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1. INTRODUCTION

At the request of the Federal Highway Administration Office of
Engineering, the Structures and Applied Mechanics Division has conducted
a structural research study on typical highway inlet grates. This was
the result of a survey which was taken by the Office of Engineering
which indicated the following: (1) Most of the inlet grates in service
throughout the United States are very heavy; often requiring two men
and lifting devices to place them. (2) Very few State Highway Depart-
ments have "modern"” criteria for designing inlet grates on a structural
basis. Some grates are designed for hydraulic capacity. (3) Some
State Highway Departments fabricate grates and then proof test them
in accordance with Federal Specification RR-F-621b (described in Section
3.3 of this report). However, this is not a requirement for Federal
Aid construction. (4) Many State Highway Departments do not have
standard designs for inlet grates. 1In at least one State over 100
different sizes and shapes of inlet grates are used.

As a result of the above survey, the need for a structural research
study on highway inlet grates was recognized. Subsequently the State
Highway Departments were requested to supply the Office of Engineering
with coples of the plans for their most typical inlet grates. These
plans were reviewed, and eight styles of inlet grates from seven States
were selected for study. The Highway Departments of those States
supplied two duplicate sets of the grates and frames for testing.

These grates provided the following variables for evaluation: location
used - roadway and median; material - steel and cast iron; shape of
structural members - plate, I-beam, double-extra strong pipe, variable
sections; surface position - flat and inclined.

In general, the optimum design of inlet grates must include
consideration of the following factors; (1) hydraulic efficiency, (2)
vehicle safety, (3) protection against vandalism, and (4) structural
adequacy. Thils study is addressed primarily to the latter consideration



2. EXPERIMENTAL STUDY

2,1, Objectives,
The objectives of this study were as follows.

1l. To determine the structural behavior of the selected inlet
grates under static and dynamic wheel loading conditions.

2, To develop criteria for designing inlet grates on the basis of
structural strength and behavior.

3. To make recommendations for revising the existing Federal
Specification pertaining to inlet grates (RR-F-621b), if that is
desirable.

2.2. Scope.

The subject research study involved the fellowing four phases of
work.

In the laboratory each of the roadway grates was subjected to
incremental static wheel loading tests, up to 10,000 1lbs., to determine
thelr structural response characteristics. Although the highest level
of loading was above normal service load conditions it did provide data
to evaluate extreme conditions. Measurements were taken to determine
the strain and deflection distribution among each of the individual
bars of each grate.

At a field installation each of the inlet grates was subjected to
6000-1b, rolling and impact truck wheel loading tests, to determine
their respeonse to typical dynamlc (in-service) lcading conditions.

The truck speed for these tests ranged from crawl speed {about 1 mph.)
to 50 mph. Impact loadings were achieved by running the truck off a
2-1/4-in. high ramp, positioned so that the 6000-1b. wheel would land
on the center of the grate. Measurements were taken to determine the
midspan strain distribution in each member of the grate and the
deflection at the centerpoint of the grate.

In the structural laboratory the second specimen of each grate
type was statically loaded to failure. The loads were applied on a
9- by 9- in. square steel plate, in accordance with Federal Specifi-
cation RR-F-621b, Although this specification 1s essentially a proof
test, which evaluates the acceptability of grates at a 25,000-1b.
load level, the leoadings were increased until the grates either
fractured or the ultimate locad capacity of the grate was reached.
The data from these tests were also used to evaluate the test method
itself, by comparing them against the data from the static wheel
loading tests.



In addition to the above structural tests the "theoretical"
structural behavior of each of the roadway grates was calculated by
using an electronic computer and a program for a structural analysis
for grid systems. The results of these calculations were compared to
the results of the static wheel load tests, to determine whether
conventional methods of structural analysis can be used to design inlet
grates.



3. METHODS .OF TEST AND COMPUTER STRUCTURAL ANALYSIS

3.1. Static Wheel Load Tests.

The object of this phase of the study was to determine the behavior
of the inlet grates under incremental static loads applied by a typical
truck wheel. Figure 1 shows a general view of the test arrangement.

