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The paper presents a method for predicting the frequencies of various levels
of stress to which highway bridges may be subjected as a result of the heavy
vehicle loads encountered in various compositions and volumes of traffic for
any given period of time or throughout the life of a given structure. In the
literature on heavy vehicle loads and their stress-producing effects on high-
way bridges, certain facets of the problem have been treated by several
authors from time to time. The procedures embodied in these past works are
brought together for the first time and presented as a ecomplete method for
predicting the number of repetitions of various intensities of stress to which
any particular member or part of a given structure may be subjected as a
result of given traffic conditions. For the investigation of varying numbers of
stress repetitions of various intensities of stress and how they may be related
to present, design criteria for fatigue, it is highly desirable that a reliable
method be available for predicting the frequencies of such stresses. Tt is be-
lieved that the method presented accomplishes this objective by providing the
means for predicting the frequencies of various levels of stress produced by
heavy vehicele loads in any particular part or member of a given bridge cor-
responding with given traffic conditions.

® THIS PAPER presents a method for
predicting the frequencies of various
levels of stress produced by heavy vehicle
loads in highway bridges. The method
allows for wvariations in the sizes and
weights of lheavy vchicles and their
stress-producing effects on spans of var-
ious lengths, types of construction, and
design designation. It also allows for the
effects of variations in the compositions
and volumes of traffic to which a given
bridge may be subjccted during a speci-
fied period of time or throughout its ex-
pected life. In the literature on heavy
vehicle loads and their stress-producing
effects on highway bridges, a number of
the various facets of this problem have
been treated by several authors from
time to time. The ideas and procedures
embodied in these past works are brought
together here for the first time and pre-
sented as a complete method for esti-
mating the number of repetitions of vari-
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ous intensities of stress to which any
membcer or part of a particular structure
may be subjected as a result of given
traffic conditions.

For the investigation of stress repeti-
tions and how they may be related to
present design criteria for fatigue, it is
highly desirable that a reliable method be
available for predicting the frequencies
of such stresses. Tt is believed that the
method presented here accomplishes this
objective by providing the means for pre-
dicting the frequencies of various levels
of stress produced by heavy vehicle loads
in any member or part of a particular
bridge corresponding with specified traffic
conditions.

To make the presentation of this
method as simple and as specific as pos-
sible, the entire discussion and all the
illustrative examples are confined to
bending moments and bending stresses in
simple-gpan bridges of one construction
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type and one design designation. It might
be well to mention, however, that the
principles and proecedures outlined here
for predicting bending stress repetitions
may be as readily applied to other types
of stress or stress funetions, such as direet
tension, compression, or shear.

The bridges selected for illustrating the
method here are of H 15 design and con-
sist of a conerete deck of minimum thick-
ness supported by unencased steel beams.
For further simplicity it is also assumed
that the steel beams in these bridges are
so spaced that the maximum live load
bending stress produced in an interior
stringer by a single vehicle, in one lane
only, will amount to C = 75 percent of
that produced by identical vehicles in
cach lane simultaneously. This value of
the cocfficient C =75 percent will be very
close to the actual values for most bridges
of this type. Another way of saying this
would be that if a given bridge were
loaded with vehicles having identical H-
equivalencies, one in each lane, the maxi-
mum live load stress produced in a typi-
cal interior stringer would be 4/3, or 133
pereent, of that produced by only one of
these vehicles in one lane only.

The reason for sclecting this compara-
tively light type of construction is that
the ratio of dead load stresses to total
design stresses is smaller than would ob-
tain for any of the heavier types of con-
struction, such as reinforced conerete
deck girder spans. Consequently, any
conclusions arrived at concerning the
stress-producing effect of a given vehicle
or vehicles on any particular bridge are
on the conservative rather than the un-
safe side.

For the purpose of presentation here, it
is convenient to break the method down
into three scparate but interrelated parts.
Remembering now that the discussion
and 1llustrative examples are confined to
bending moments and bending stresses in
simple-span steel beam bridges of H 15
design, these parts arc as follows:

1. Design stress ratios.

2. Stress-producing effeets of equiva-
lent H truek loadings.

3. Frequencies of various levels of
stress in highway bridges.

DESIGN

The nomenclature and definitions used
lLierein are assembled in Appendix A for
convenlence of reference.

DESIGN STRESS RATIOS

Design stress ratios, @, as the term is
used here, refer to the ratios of total ac-
tual stresses to total design stresses n
any particular member or part of a given
highway bridge. For example, consider a
50-ft simple span stcel stringer bridge
with concrete deck of H 15 design. If the
design calculations for this bridge show
that the dead load produces a maximum
stress of 8.28 ksi (kips per square inch),
and the design live load plus impact
produces a maximum stress of 9.72 ksl
in one of the interior stringers, it will be
seen that the total design stress for this
stringer 18 8.2849.72=18.00 ksi. A bhasic
design stress of 18.00 ksi would be salis-
factory for such a steel stringer inasmuch
as this value corresponds with the maxi-
mum bending stress permitted by the
1957 AASHO bridge design spceifications.

Now if further caleulations indicate
that a particular heavy vehiele load
would produee a maximum live load plus
impact stress of K fy==14.56 ks1 (sce Ap-
pendix A for nomenclature) it will be
seen that the maximum total actual stress
in this stringer would be 8.28+411.50=
22.84 ksi. So, in accordance with the {ore-
going definition, the ratio of total actual
stress to total design stress for this situ-
ation results in a design stress ratio of
() =22.84/18.00=1.27. This nmcans that
the particular heavy vchiele under con-
sideration would result in total actual
stresses 1.27 times as much as the total
basic design stress of 18.00 ksi for which
this stringer was designed. Another way
of saying this would bhe that the vehicle
under consideration on this bridge would
result in an overstress of 27 percent; that
is, total actual stresges 27 percent in ex-
cess of the basic design stress permitted
by the AASHO design specifications. But,
before proceeding further with the dis-
cussion of design stress ratios, a few con-
ments concerning the stress-produeing
characteristics of heavy vehiele lowds,
measured in terms of cquivalent H truek
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loadings or other standardized loadings,
arc in order.

A procedure for measuring the stress-
producing characteristics of heavy motor
vehicles was developed and presented in
Bulletins 127, 131, 132, and 135 of the
Texas Engincering Experiment Station
(1,2, 3, 4). These bulletins provide a part
of the background material on which the
method for predieting stress repetitions
presented herein is based. In these bulle-
tins the observation is made that each
of the many heavy vehicle types and
loadings has one thing in common — the
capacity to induce a stress (bending,
shear, or direct) of definite and calcula-
ble magnitude at any particular point in
a given bridge. Consequently, a bridge of
given type and span can be made to serve
as a sort of weighing device by which
the maximum stress (bending, shear, or
direct stress) produced by any given
heavy vehicle can be dircetly compared
with that produced by any other ve-
hicle or arbitrarily standardized loading.
However, rather than directly comparing
the actual stresses produced by a given
heavy vehicle with those produced by
others, it 1s more convenient to appraise
the stress-producing effects of a given
vehicle if they are expressed in terms of
some arbitrary or standardized loading
on a simple span of given length.

For this purpose a standard H truck,
H-8 truck, or any other arbitrary load-
ing, could be used. In this paper, however,
the standard H truck loading is used as a
basis for measuring the stress-producing
characteristics of all other vehicles be-
cause the load-carrying capacities of
most existing highway bridges are rated
in terms of the H loading design. And, as
previously mentioned, bending moment is
the stress funection used to illustrate the
method presented herein for measuring
overstress because it Is the bending

stresses that ordinarily determine the
load-carrying capacity of most highway
bridges.

It should be mentioned here also that
the overstress resulting from any other
equivalent loading, such as an equivalent
conecntrated load or ecquivalent H-S
truck loading, can be determined by eon-
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verting these equivalent loadings into
equivalent H truck loadings by use of the
conversion cocflicients in Table 10, Ap-
pendix B (see 8, p. 73), which gives the
conversion cocflicients based on maxi-
mum moments for equivalent loadings on
simple spans of various lengths. A brief
explanation of these coefficients and sev-
eral example problems also are included
in Appendix B.

