently 
corresponded to lower ratios (Fig. 47). This 
suggests that the effect of the stress range was 
either slightly different from that observed in 
the laboratory or it was not considered prop
erly in the analysis. 

It is possible that bridges l A and 3B were 
overstressed by vehicles from the adjacent 
lanes. These two bridges were located on the 
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inside lanes and were normally crossed by the 
lighter vehicle operating in the loop in which 
they were located. Plastic deformation near 
the ends of the welds would help make the 
fatigue cracks visible earlier than would have 
been the case otherwise. 

Several known differences between the labo
ratory and bridge tests were not included in 
the analysis, such as speed of loading, second
ary stress cycles caused by vibrations, and rest 
periods. Although the literature suggests that 
the individual effects of these differences were 
probably small, their cumulative effect could 
well have caused observable differences be
tween the results of the bridge and laboratory 
tests. 

Bridge 3A had no coverplates and was sub
jected to 392,400 trips of regular test vehicles. 
Laboratory tests (6) of rolled beams of A7 steel 
indicated that fatigue cracking should not have 
developed in bridge 3A. As none had developed 
the test was in agreement with the laboratory 
tests. 

Reinforced Concrete Beams 
Two No. 11 bars in the exterior beam of 

bridge 7A and in the exterior beam of bridge 
7B fractured during the accelerated fatigue 
tests. The number of cycles at failure of the 
bars were examined by the methods described 
for steel beams with coverplates. 

The laboratory tests were found to be de
scribed satisfactorily as a function of the stress 
range alone. One method compared the fatigue 
strength of the beams with the laboratory data 
based on the mean stress range. The observed 
number of cycles to failure at the mean stress 
range are compared with the laboratory tests 
in Figure 48. The observed cycles to failure 
for. the mean stress range fell just outside of 
the limits of variability of the laboratory tests. 
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Figure 48. Comparison of test results with laboratory 
data. 

The effect of variations in the stress range 
was accounted for by using Miner's hypothesis 
in the same manner it was used with steel 
beams. Very little difference was noted be
tween the two methods. Taking into account 
the variation in stress range did tend to im
prove the agreement even though it was not 
a significant amount. 

The comparisons of the fatigue strength of 
the reinforced concrete bridges with the labo
ratory fatigue data suggested that the bars in 
the test bridges were slightly weaker in fatigue 
than indicated by the lower limit of the labora
tory data. 

For bridges 8A and 8B, the laboratory tests 
indicated an endurance limit of 24 ksi, well 
above the actual mean stress ranges of the 
beams. No fatigue failures occurred in either 
of the two bridges even though bridge 8B was 
subjected to 1,500,000 cycles of stress. 

Prestressed Concrete Beams 
The minimum stress and stress range of the 

steel stress for all prestressed concrete beams 
was well below the endurance limit indicated 
by laboratory tests. Hence, no fatigue failure 
was expected to occur in the prestressing steel 
and none occurred during either the regular 
test traffic or the accelerated fatigue tests. 

Several attempts were made to correlate the 
number of stress cycles at which the cracks 
were first noted in the concrete of the indi
vidual beams with available laboratory data 
on fatigue strength of plain concrete beam. 
No correlation was found. 

Summary 
Fatigue strength of the steel bridges with 

partial-length coverplates was found to be in 
agreement with the results of the laboratory 
tests. However, even though the fatigue 
strength of the bridge beams was within the 
range of the laboratory data, it was consistent
ly lower than the predicted mean. 

Most of the fatigue cracks on bridges lA , 
2B and 3B were found at approximately the 
same number of cycles. The variations in 
minimum stress and stress range in the bridge 
tests and laboratory tests suggest that the 
minimum stress affected the fatigue strength, 
but that stress range was the most important j 
quantity. 

The effects of speed of loading, secondary 
stress cycles caused by vibrations and rest 
periods were not considered in the comparisons 
between the laboratory and field studies. 

In prestressed concrete beams no fatigue | 
failures occurred in the prestressing steel. 
None were expected as the stresses were well 
below the endurance limit indicated by labora
tory tests. 

No satisfactory correlation was found be
tween the number of stress cycles at which] 
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cracks were first noted in the concrete of indi
vidual prestressed beams and available labo
ratory data for the fatigue strength of plain 
concrete beams. 

The analysis of the fatigue strength of the 
reinforcing bars in the reinforced concrete 
beams indicated that their fatigue strength 
was somewhat less than that found in the labo
ratory. For the two beams which failed the 
test results fell just outside the range of the 
laboratory tests. 
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