The inlet grates were subjected to incremental loading up to
10,000 1bs., through an 11.00-20, 12 ply, triple tread truck tire,
which was inflated to 85 psi. As a personnel safety precaution 90 per-
cent of the tire volume was filled with water, prior to inflation with
air. The tire and tube was mounted on a 3-piece flat rim with an axle
making the wheel assembly. :

The inlet grate frame was cast into a reinforced concrete box,
which served as a mounting fixture for the inlet grate. A thin layer
of plaster grout was placed on the seating edge of the frame prior to
setting the grate, to eliminate irregularities in the contact surfaces
and to assure an even bearing.

The loading assembly consisted of two parallel,  triangular,
structural steel frames which were connected at the apexes by 3/4-in.
diameter rods. The upper frame held the wheel assembly, which was
centered at the centroid of the triangle; and the lower frame supported
the inlet grate box. The load was applied by drawing the frames
together by turning the nuts on the connecting rods, thereby forcing
the wheel down on the inlet grate. The grate was oriented so that the
longitudinal grate bars were parallel with the longitudinal axis of
the wheel, as the grates were installed in the field. The wheel loads
were adjusted by monitoring full-bridge SR-4 strain gages on each of
the rods. Each of the rods was essentially a load cell, for which
load/strain curves were established by calibrating them in a universal
testing machine.

Deflection and bending strain of each grate bar was measured at
the midspan of the grate. Deflections were read to the nearest 0.0001
in. on Ames dials, Strain gages were bonded to the underside of each
grate bar, at their midspan centerline, to cobtain bending strains.

3.2. Dynamic Wheel Load Tests.

The object of this phase of the study was to determine the behavior
of the inlet grates under "typical" service load conditions. Figure 2
shows several pictures which were taken during this test series.

For these tests the right rear duval wheels of a dump truck were
removed, and replaced with the single 11.00-20 tire and wheel which
was used for the laboratory tests. The truck was loaded with sand to
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provide a 6,000-1b. load on the test wheel; which simulated an AASHO
H-15-44 truck loading. Rolling and impact wheel loads were applied
to each of the grates at speeds which ranged from 1 to 50 mph. Impact
loads were applied by driving the truck over a 2-1/4-in. high ramp,
as shown on Figure 2. The lateral position of the wheel loads were

. "recorded" on heavy brown paper which was taped over the grate.

For the field tests a special facility was constructed on a little
used service road at Dulles International Airport, in Northern Virginia,
In the surface treated road a 45- by l4-ft. by 7-in. thick reinforced
concrete slab was cast on a 10-in. thick crushed stone base course to
provide a strong and smooth platform to hold the inlet grates and to
permit smooth truck passages. A 5- by 5~ by 1-1/2-ft. deep, reinforced
concrete box was cast into the right wheel-path in the pavement slab,
to provide a universal holder for each of the inlet grates. The frame
for each inlet grate was cast into reinforced concrete sections which
were inserted into the universal box in the roadway slab. Each frame
insert was adjusted so that the grate was level with the top surface
of the roadway slab, and set into a rapid setting, high-strength mortar
to provide uniform bearing. For the sloping grates, their edge nearest
the center of the road was made level with the roadway and the grate
sloped upward towards the edge of the road. A cold-mix asphalt ramp
was placed on the roadway slab to permit a smooth truck passage over
these grates.

Deflection of the centerpoint of the grate and bending strain
at the midspan of each grate bar was recorded on an oscillograph.
The deflection was recorded from a cantilever beam deflection gage which
was placed on the bottom of the concrete box, and connected to the
grate centerpoint.

3.3. Static Plate Load Tests.

The primary objective of this phase of the study was to determine
the behavior of the inlet grates under the plate loading conditions
cited in Federal Specification RR-F~621b (dated September 14, 1967),
"Frames, Covers, Gratings, Steps, Sump and Catch Basin, Manhole.™
(l)l/ In addition, the loading was increased beyond the specified
25,000-1b. load criteria until the grate either fractured or the
ultimate load capacity of the grate was reached.