On a 50-ft simple span, for cxample,
if it was determined that a given heavy
vehicle produced a maximum live load
moment of 445.6 kip-ft, with no allow-
ance for impact, it would be found to be
the same as the maximum live load mo-
ment produced by an H 20 truck on the
same span. Based on its capacity to pro-
duce bending stresses in a simple span
having a length of 50 ft the given heavy
vehicle would be converted into or rated
as an equivalent H truck load weighing
20 tons, or simply an equivalent H 20
truck loading. In a similar manncr, if a
given heavy vehicle produced as much
direct stress in a particular member of a
given through truss bridge as an H 21.6
truck, it would be rated as an cquivalent
H 21.6 truck loading insofar as its capac-
ity to produce dircet stress in that par-
ticular member is concerned. The logic
would be similar for any type of stress or
stress function at any point that might be
of interest in any type of simple span or
continuous bridge. The manner in which
these equivalent design loads can be used
for determining the degree of overstress,
or design stress ratio, produced by any
given vehicle at some particular point in
a given bridge are explained presently in
some detail.

Development of Equation

At this point it might be well to re-
examine the stress relationships in the
50-ft simple span steel stringer bridge of
I 15 design referred to at the beginning
of this discussion of design stress ratios.
A study of the stresses in this bridge, and
how they are related to cach other, shows
how such relationships provide a basic
and necessary tool for the further investi-
gation of repeated stresses in highway
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bridges (also see 3). For this 50-t bridge
the design caleulations show that the
dead load produces a maximum stress of
$.28 ksi and the design live load plus -
pact produces a maximum stress of 9.72
ksi, or a maximum total design stress of
8.98149.72=18.00 ksi, in one of the typi-
cal interior stringers. In accord with the
nomenclature given in Appendix A, 1t
will be seen from these data that the dead
load ratio, Ry, which is defined as the
ratio that the maximum dead load stress,
fo (moment, Mjy; shear, Vp; or other
stress function), bears to the maximum
total design stress, fr (moment, My
shear, Vy; or other stress function) would
be

_fp_ M, 828
P, T M 1800

Similarly, it will be scen from these data
that the live load ratio, Ry, which is de-
fined as the ratio that the maximum live
load plus impact stress, Kf; (moment,
KM;; shear, KVy; or other stress func-
tion), bears to the maximum total deslgn
stress, fy (moment, Mg; shear, Vip; or
other stress function), would be
Kif, KM;_ 972
7oy, T My T 18.00
But because the sum of the design dead
load, live load and impact stresses (mo-
ments, shears, or other stress function)
for a given member is equal to the total
design stress, the sum of the dead load
and live load ratios must equal 1.00, and
it follows that
fo+K fr‘“8.28+9.72

Rp+Re="""7 ="=""93.00

=0.4604+0.540=1.00 (3)
Similarly, if these ratios were defined in
terms of moments for an interior stringer
or in terms of moments for a full lane,
which would be proportional to those in
the stringer, their values would remain
the same and their sum equal 1.00. Thus,
AIU +K J_[_Ii
My
=0.460+0.540=1.00 (4)

In Eq. 3 the maximum stress, fz, in one
of the interior stringers is produced by

B =0.460 (1)

=0.540 (2)

R0+RL:
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the standard design live loading (with-
out 1mpact), which for thiz 50-ft span
consiste of one standard IT 15 truck in
each lane, simultancously: K is the co-
cfficient by which the live load stress, f,
is increased to include the specified allow-
ance for impact. That is,

K=1.00+1 (5

in which I is the impact {raction as de-
termined by the AASHO formula

I1=50/(S+125) (6)

and S is the length in feet of that portion
of the span which is loaded to produce
maximum stress in the member under
consideration.

For the 50-ft siinple span under con-
sideration this means that the impact
would amount to I=50/(50+4125) =
0.286, which in turn would result in a
cocfficient K=1.000+0.286=1.286. As
previously stated, the design live load
plus impact produces a maximum stress
in an interior stringer of K f;,=9.72 ksi,
Inasmuch as this value ineludes an allow-
ance of 28.6 percent for impact, it will be
scen that the design live load stress with-
out impact would be fr=9.72/1286=
7.56 ksl.

It was also stated previously that
further calculations indicated that a par-
ticular heavy vchicle would produce a
maximum live load plus impact stress of
K fy=1456ksi in the most highly
stressed interior stringer of that 50-ft
simple span steel stringer bridge. The
next question would be: What is the 11-
equivalence of this particular vehiele on
a 50-ft span? In other words, a standard
H truck of what weight would be re-
quired to produce a live Joad plus impact
stress of 14.56ksi in the most highly
stressed interior stringer? This question
can be answered by referring to previous
calculations, which show that the design
live load plus impact produces in this
same interior stringer a maximuin stress
of K f1=29.72 ksi. The design live load in
this case consists of one 1I 15 truck in
cach lane simultaneously. For this bridge,
{00, it was assumed that a single vehiele
in one lane only would produee 75 pereent
as much stress in an interior stringer as
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that produced by identical vehicles, one
in cach lane simultaneously. On this
pasis, thercfore, a single H 15 truck on
this bridge in one lane only would pro-
duce in the same interior stringer a live
load plus impact stress of C K fr,=0.75 X
1.286 X 7.56=7.28 ksi.

Now if a single H 15 truck, in one
lane only, produces a maximum live
load plus impaet stress of this magnitude,
by direct proportion one can find the
equivalent H truck required to produce
a corresponding stress of K f; =14.56 ksi,
or K fy/CK f,=14.56/7.28=2.00 times
as much live load plus impact stress as
a single H 15 truck. Therefore, this given
Leavy vehicle would be rated as an equiv-
alent H 30 truck on a 50-ft span. Sym-
bolically, the equivalent H truck rating
(EHT) for this particular vehicle would
be EHT=15(K f;/C K f1) =15(14.56/
7.28=Equiv. H 30 truck.

Based on the foregoing discussion of
dead load, design live load, impact and
actual live load plus impact stresses, and
how they may be related for determining
the design stress ratios which result from
actual vehicle loadings, it is now possible
to write a general expression for deter-
mining the design stress ratio (3) pro-
duced by a vehicle of given H-equiva-
lency on a span of given length. In terms
of stress produced by vehicles of given
H-equivalency, the design stress ratio
would be

K'fuC
Similarly, if the stress function were in
terms of maximum bending moments
produced by vehicles of given H-equiva-
lency, the design stress ratio would be

B K'MyC
Q=Rp+Rr 3, (8)
in which
K'=100+TI (9)

is the coefficient by which the actual live
load stress (moment or other stress func-
tion) is multiplied to obtain the live load
plus impact stress (moment or other
stress funetion) produced on a given span
by a given vehicle under consideration;
and I' is the impact fraction assumed in
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conncetion  with the stress-produeing
effects of any given vehicle under consid-
cration. Depending on the speed of the
vehicle under consideration and other
traffic conditions, the impact fraction, I’,
could be assumed at any reasonable value
between zcro and the full impact allow-
ance, I, as defined by the AASHO design
specifications.

In Eq. 7, if f represents the maximum
live load stress in an interior stringer
resulting from identical vehicles of given
H-equivalency, one in each lane simul-
taneously, the coefficient €' =1.00(or 100
percent) of the potential stress that
would result from identical vehicles of
given H-cquivalency, onc in each lane
simultaneously. But if only one of these
vehicles were placed in one lane only, €
would be less than 1.00, and in the fore-
going examples it has been assumed that
C =0.75 for the case of one vehicle in one
lane only. Here, it will be remembered
that € is a function of the stringer spac-
ing and, for all lanes loaded, € =1.00.
Similarly, in Eq. 8, if My represents the
maximum live load moment in an inte-
rior stringer resulting from identical ve-
hicles of given H-equivalency, one in
cach lane simultaneously, C=1.00. But if
only one of these vehieles were placed
in one lane only, this coefficient would be
less than one, say C=0.75, as has becn
assumed previously.

Likewise, if My represents the moment
for one lane produced in a given span by
a vehicle of given H-equivalency and
M, represents the live load moment for
one lane produced by the design live load,
the ratio My/M; would be the same as
would obtain if My were defined as the
moment in an interior stringer resulting
from vehieles of given H-equivalency,
one in each lane simultancously and My,
the moment in the same stringer resulting
from the design live load in each lane
simultaneously. Therefore, Fq. 8 pro-
vides a general expression for determin-
ing design stress ratios resulting from
heavy vehicle loadings.

Use of Eq. 7 or Eq. 8

To illustrate the use of Eq. 7 or Eq. 8
for determining design stress ratios, sup-
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pose it is desired to determine the design
stress ratio resulting from the live load
plus impact stress of 14.56 ksi produced
in an interior stringer by the equivalent
H 30 truck in one lane only on the 50-ft
span referred to earlier. Now if K'=K=
1.286, and this stress of 14.56 ks1 18 75
percent of what it would be if cach lane
were loaded, then if vehieles with iden-
tical H-cquivalencics were placed one in
cach lane simultancously the maximum
actual live load stress in an interior
stringer would be K’ fy=14.56/0.75=
19.44 ksi.

With this information it 1s now pos-
sible by use of Lq. 7 to determinc
the design stress ratio in an interior
stringer of this 50-ft span. Thercfore,
by Eq. 7 it will be found that the
design stress ratio for this situation is

(0=0.460+0.540 (ﬁ%)l‘i) =0.460
+0.810=1.270.

This shows that the given vehicle, which
turned out to be an cquivalent H 30
truck, would result in a design stress
ratio of 1.27 or an overstress of 27 per-
cent in an interior stringer if this vehicle
were the only onc on the span at onc
time.

What would the design stress ratio be
if vehicles of identical H-equivalencies
(equivalent H 30 trucks) were placed one
in each lanc simultaneously? An equiva-
lent H 30 truck in each lane simulta-
neously on this 50-ft span would, by
Eq. 7, result in a design stress ratlo of
Q=0.460+0.540 (______19-4;1?21-00 =154
In other words, on this 50-ft span of H 15
design, an equivalent H 30 truck in cach
lane simultancously would produce a
maximum stress in an interior stringer
54 percent in excess of the basic design
stress, or a maximum actual stress of
1.54x18.00=27.70 ksi.

Fvaluating I-Equivalencies

For any given span, if My is the mo-
ment for one lane produced by a single
equivalent H truck weighing H tons and
My, the moment for onc lane produced
by a standard H truck weighing 1.0 ton,
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then the H rating or I-equivalency in
tons for any particular vehicle on a given
span would be

[I:J[H/J[]ILI) (10(1)
or

J[H:[[ J[Hxl} (10("
Qubstitution of Eq. 106 in Eq. 8 gives

O K' My, Ry,

an equation for determining the equiva-
lent H truck loading that would be re-
quired on a given span to produce a de-
sign stress ratio, Q, of specified value.

Ratios Resulting from FEquivalent H
Truck Loadings

By rearranging Eq. 11 or by substitut-
ing the value of My, as given by Eq. 100,
in Eq. 8, it will be seen that the design
stress  ratios resulting  from  various
weights of equivalent H trucks and other
loading conditions would be
H C I\vl A/[Htl)

KM,
This shows that the design stress ratio,
@, is a lincar equation. Therefore, for any
given member of a bridge of given span,
() varies directly with the values of H, C
and K’ in Eq. 12, Thus, Eq. 12 provides a
simple and effective means for estimating
the stress-producing effects of heavy ve-
hicle loads on highway bridges of various
spans, types of construction, and design
designation.

The usefulness and variety of informa-
tion to be obtained from Eq. 12 are dis-
cussed and 1illustrated in the following
section.

STRESS-PRODUCING EFFECTS OF EQUIVA-
LENT H TRUCK LOADINGS

Simple Span Steel Stringer Bridges of
H 15 Design

The bridges sclected for illustrating
the degree of overstress or understress
(design stress ratio) produced by equiva-
lent H truck loadings on simple spans of
H 15 design consist of a conerete deek of
minimum thickness supported by unen-
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cased steel stringers or girders. The tables
and charts which follow provide the
means for quickly determining the over-
stress or understress {design stress ratio)
in simple span bridges of this type and
design designation which result from any
of the heavy vchicle loads encountered 1n
ordinary highway traffic. The design
stress ratios given by these tables and
charts are correet for the estimated per-
cent of total design stresses represented
by dead load and live load plus impact
stresses given by Figure 1 for typical in-
terior stringers of simple span  steel
stringer bridges of H 15 design. It might
be added here that the stress relation-
ships indicated are fairly representative
of simple span bridges of this construc-
tion type and design designation. More-
over, because the dead load ratios shown
are based on the lightest type of con-
struction commonly used for simple span
bridges of H 15 design, any estimate of
overstress obtained from the tables or

TA LT
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Figure I. Estimated percentage of total design stresses

represented by live load plus impact and dead load

stresses for simple span deck girder bridges of H 13
design.
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charts will be on the conservative side
for the heavier types of bridge con-
struction.

Stresses Produced by Equivalent
H Trucks

Because Figure 1 gives the ratio of
dead load stress to total design stress,
R, and the ratio of live load plus impact
stress to total design stress, Rp, it will
be seen that the equivalent H truck load-
ing corresponding with any degree of
overstress or understress (design stress
ratio, ) and loading conditions may be
determined by Eq. 11. Tables 1 through
4 give the equivalent H truck loadings, in
tons, required to produce maximum bend-
ing stresses in an interior stringer, corre-
sponding to a given design stress ratio,
for four different conditions of loading.
The four conditions of loading are as
follows:

1. One veliicle in cach lane with full
allowance for impact.

2. Once vehiele In each lane with no
allowance for impact.

3. Onc vchicle in one lane with full
allowanee for impact.

4. One vchicle In one lane with no
allowanee for impact.

Referring to Eq. 12, it will be scen that
the design stress ratio, @, is a lncar
equation. For any given member of a
particular bridge it will also be scen that
Q) varies directly with the values of 17,
C.and K’ in Eq. 12. This is illustrated in
Tigures 2 to 13. Figurcs 2 to 7 give the
design stress ratios produced by equiva-
lent H trucks on shmple span stecl
stringer bridges of H 15 design with one
vehiele in each lane and varying allow-
ance for impact. Figures 8 to 13, give the
design stress ratios produced by cquiva-
lent H trucks on simple span steel
stringer bridges of H 15 design with one
vehicle in one lane only and varving
allowance for impact.

On a 50-ft span, for example, Figure -
shows that one equivalent H 30 truck in
cach lane simultancously (('=1.00}) with
full allowance for impact would result in
a maximum design stress ratio, () =1.51.
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TABLE 1

EQUIVALENT H TRUCK LOADING IN EACIH LANE WITII FULL ALLOWANCE FOR IMPACT REQUIRED
TO PRODUCE MAXIMUM STEEL STRESS CORRESPONDING TO GIVEN DESIGN STRESS RATIO

r=r K=100+71=K ¢ =1.00

Span 10 20 30 40 50 60 70 80 90 100

Rr 0.862 0.745 0.660 0.595 0.540 0.495 0.462 0.435 0.410 0.394

I 1.30 1.30 1.30 1.30 1.286 1.27 1.256 1.244

Mo . 53.4 123.9 229.7 366.1 542.2 775.7 1056.7 1400,

I My, d 156.0 240.5 337.4 429.8 581.5 666.1 813.6

Mr 90.5 209.4 364.4 367.1 795.9 1078.7 1441.8 1870.3 2373.2

Design

Stress Equivalent IT Truck Loading

Ratio, @ -
1.50 23.7 25.1 26.4 27.6 28.9 30.9 34.2 37.7 5 45.0
1.40 22.0 23.1 24.1 25.1 26.1 27.8 30.7 38.7 9 40.0
1.30 20.2 21.0 21.8 22.6 23.3 24.7 27.1 20.7 4 35.0
1.20 18.5 19.0 19.5 20.1 20.6 21.6 23.6 25.6 27.8 20.9
1.10 16.7 17.0 17.3 17.5 17.8 18.5 20.0 21.6 23.3 24.9
1.00 15.0 15.0 15.0 15.0 5.0 15.4 16.4 17.6 18.7 19.9
0.90 13.3 13.0 12.7 12.5 2 12.2 12.9 13.5 14.1 14.8
0.80 11.5 11.0 10.5 10.0 4 9.1 9.3 9.5 9.6 9.8
0.70 9.8 9.0 8.2 7.4 7 6.0 5.8 5.4 5.0 1.7
0.60 8.0 6.9 5.9 1.9 .9 2.9 2.2 1.4 0.5 —
0.50 6.3 1.9 3.6 2.4 1 — — — - —

This means that the maximum stress pro-
duced in one of the interior steel stringers
by such a loading would be 154 percent
of the basic allowable design stress, or an
overstress of 54 percent. However, if the
speed of these equivalent H 30 trucks
were reduced to say 5 mph, which would
result in little or no impact, it will be
seen that the maximum amount of over-
stress in an interior stringer would be re-
duced to about 28 percent.