The Federal Specification provides a proof load test which may
be used for acceptance of highway inlet grates, but there 1s some
indication that few highway departments use thils specification. It
is not a requirement for Federal Ald construction. The following is
excerpted from the specification.

1/ Numbers in parentheses identify references shown in Section 8 of
the report



"Proof-load test. The frames and covers or gratings selected
shall show no permanent deformation when the proof-load

(25,000 1b.) is concentrated on a 9- by 9-inch area placed

on the cover or grate (through a rubber pad). The specified
load shall be applied by a sultable testing machine and held

for a period of one minute. Upon removal of the load, the cover
or grating and frame shall be examined for cracks, or permanent
deformation, such as buckling. Any cracks or permanent defor-
mation, shall be cause for rejection.”

For these tests the loads were applied to the grates in the rein-
forced concrete boxes which were used for the static wheel load tests.
The loads were applied through a 9- by 9- by 1-1/2-in. thick steel
plate and a 1/2-in. thick, 60-durometer hardness rubber pad. To apply
vertical loads to the sloped surface grates an additional trapezoidal,
high-strength mortar block was used. These tests were conducted in
a universal testing machine.

As with the dynamic wheel load tests, deflection of the cemter-
point of the grate and bending strain at the midspan of each grate
member was recorded om an oscillograph. In addition, the mode of
failure and the location of yileld hinges Wwere recorded.

3.4. Computer Analysis.

A structural analysis of the grates, subjected te static wheel
loads, was made by using the computer program "Analysis of Two-
Dimensional Grid Structures." (2) This provided computed valued for
flexural and tosional moments, shear, and deflection for each position
of the wheel on the grates for the selected load increments. Midspan
strain In the longitudinal and transverse grate members were sub-
sequently calculated from bending moments, assuming a linear strain
distribution., Loading for the computer analysis assumes that the
effective width of tire tread contact is equal to the grate member
width. Analyses were based on the tireprint data discussed in
Section 5.1. of this report and measured lengths of tire contact on
each grate member. '



4, DESCRIPTIOGN OF INLET GRATE TEST SPECIMENS

4.1. Inlet Grate "A".

This is a galvanized, nine bar welded steel roadway grate, with
no transverse stiffeners. - External dimensions of the grate are 3 ft.
4 in. by 1 ft. 5-5/8 in. The longitudinal bars and end plates have a
3-1/2- by 1/2-in. cross section. The weight of the grate (excluding
the frame) 1s 191 lb. A fabrication drawing of this grate is shown
on Figure 3.

4,2, 1Inlet Grate "B".

This is a galvanized, ten bar welded steel roadway grate, with
eight transverse stiffener rods. The cross rods and the bearing bars
are electroforged into a one-piece construction. The numerous cross
rods are provided as protection against bicycle and motorcycle accidents.
The external dimensions of the grate are 3 ft. 4 in. by 1 ft. 5-5/8 in.
The longitudinal bearing bars and the end plates have a 3-1/2- by 1/2-in.
cross section. The smooth cross reds are 3/8 in.-diameter. The weight
of the grate (excluding the frame) is 109 1b. A fabrication drawing is
shown on Figure 4.

4.3. 1Inlet Grate ''C".

This is a galvanized, six bar welded steel, sloped surface roadway
grate, with two transverse rods on the bottom of the bearing bars.
The external dimensions of this grate are 2 ft.5 in. by 1 ft. 5-1/8 in.
The bearing bars have a cross section of 3 by 5/8 in. The 5/8~in.
thick end plates vary in height from 4-5/16 in.. to 6-1/2 in. The
smooth transverse rods have a diameter of 1/2 in. The weight of this
grate (excluding the frame) 1s 168 1b. A fabrication drawing of this
grate is shown on Figure 5. :

4.4, 1Inlet Grate 'D".