Similarly, on a 50-ft span Figure 10
shows that one equivalent H 30 truck in
one lane only (C'=0.75) with full allow-
anece for impact would result in a maxi-
mum design stress ratio, @ =1.27, or an
overstress of about 27 percent. ITowever
if the speed of this equivalent H 30 truck
were reduced so as to result in little or
no impact, the maximum amount of over-
stress in an interior stringer would only
amount to about 8 percent. These illus-

TABLE 2

EQUIVALENT H TRUCK LOADING IN EACH LANE WITII NO
PRODUCE MAXIMUM STEEL STRESS CORRESPONDING

ALLOWANCE FOR IMPACT REQUIRLED TO
TO GIVEN DESIGN STRESS RATIO

7= 0.00 K =100+1I=K ¢ =1.00
Span 10 20 30 10 50 60 70 80 90 100
Ry 0.862 0.745 0.660 0.595 0.540 0.495 0.462 0.435 0.410 0.304
I 1.30 1.30 1.30 1.30 1.286 1.27 1.256 1.244 1.232 1.222
Mo 12.5 53.4 1238.9 229.7 366.1 542.2 775.7 1056.7 1400.2 1762.0
ML 78.0 156.0 240.5 337.4 429.8 531.5 666.1 813.6 673.0 1145.6
Mr 90.5 209.4 364.4 567.1 795.9 1073.7 1441.8 1870.3 2373.2 2007.6
Design
Stress Equivalent II Truck Loading
Ratio, @ — — - - —
1.50 30.8 32.6 35.9 37.2 39.2 43.0 17.0 51.1 55.0
1.40 28.6 30.0 32.6 33.6 35.3 38.5 41.9 45.5 48,9
1.30 26.3 27.4 29.8 30.0 31.8 34.0 36.9 39.9 42.7
1.20 24.0 24.7 26.1 26.4 27.4 29.6 31.9 34.3 36.6
1.10 21.8 22.1 22.8 22.9 23.4 25.1 26.9 28.6 30.4
1.00 19.5 19.5 19.5 19.3 19.5 20.6 21.8 23.0 24.3
0.90 17.2 16.9 16.2 15.7 15.6 16.2 16.8 7.4 151
(.80 15.0 14.3 12,9 12.1 11.6 11.7 11.8 11.8 11.9
0.70 12.7 11.6 9.7 8.6 7.7 7.2 6.8 6.2 5.8
0.60 10.4 9.0 6.4 5.0 3.7 2.8 1.8 0.6 -
0.50 8.2 6.4 3.1 1.4 .- —— - —e
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TABLE 3

EQUIVALENT 1 TRUCK LOADING TN OXNE

LANE WITH FULI:

ALLOWANCE FOR IMPACT REQUIRED

TO PRODUCE MAXIMUM STEEL STRESS CORRESPONDING TO GIVEN DESIGN STRESS RATIO

p=I K =100+I=K 0=075
Span 10 20 30 10 50 60 70 80 a0 100
1’3;7 0.862 0.745 0.660 0.595 0.540 0.495 0.462 0.435 0.410 0.394
K/7 1.30 1.30 1.30 1.80 1.286 1.27 1.256 1.244 1.232 1.222
),I;) 12.5 53.4 123.9 229.7 366.1 542.2 T75.7 1056.7 1400.2 1762.0
;(k,'ll[ TR0 156.0 24005 337.4 429.8 531.5 0666.1 813.6 973.0 1145.6
1711 90.5 209.4 364.4 567.1 795.9 1078.7 1441.8 1870.8 2373.2 2907.6
Design
Stress Equivalent H Truck Loading
Ratio, @  —- - - -
1.50 31.6 38.4 35.1 26.8 38.5 41.1 45.6 50.3 55.3 60.1
1.40 29.3 30.7 32.1 38.5 34.8 37.0 40.9 45.0 49.2 53.3
1.30 27.0 28.1 29.1 30.1 31.1 32.9 36.2 39.6 43.2 46.6
1.20 2416 254 26.1 26.7 274 287 31,4 34.9 371 39,9
1.10 223 22,7 2300 234 2307 24.6 26.7 238 3100 332
1.00 20.0 20.0 20.0 20.0 20.0 20.5 21.9 23.4 24.9 26.5
0.90 177 17.3 17.0 16.7 16.3 16.3 17.9 18.0 18.8 19.8
0.80 15.4 1456 13,9 133 1256 1202 12.1 12,7 198 1300
0.70 18.0 11.9 10.0 9.9 8.9 81 T 7.3 6.7 6.3
0.60 10.7 9.3 7.9 6.6 5.2 3.9 2.9 1.9 0.6 —
0.50 B4 6.6 4.9 3.2 1.5 — — - - - -
trations should suffice to show the value quencies of individual heavy vehieles

and utility of the stress data to be ob-
tained from Figures 2 through 13.

FREQUENCIES OF STRESS LEVELS
Mathematical Basis for Study

The study of stress repetitions, as well
as that of arriving at the proper design
live load for highway bridges, is not only
a function of the sizes, weights and fre-

found on the highways, but also of the
frequencies of various intensities of load-
ing that might be expected to occur on a
given part or length of bridge, as a result
of the chance grouping of two or more
of these heavy vehicles in traffie. For-
tunately, it is only necessary to make a
few simplifying assumptions concerning
the behavior of highway traffic in order to
apply the theory of probability (5) to

TABLE 4

EQUIVALENT II TRUCK JOADING IN ONE LANE WITH NO ALLOWANCE FOR TMPACT REQUIRED TO
PRODUCE MAXIMUM STEEL STRESS CORRESPONDING TO GIVEN DESIGN STRESS RATIO

I' =0.00 K’ =1.004 1 =1.00 C=0.75
Span 10 20 340 10 50 60 70 R0 B0 100
R 0.862 0.745 0,660 0.595 0.540 0.495 0.462 0.435 0.410 0.304
K 1.30 1.30 1.30 1.30 1.286 1.27 1.256 1.244 1.232 1.222
Mp 12.5 53.4 123.9 220.7 366.1 542.2 775.7 1056.7 1400.2 1762.0
KM 78.0 156.0 240.5 337.4 129.8 531.5 666.1 813.6 973.0 1145.6
Mr 90.5 200.4 364.4 567.1 795.9 1073.7 1441.8 1870.3 2373.2 2007.6
Design
Stress Tquivalent II Truck Loading
Ratio, @
1.50 41.1 43.5 45.7 47.9 49.5 52.3 H7.3 62.6 68.2 73.4
1.40 38.1 10.0 41.7 43.5 44.8 47.0 51.4 55.9 60.7 65.2
1.30 35.1 36.5 37.8 39.1 40.0 41.8 45.4 49.2 53.2 57.0
1.20 32.0 33.0 33.9 34.7 35.2 36.5 39.4 425 45.7 48.8
1.10 29.0 20.5 29.9 30.4 80.5 31.3 38.5 35.8 38.2 10.5
1.00 26.0 26.0 26.0 26.0 25.7 26.0 27.5 29.1 30.7 32.3
0.90 23.0 22.5 22.0 21.6 21.0 20.7 21.6 22.4 23.2 24.1
0.80 20.0 19.0 18.1 17.3 16.2 15.5 15.6 15.7 15.7 15.9
0.70 16.9 15.5 14.2 12.9 11.4 10.2 9.6 9.0 8.2 7.7
0.60 13.9 12,0 10.2 8.5 6.7 5.0 3.7 2.3 0.7 —
0.50 10.9 8.6 6.3 4.1 1.9 — - — — -
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the chance grouping of vehicles and the
frequency of specified vehicle groups.
These assumptions may be stated as fol-
lows:

1. Vehicles, both individually and by
types, are distributed at random in ordi-
nary highway traffic.

2. The avcrage composition, volume
and specd of traffic remain constant dur-
ing the time period under consideration.

The first assumption means that the
time and distance spacings of vchicles
occur entirely by chance and not as a
result of artificial control. Similarly, it
means that the various vehicle types
{such as automobiles, buses, and trucks)
occur entirely by chance throughout the
traffic stream. The second assumption
mercly means that the time period under
consideration must be of short enough
duration to insure that the average com-
position, volume, and speed of the traffic
remain constant during that time. At
certain times this time period could be
several hours; but at others, when the
characteristics of the traffic are changing
rapidly, the time period may be only 30,
or even 15, minutes.

Numerous studies by the author and
others (6, 7, 8) have demonstrated that
the foregoing assumptions approximate
the actual behavior of ordinary highway
traffic sufficiently close for solving many
types of traffic problems. Morcover, these
studies have shown that the time and
distance spacings of vehieles, both indi-
vidually and by groups, in ordinary
traffic agree rather closcly with the dis-
tributions given by the Poisson fre-
queney distribution formula. This means,
therefore, that the probability of vehicle
groups of unspecified types occurring
within specified lengths of time or dis-
tance can be estimated mathematically
by use of Poisson’s law (9). Onee this
probability has been determined, the
probability that the group consists of
certain specified vehicles, or that they are
arranged 1n some particular order, may
be found by use of the basic theorems for
calculating simple and compound proba-
bilities (1, 4, 9). It should be mentioned
also that Poisson’s law has also been
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found to provide a good cstimate of the
frequency distribution of various inten-
sities of heavy vehicle loads measured in
terms of their H truck loading equiva-
leneles on a given span (1, pp. 427-438).
This last statement will be discussed
presently in more detail.

For any given traffic conditions it has
been shown clsewhere (9) that the Pois-
son frequency distribution formula pro-
vided a fairly simple mathematical
means for predicting how often two or
more heavy vehicles might be expected
to occur in a speeified manner within a
distance of X feet on a bridge or along
the highway. By way of illustration, Fig-
ures 14 and 15 show the time interval for
typical unspecified vehicle groups occur-
ring within specified lengths, based on
6,000 and 12,000 vehicles per day, re-
spectively, traveling at an average speed
of 39.5 mph. Also, Figures 16 and 17 show
the time interval for typical specified
vehicle groups occurring within speel-
fied lengths, based on 6,000 and 12,000
vchicles per day, respectively, traveling
at an average speed of 39.5 mph.

For example, based on 6,000 vehicles
per day at an average speed of 39.5 mph,
it will be seen for 77(2,50;2) in Figure 14
that 2 vehicles, unspecified as to type,
will occur in each of the 2 directions of
travel within a particular 50-ft length of
bridge or along the roadway about once
every 0.1 years, or about 10 times a year.
Similarly, for T(4,50;a/2) in Figure 14,
it will be seen that 4 vehicles will oceur
in some manncr in cither one or the other
or both directions of travel within a par-
ticular 50-ft length about once every
0.05 years, or about 20 times a year.

If one were concerned with the tie
intervals for typical heavy vchiele groups
occurring within speeified lengths, based
on 12,000 vehicles per day containing 5
pereent heavy vehieles at an average
speed of 39.5 mph, they will be found in
Figure 17. For example, it will be found,
for T(2H,50;2) in Figure 17, that 2
heavy wvehieles will oceur in each of the
2 directions of travel within a particular
50-{t length of bridge or along the road-
way about once every 1,500 vears. Simi-
tarly, for T (4H,50;a/2) in Figure 17, it
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will be seen that 4 heavy vehieles will
oceur I some manner in either one or the
other or both dircetions of travel within
a particular 50-t length about once every
500 years.

The development of the Poisson {re-
quency distribution and its use for pre-
dicting the time intervals for typical
unspecified or specified vehicle groups
occurring within specified lengths, as il-
lustrated in Figurcs 14, 15, 16 and 17, are
given in some detail clsewhere (9), there-
fore are not repeated here. It is believed
also that the foregoing illustrations will
suffice to indicate the use of Figures 14-
17, inclusive.

It should be added here, also, that one
of the principal advantages of using the
Poisson distribution is the comparative
ease with which the successive terms of
the Poisson series may be evaluated.
Actually, there is rarely any occasion for
making such caleulations, as tables are
available (10; or 1, pp. 380-384) that
cover a wide range of values for Z.

Heavy Vehicles on Span One at a Time

As previously mentioned, it has been
found that Poisson’s law provides a very
good estimate for the frequency distribu-
tion of the various intensities of heavy
vehicle loads measured in terms of either
their gross weights or their H truck load-
ing equivalencies on a given span (1, pp.
427-483). For this purpose the Poisson
cquation is written:

Zn e»Z
Y

P(n) (13)
Each vehicle constitutes a sample whose
gross weight or H-equivalency is meas-
ured in tons. For example if the H-equiv-
alency of a given vehicle on a 60-ft span
fell between 17.50 and 18.49 tons, it
would be classified as an equivalent H 18
truck loading. Perhaps the simplest way
to explain Eq. 13 is to discuss it with
reference to Table 5.

~Table 5 shows the calculated frequen-
cles of equivalent H truck loadings, on
various span lengths, for the 4,531 heavy
trucks reported by the 1942 national
loadometer survey, based on Eq. 13. With
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respect to the 50-1t span, for example, 1t
will be noted that the vehicles producing
the smallest moment were cquivalent H 8
trucks; the largest were equivalent H 26
trucks and the average were equivalent
H 15.2 trucks. For this distribution it will
be noted that the Poisson cocfficient, Z,
is equal to the difference between the av-
erage and the least H-equivalencies. In
other words, if the equivalent H & cell 1s
thought of as the zero cell, the average
H-equivalency would be 7.2 cclls higher
or greater than the zero cell.

Eq. 13, therefore, would be read thus:
The probability that the H-equivaleney
of a given vehicle will be n cells (or in
this case n is in tons) larger than the
smallest or zero cell, when the average 1=
Z cells greater than the zero cell, is cqual
to Z* e?/n!. The distribution shown in
Table 5 for the 50-ft span indicates that
0.1 percent of the heavy vehieles reported
were cquivalent H 8 trucks, 0.5 percent
were cquivalent H 9 trueks, ete. The LI-
equivalencies for the other spans arc in-
terpreted similarly. Tables are available
(1, 10) which give the Poisson distribu-
tions for a wide range of Z values, so it is
seldom neeessary to caleulate frequencies
from Eq. 13.

Calculated rather than actual frequen-
cles of H-equivalencics are given in
Table 5 merely to illustrate the use of
Poisson’s frequency law in situations
where actual loadometer data may not be
available. However, for cvaluating the
design stress ratios, @, resulting from
heavy vehicles on a given span, one at a
time, it might be preferable to caleulate
the @-values from observed loadometer
data.

With the preeeding information, sup-
pose it 18 now desired to determine the
frequencies of various levels of stress in
simple span steel stringer bridges 50 ft
and 100 ft in length. Suppose, further,
that these bridges are subjected to a
traffic volume of 12,000 vehicles per day
containing 5 percent heavy trucks whose
H-equivalencies are distributed for these
spans as shown in Table 5. If the usc-
ful life of these bridges iz assumed as
50 years, it would mean that a total
of 12,000 x0.05 x 365 x 50 = 11,000,000
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TABLE 5
CALCULATED FREQUENCIES! OF EQUIVALENT H TRUCK LOADINC
ALL TYPES REPORTED BY TIE 1942 LOADOMETER SURVEY, B!
DISTRIBUTION LAW

Span (ft)

FOR 4,581 HEAVY TRUCKS OF
ON POISSON'S FREQUIENCA

-

Equivalent s o e -
1 Truck Infinite
Loadings 10 20 30 40 50 60 80 100 GV,
5 0.2 — — — - — - -
G 1.1 0.2 0.1 — -— -—
7 3.4 1.3 0.7 0.1 — — -
8 7.3 3.9 2.2 0.6 0.1 -—
9 11.6 8.1 5.2 2.1 0.5 0.1
10 14.7 12.5 9.1 4.9 1.9 0.6 -
11 15.9 15.4 12.8 8.7 4.0 2.1 0.2 0.1 .
12 14.5 16.0 149 12.4 K4 4,6 1.1 0.5
13 11.6 14.1 14.9 14. 12.0 5.7 3.4 1.0 01
14 8.2 11.0 13.0 14.9 14.4 12.4 A 4.6 0.2
15 5.3 7.6 10.2 13.2 149 14.7 116 &4 1.0
16 3.1 4.7 7.1 10.4 13.4 149 14.7 120 han
17 1.6 2.6 4.5 7.4 10.7 13.2 15.9 e St
18 0.8 1.4 2.6 4.8 .7 10.4 145 14.4 a8
19 0.4 0.7 1.4 2.8 5.0 7.4 1.6 13.4 i
20 0.2 0.3 0.7 1.5 3.0 4.8 IR 1607 15.5
21 0.1 0.1 0.4 0.8 1.7 2.8 5.3 T 15,4
22 — 0.1 0.1 0.4 0.9 .5 3.1 5.0 12.0
23 — - 0.1 0.2 0.4 0.5 1.6 3.0 1.2
24 - - — 0.1 0.2 0.4 0.8 T T
%5 _ - 0.1 0.2 0.4 (X0 ol
26 — — — 0.1 0.1 0.2 [ B
27 - — - —- 0.1 0.2 1.~
28 — —_— - — — — — 0.1 1.0
29 -— em - S —— 01 .4
30 — —_— - - — - — J— (IR
31 - — — —_— — - [
32 — —— - _— —_ R i
Total 100.0 100.0 100.0 100.0 100.0 100.0 1000 10,6 Tt i
Max. H Truck 21 22 23 24 26 26 27 249 52
Avg. I Truck 11.4 12.2 13.0 141 15.2 16.1 17.4 8.2 R
Min. H Truck B 6 6 7 ] 9 11 11 13
Poisson’s Coeff, Z 6.4 6.2 7.0 7.1 T2 7.1 6.4 e 1

1 Equivalent H truck loadings which occur less than 1 in 1000, or account for Jess than 0.1 pereent of total
heavy truek traffic. not shown.
2 Bquivalent [T truck loadings bhased on moments produced by gross vehicle welghis,

heavy vehicles would pass over these ratio cquations may be found also in
bridges during that period. Most of these  Iigures 10 and 13.
heavy vehicle passages would oceur on Tn Table 6 it should be noted that the
these spans one at a time. Poisson distribution for Z=7.2 is given
The numbers of repetitions of various  to six deeimal places, whicl ix somewhad
levels of stress, with and without impact, more refined than the distributions for
in an interior stringer of a 50-[t bridge Z=7.2 shown in Table 5. In Tuble 6 ii
of H 15 design resulting from these will also be noted that the highest stress
11,000,000 heavy vehicles being on the  level indieated, witle full allowanee for
span one at a time are given in Table 6.  impact, corresponds with a design stress
Qimilar data for the 11,000,000 heavy ratio @=1.309. or an overstress of 30.9
vehieles on the 100-{t span, one at a time,  percent; and this amount of overstress
are given in Table 7. The numbers of would oceur only 22 times in the passing
stress repetitions resulting from two or of 11,000,000 heavy vehicles during the
more heavy vehicles occwrring on these  50-year estimated life of this bridge.
spaps at the same time are shown in With no alloswvance for impaet, the higliest
Tables 8 and 9 and will be diseussed later  overstress only amounts to about 10 per-
in more detail, The design stress ratios, cent; and this would be expected aboud
with and without allowance for impact, 78 times in 50 years. In Table 7. for the
corresponding with each of the several 100-1t span. it will be scen that the high-
H-equivalencies may be caleulated by st stress level indieated, with full allow-
Eq. 12. The appropriate design stress  ance for impact, corresponds with o de-



STEPHENSON

TABLE 6

NUMBER OF STRESS REPLETITIONS ! PRODUCED IN
A 50-¥T SIMPLE SPAN BRIDGLE OF H 15-44 DESIGN
DURING AN ASSUMED USEFUL LIFE OF 50 YEARS;
A TOTAL OF 11 MILLION HEAVY VEHICLES OCCUR

ON TIIIS SPAN ONE AT A TIME

Design Stress

STRESS FREQUENCIES

Ratio 2
With With
Full No
Equiva- Poisson Allow- Allow-
lent Distribu- Number ance ance
H Truck tion for of for for
Loading Z =12 Vehicles Tmpact 3 Tmpact ¢
8 0.000747 8,218 0.676 0.628
9 0.0053875 59,124 . 0.649
10 0.019352 212,872 ( 0.670
11 0.046444 510,884 0.7 0.6¢
12 0.083598 919,678 0. 0.
13 0.120382 1,324,202 0.8 0.7:
14 1,689,039 0,838 0.
15 1,634,447 0.865 0.7
16 1,470,996 0.802 0.7¢
17 1,176,802 0,919 0.817
18 0.077027 847,296 0.946 0.838
19 0.05041%8 554,598 0.978 0.859
20 0.030251 332,760 1.000 0.880
21 0.016754 184,294 1.027 0.901
22 0.008616 94,776 1.054 0.922
23 0.004136 45,496 1.081 0.943
24 0.001861 20,472 1.108 0.964
25 0.000788 8,668 1.135 0.985
26 0.000315 3,466 1.162 1.006
7 0.000119 1,298 1.189 1.027
28 0.000043 472 1.216 1.048
29 0.000015 164 1.243 1.069
30 0.000005 56 1.270 1.090
31 0.000002 22 1.309 1.111
Total 11,000,000

1 8iress effects based on continucus traffic volume of
500 vehicles per hour (12,000 per day) containing
5 pereent heavy vehicles (in excess of 13 tons gross
weight).

28ce Figure 10 for design stress ratio equations.

3 = 0.027017 4 0.460.

40 = 0.021017T + 0.460,

sign stress ratio @ =1.113 or an overstress
of about 11.3 percent; and this amount
of overstress would oceur about 22 times
in the 50-year cstimated life of the
bridge. If these 11,000,000 hieavy vehicles
passed over this 100-ft bridge one at a
time and without impact, the greatest
overstress indicated would be about 2.1
percent.

Two or More Heavy Vehicles on Span
Simultaneously

In discussing the Poisson distribution
given by Eq. 13, it was pointed out that
the distribution cocfficient, Z, represented
the numerical differcnee between the av-
erage and smallest H-equivalencies for
a given distribution. And in the case of
the distribution shown in Table 5 for the
50-ft span it will be seen that Z=15.2—
8.0=7.2. If the average H-cquivalency

141

for these vehicles taken one at a time is
15.2 tons, the average for such a popu-
lation taken two at a time would be 30.4
tons.

Siniilarly, the lowest possible H-cquiv-
alency for this population taken two at
a time would be 16 tons. The Poisson co-
efficient for such a distribution (equiva-
lent H trucks taken two at a time) would
be the difference between the average and
smallest cells, or Z=304-—16.0=144
tons. Tables 8 and 9 show the frequency
distribution of average H-equivalencies
(vehicles taken two at a time) for this
value of Z.

The next problem is that of determin-
ing how many times two heavy vehicles
would oceur simultaneously, one in cach
of two adjacent lanes, on the 50-ft span,
within a eritical 10~ or 12-ft length at or
near mid-span, during the 50-year life
of the bridge. Figure 17 shows, for the

TABLE 7

NUMBER OF STRESS REPETITIONS! PRODUGED IN

A 100-FT SIMPLE SPAN BRIDGE OF I 15-44 DESIGN

DURING AN ASSUMED USEFUL LIFE OF 50 YEARS;

A TOTAL OF 11 MILLION HEAVY VEHICLES O0CCUR
ON THIS SPAN ONE AT A TIME

Design Stress

Ratio 2
With With
Full No
Fquiva- Poisson Allow Allow-
lent Distribu- Number ance ance
IT Truck tion for of for for
Loading Z=12 Vehieles Impact 8 Tmpact 4

8 0.000747 0.704
9 0.005875
10 0.019352
11 0.046444
12 0.08359¢
13 0.120382
14 0
15
16 3
7 0.1069582
18 0.077027
19 0.050418
20 0.030251
21 0.016754
22 0.008616
23 0.004136 45,196
24 0.001861 20,472
25 0.000788 8,668
26 0.000315 3,406
27 0.000119 1,298
28 0.000043 472
29 0.000015 164
30 0.000005 il 0,977
31 0.000002 ' 22 0.084
Total 11,000,000

1 Stress effeets based on continuous trathc volume of
500 vehicles per hour (12,000 per day)  econtaining
5 percent heavy vehicles (in excess of 13 ions LTONs
weight),

2 See Figure 13 for designh stress ratio equations.

30 = 0.0149H + 0.606,

16 =0.0122H - 0.606,
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TABLE 8
NUMBER OF STRESS REPETITIONS' PRODUCED IN
A 50-FT SIMPLE SPAN BRIDGE OF H 15-4¢ DESIGN,
DURING AN ASSUMED USEFUL LIFE OF 50 YEARS,

RESULTING FROM 4,000 OCCURRENCES OF ONE
HEAVY VEHICLE IN EACH OF TWO ADJACENT
LANES SIMULTANEOUSLY

Design Stress
Ratio 2
With With
Full No

LEquiva- Poisson Number Allow- Aow-

lent Distribu- of ance ance
I Truck tion for Occur- for for
Loadings 7 =141 Trences Impact 3 Tmpact *

10 0.0013 5 . 0.740

11 0.0098 39 .

12 0.0307 159 .8

13 0,0998 399 B

14 06,1700 (80 .

15 0.2077 831 1.

16 0.1921 768 1.

17 0.1388 555 1.

18 0.0804 322 1.

19 0.0382 153 1.

20 0.0151 60 1.

21 0.0051 20 1.2 .

22 0.0015 6 1.2 076

23 0.0004 2 1. 1.104

24 0.0001 1 1.: 1.132
Total 4000

1 Stress effects based on continnous traffic volume of 500
vehicles per hour (12,000 per day) containing 5 percent
heavy vehicles (in excess of 13 toms gross weight).

2 See Figure 4 for design stress ratio equations.

3Q = 0.0860H + 0.460.

4 (= 0.0280H + 0.460.

traffic conditions assumed, that two
heavy vehicles would be expected to
occur as defined about 80 times a year, or
4,000 times in 50 years.

The frequency distribution of these
4,000 loadings shows that the highest de-
sign stress ratio (with full allowance for
impact), @=1.324, occurs but once iIn
the 50-year life of the bridge. And with-
out impact a design stress ratio of Q=
1.132 would be reached but once in the
50 years.

Table 9 gives similar data for the 100-
ft span. In this case the highest design
stress ratio 1s @=1.081, or an & percent
overstress, which includes full allowance
for impact. Without impact, the loadings
resulting from one vehicle in each of the
adjacent lanes would probably not result
in strosses in excess of the basic design
stresses.

Simple Span Steel Stringer Bridges of
H 15-44 Design
If one considers the simple situation

of an ordinary bridge on a main rural
highway where the traffic may be con-
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sidered distributed at random, it will he
found that two or more heavy vehieles
(those weighing in exeess of 13 tong) in
cach of the two directions of travel would
oceur so seldom on bridges of 500 ft or
fess in length that the cffeets of such
loadings might be neglected insofar us
their cffects on design stresses are con-
cerned.

For ordinary highway bridges, there-
fore, the most severe loading eondition
that need be considered (at normal serv-
ice load allowance stresses) iz for one
heavy vehicle to occur in cach of the two
directions of travel at (e same thme, For
example, 1f one considered a traffic vol-
ume of 500 vehicles per hour (or 12.000
vehicles per day) containing 5 pereent
heavy vehicles, it will be found from Fig-
ure 17 that one heavy vehicle would oceur
in each of the two directions of a 50-t
span, within a critical 10- or 12-[t length
at or near the mid-span, about 80 times
per year; and, for this same traffic, onc
heavy vehicle would oceur in each of the
two directions of a 100-ft span, witlin a
critical 20- to 25-ft length at or necar the
mid-span, about 120 times per year.

TABLE 9

NUMBER OF STRESS REPETITIONS® PRODUCED IN

A 100-FT SIMPLE SPAN BRIDGE OF H 15-44 DESIGN,

DURING AN ASSUMED USEFUL LIFE OF 50 YEARS,

RESULTING FROM 6,000 OCCURRENCES OF ONE

HEAVY VEHICLE IN EACH OF TWO ADJACENT
LANES SIMULTANEOUSLY

Design Stress

Ratio 2
With With
Full No
Equiva- Poisson Number Allow- Allow
lent Distribu- of ance ance
I Truck tion for Occur- for for
Loadings Z =144 rences Tmpact 3 Impact *
10 0.0013 8 0.804 0768
11 0.0098 59 0. 87 0,784
12 0.0397 238 0. 0.800
13 0.0998 500 . 0.817
14 0.1700 1020 0.833
15 0.2077 1245 0.846
16 0.1021 1158 0.865
17 0, 1388 833 0.881
18 (G.0R04 482 0,808
14 0.0382 224 04914
20 0.0151 91 0,930
21 0.0051 51 (.9.48
22 0.0015 9 [EREIRS
23 40004 2 0.979
24 0.0001 1 0.945
Total GO0

1 Stress effeets based on eontinuous traffic volume of 500
vehicles per hour (12,000 per day) containing 5 percent
heavy vehicles (in excess of 13 tons gross weight).

2 See Figure 7 for design stress ratio equations,

3 = 0.01981I + 0.606.

4 Q= 0.016217 + 0.606.
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Similarly, if a traffic volume of 230
vehicles per hour (or 6000 vehicles per
day) containing 5 percent heavy vehicles
is considered (which 18 a very high vol-
ume for main rural roads and also an
extremely high concentration of heavy
vehicles) 1t will be found from Figure 16
that one heavy vehicle would occur in
each of the two directions on a 30-ft span,
within a critical 10- or 12-ft length at or
near the mid-span, about 20 times a year.
For this same traffic, onc heavy vchicle
would oceur in cach of the two directions
of a 100-ft span, within a eritical 20- or
25-ft length at or ncar the mid-span, 35
times a year.

But even though two heavy vehicles do
occur within a eritical distance at or near

5_
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the mid-span of a given bridge several
times a year, the probability that both
vehieles would either be the least or the
ereatest H-equivalency encountered in
such traffic is so remote that it may be
neglected. In fact it has been shown in
Tables 8 and 9 that the two heaviest ve-
hicles likely to occur on a 50-ft bridge at
the same time would produce less stress
than a single vehicle with onc of the
higher H-equivalencies.

If the numbers of stress repetitions in
a typlecal interior stringer of the 50- and
100-ft spans are accumulated in 5 per-
centile groups from Tables 6, 7, 8 and 9,
the results would be as shown in Figures
18 and 19, respectively. The amazing
thing about these figures is that, even
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Figure 18. Number of stress repetitions produced in a 50-ft simple span bridge of H 15-44 design during an
assumed useful life of 50 years (stress effects based on continuous trafic volume of 500 vph containing
5 percent heavy vehieles).
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Figure 19. Number of stress repetitions produced in a 100-ft simple span bridge of H 15-14 design during an
assumed useful life of 50 years (stress cffects based on continuous traffic volume of 300 sph containing

™

with full allowance for impact, there is
such a small number of stress repetitions
in excess of the allowable design stresses
that would result from a continuously
flowing traffic volume of 500 ychicles per
hour or 12,000 vehicles per day contain-
ing 5 percent heavy trucks for the full
50-year useful life of each bridge.

Much more could be said about Figures
18 and 19 of course, but it is believed that
the implications are sufficiently clear
without further explanation or discus-

5 percent heavy vehicles).

sion. Tt might be pointed out, however.
that i no case do the maximun bending
stressex produced by tegal loads approneh
values that would be considered eritical.
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APPENDIX A

NOMENCLATURE AND DEFINITIONS

A=average number of vehicles per
hour in any one designated di-
rection, or tetal traffic in both
directions, as may be specified.

C = coefficient representing the frae-
tional part of the total liveload
stress in a given member pro-
duced by one or more lancs
loaded. C=1.00 if a stringer
bridge is loaded with identical
vchicles, one in cach lane and
so placed as to produce maxi-
mum stress. For a stecl stringer
bridge, if one vehiele in one lane
only would produce 75 percent
as muech stress in an interior
stringer as identical vehicles in
cach lane it would mean that
C=0.75.

D =average speed of traffic in desig-
nated direction.

E=number of events or trials be-
tween occurrences of wvehicle
groups, as may be defined.

(7=group of vehicles, az may be
defined.

H = cquivalent H truek in tons. For
example, if a given vehicle pro-
duces the same maximum mo-
ment (or other stress funetion)
in a given member as a stand-
ard H truck weighing 23.6 tons,
it would be rated as an equiva-
lent H 23.6 truck loading, in
which case H =23.6 tons. H also
represents one heavy freight
vehiele.

I=1mpact fraction (maximuin
0.30, or 30 pereent) as deter-
mined by the AASHO formula
I=50 (S+125) in which S=
length in feet of the portion of
the span which 18 loaded to
produce the maximuin stress in
the member.

I'=1impact fraction assumed in con-
nection with the determination
of the stress-producing cffects
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of any given vehicle under con-
sideration. For example, if the
speed of a given vehicle were
limited, to say 5 mph, this Im-
pact fraction might be consid-
ered so small as to be negligible,
in whiclh case I’ might be as-
sumed equal to zero.
Depending on traffic and con-
ditions, therefore, the impact
fraction could be assumed at
any reasonable value between
zero and the full impact allow-
ance, I, as defined by the
AASHO design specifications.
= (1.0041) =coecfficient by which
the design live load moment
(shear, or other stress funetion)
is multiplied to obtain the live
load plus impact 1moment
(shear, or other stress funetion)
used for design, Thus, K M,
would be equal to the live load
plus impact moment used for
design; similarly, KV, would
be cqual to the live load plus
impact shear used for design.

= (1.004+1") = cocfficient by which

the live load moment (shear, or
other stress function) produced
by a given vehiele is multiplied
to obtain the live load plus im-
pact moment (shear, or other
stress funetion) produced on a
given span or in a given mem-
ber by the vehicle under con-
sideration. Thus, K’ Mg would
be cqual to the live load plus
impact moment produced on a
given span by any particular
vehiele baving an l1l-equiva-
lency of H tons.

M, = dead load moment, as ineluded

in total design moment.

M=1live load moment, as ineluded

in total design moment.

M p=moment used for design, or total

design moment.

My=moment in an interior stringer

(or other member) resulting
from equivalent 11 trueks
welghing H tons each. Likewizse,
My represents the moment for

one lane produced by ecquiva-
lent H truck weighing IT tons.
moment for one lane produced
by a standard 1I truck weighing
1 ton.

eeneral term indicating prob-
ability that an event (to be de-
fined) will occur as specificd.
design stress ratio. This term
refers to the ratio of total ac-
tual stress to total design stress
in any particular member or
part of a given highway bridge.
(Mp/Myp) = ratio of dead load
moment A, (shear, or other
stress function) to total mo-
ment Mgz used for design. In
terms of shear this ratio would
bhe Rp= (Vp/Vr), and for other
stress  functions it would be
similar.

(K M,/ Myp) =ratio of live lowl
plus impact moment, K,
(shear, or other stress func-
tion), used for design to the
total design moment, My, or
total moment (shear, or other
stress funetion) used for dexign.
In terms of shear, this ratio
would be R;,—= (K Vi/Vr), and
for other stress functions it
would be similar,

=span length. or that portion of

span which is loaded to produce
maximum stress in the member
under consideration, in feet.
time interval between oecur-
rences  of certain specified
events, to he defined.

—vehicle interval bhetween oe-

currences of certain specified
events, to he defined. 17 may
also be used to describe shear as
a stress function.

length of scction oy distance
along highway (distance inter-
val), in feet within which the
grouping of vehicles 1s to oceur,
average number of velicles ex-
pected within a specificd length
of X feet or a specified time of
{ sceonds, based on total trafl-
fie 1n both directions. For a spe-
cified length of X feet, Z=
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AN /5280D; for a speeified time
of t seconds, Z=A4t/3600.
PR2IIN2) =
probability of the group, 2H,
occurring within X feet in cach
of the two directions.
P(G,X;a/2) =
probability of the group, ¢, oc-
curring within X feet in any
manner in either or both diree-
tions.
E(nX;2)=
number of events between oe-
currences of n vehicles in each
of two directions within X feet.
V(G Xa/2) =
vehiele interval between oceur-
rences of the group, &, in any
manner in either or both direc-
tions within X feet.
T(GX;a/2)=
time interval between oceur-
rences of the group, G, within
X feet in either or both dirce-
tions.

Note: The terms given do not show all
the possible combinations of
symbols for describing conditions
associated with vchicle groups
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on a two or more lane highway.
Those shown, liowever, are typi-
cal: other combinations ecan be
selected suitable for deseribing
the particular operation under
consideration.

e=exponential base, 2.718,281 .

f=unit stress, in psi, or unit stl(‘\\
as may bo defined. f, = unit
stress resulting from dead load;
fr=unit stle% resulting fronl
live load; fT:maxnnunl total
design stress; f;; =stress result-
ing from vehicle or vehicles
weighing H tons each.

n=number of vchicles in a group
or sequence but unassigned as
to class or type.

t=time interval, in seconds, within
which the grouping of vchieles
is to occur.

z=average number of vehicles ex-
peceted within a length of X feet
or a time of ¢t seconds in one
designated lane, based on the
number of vehicles per hour,
(R}, and average specd of ve-
hicles, D, in that lane.

APPENDIX B

CoNvVERSION COEFFICIENTS FOR EQUIVALENT LoaADINGS ON SIMPLE SPANS

Owing to the fact that an H truck, an
H-8 truck, or a single concentrated load
weighing 1 kip each produce maximum
moments and shears on a given span
which are definite values, their relative
magnitudes may be fully described by
the ratios that cach bears to the other
two. Thus, if these ratios are known for
a given span, they may be thought of as
cocficients which may be used for con-
verting any onc of the foregoing Joadings
into equivalent loadings nicasured in
terms of either or both of the other two,
These ratios or coeflicients, based on
maximum monients for certain selected
spans up to 100 ft in length, arc given in
Table 10.

In Table 10, for example, it will be
seen that the coefficient based on maxi-
mum moment, for converting an equiva-

lent H truck loading into an equiva-
lent H-S truck loading on a 50-ft span
is given as 1.28. This means that an H
truck of given weight will produce 1.28
times as much moment as an H-S truck
of equal weight on a 50-ft span. It also
means that an H truck of given weight
will produce as much moment as an H-S
truck weighing 1.28 times as much on a
50-ft span. More specifically, supposc a
given heavy wvehicle has been found to
produce the same moment on a 50-ft span
as an H 20 truck and rated aceordingly
as an cquivalent H 20 truck loading.
Now suppose it is desired to convert the
given heavy vehicle into an cquivalent
H-8S truck loading. This may be done by
noting that 1.28 X20=25.6 tons would he
required on an H-S truck to produce the
same moment as the given vehicle on a
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TABLE 10

CONVERSION COEFFICIENTS BASED ON MOMENTS FOR LEQUIVALENT LOADINGS ON SIMPLE SPANS O
VARIOUS LENGTIIS
Span
For .
(,(»nveltmr' ' 10 ft 20 fi 30 ft 40 ft 50 1t GO 1L 7Ot R0 £l v 1 1o 1
Llll (o l< Il\l 1.80 1.80 1.57 1.38 1.28 1.22 1.18 1.12
ELST to LHL 0.50 0.56 0.64 0.72 0.78 0.82 [ .00
EHT to E CL 0.80 0.80 0.82 0.86 0.89 0.91 0.94 0,494
LCL to EHT 1.25 1.25 1.22 1 1.12 1.10 1.07 1 ne
]HT to EIID 1.00 1.00 1.00 1.00 1.00 0.938
i HI) to ELT 1.00 1.00 1.00 1.00 1.00 1.02
EHT to E IISI) 1.80 1.80 1.57 1.38 1.28 1.22 1. Jj 1.12
EIISD to ENIT 0.56 0.56 0.64 0.72 0.78 0.82 0,58 0.90
0.44 044 0.52 0.62 0.70 0.75
ECL to EHS" 2.95 2.25 1.91 1.60 1.43 1.
EHST to EHD .56 0.56 0.64 0.72 0.78 0.80
EHD to EHST 1.80 1.80 1.57 1.38 1.28 1.25
EHmT to EHSD 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 | m;
ENSD to EIIST 1.00 1.00G 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ECL to EHD 1.25 25 1.16 1.12 1.08 0.99 0.02 0,85 () N0
EHD to ECL 0.80 0.50 086 0.5 0.93 1.01 1.09 1.17
1‘ LL to BIISD 2.25 1.91 1.60 1.43 1.34 1.28
EHSD to LCL 0.44 0.52 0.62 0.70 0.75 0.78 b
FlID 10 FH\]) 1.80 1.80 1.67 1.38 1.28 1.25 1.29 1.35
KIISD to EIID 0.56 0.56 0.6 0.72 0.78 0.80 0.77 0,74
TEHT = LEquivalent II truck loading;
EHD = Equivalent I design loading ;

K1IST = Equivalent
EILISD = Equivalent
ECL = Equivalent

50-ft span. The given vehicle, therefore,
would be rated as an equivalent 25.6
{ton) H-8 truck loading or an equivalent
51.2 (kip) H-S truck loading.

In a similar manner, if 1t were desired
to convert an cquivalent 51.2 (kip) H-S
truck loading into an equivalent H truck
loading on a 50-ft span it would be done
by multiplying the H-S truck rating by
the coefficient 0.78 as shown in Col.

Table 10, or 51.2x0.78=40.0 kips. TI s
means that the given vehicle could be

1I-§ truck leading;
H-S design loading ;

g5

concentrated load.

rated as either an equivalent 51.2 (kip)
H-8 truck loading, or an cquivalent 40.0
(kip) H truck loading on a 50-1t span.

Similarly, an equivalent 40.0 (kip)
truck loading may be converted into an
equivalent concentrated load on a 50-ft
span by multiplying the II truck rating
by the coefficient 0.89 as shown in C‘o
Table 10, or 40.0 x 0.89=35.6 kips. " hl\
means that the given vehiele would be
rated as an equivalent 35.6 (kip) concen-
trated load on a 50-ft span.
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