This is a nine bar welded steel, sloped surface roadway grate,
with no transverse stiffeners. The external dimensions of this grate
are 2 ft. 4-3/4 in. by 1 ft. 4-1/2 in. The longitudinal bearing bars
and end bars have cross sections of 3 by 5/8 in. and 3 by 3/8 in.,
respectively., The weight of this grate (excluding the frame) is
144 1b. A fabrication drawing of this grate is shown on Figure 6.

4,5, Inlet Grate "E",

This is a nine bar, cast-iron reoadway grate, with one transverse
bar at the midspan. The external dimensions of the grate are 36 by
20 in. The longitudinal, transverse midspan, and end bars have a cross
section of 2 by 1 in. The weight of this grate (excluding the frame)
is 165 1b. A fabrication drawing of this grate is shown on Figure 7.

9
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4.6. Inlet Grate "F",

This 1s a cast-iron roadway grate, comprised of nine longitudinal
bars enclosed in a box-shaped rim, with no transverse stiffeners.
This square grate has external side dimensions of 23-7/8 in. All of
the interior grate bars have a trapezoidal-shaped cross section and a
bowed (underside) longitudinal profile, which varies in depth from 2 in.
to 4-1/8 in. The weight of this grate (excluding the frame) is 224 1b.
A fabrication drawing of this grate is shown on Figure 8.

4.7. Inlet Grate "G".

This 1s a galvanized, welded steel median grate, comprised of four
(7.7 1b,/ft.) I-beams connected at each end by two 3-1/2 by 1/4 in.
plates. The external dimensions of this grate are 3 ft. 4-1/2 in. by
2 ft. 2-5/8 in. The weight of this grate (excluding the frame) is
131 1b. A fabrication drawing of this grate is shown on Figure 9.

4.8, 1Inlet Grate "H".

This is a galvanized, welded steel median grate, comprised of
seven 1-1/2-in. diameter, double-extra strong pipes (6.41 1b./ft.),
connected at each end with 2- by 2- by 3/8-in. angles. The external
dimensions of this grate are 3 ft. 5 in. by 3 ft. The weight of this
grate (excluding the frame) is 272 1b. A fabrication drawing of this
grate 1s shown on Figure 10.

13
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5. DISCUSSION OF TEST RESULTS

5.1. Tire Contact Area Tests.

In order to make a computer analysis for the expected structural
behavior of the Inlet grates subjected to statlc tire loads it was
necessary to develop tire contact area and contact length data at
varilous load levels. The tire manufacturer did provide one tireprint,
which was made at the 11.00-20 tire's rated load of 5920 1b (Figure 11).
It may be seen that the print also shows measured pressure Intensities
over the contact area. By averaging the values of the pressure points
over longitudinal strips of the tireprint the variation of unit tread
pressure versus distance from the longitudinal centerline of the tire
was calculated (Figure 12).

To develop a relationship between load and tire contact area
additional tireprints were made at 2,500-, 7,500-, and 10,000-1b. loads.
These tireprints were obtained by placing a plece of vellum paper on a
1/4-1in. thick flat steel plate, on top of one of the concrete grate
boxes. Tireprint impressions were obtained by coating the tire tread
contact area with black paint and loading the tire on the vellum paper
to the selected load level. The actual (net) tire contact area was
calculated by subtracting the inscribed area of the tire grooves from
the gross contact area. The relationship between net tire contact
area and applied load is shown on Figure 13, It may be seen that this
is not a linear relationship; which is most likely due to the stiffness
of the tire sidewalls. Also shown on this figure is the relationship
between average unit tire pressure and the applied load.

The above relationships described behavior of the truck tire on
a flat plate surface, which does not directly apply teo the behavior
of a tire on a grate surface. Obviously the effect of the intermittent
bar supports must be offset by an increase in the length of tread con-
tact over that measured on a flat plate. Therefore, it was necessary
to develop a relationship between tread contact length and applied
load for each of the inlet grates. This was done by actually measuring
the length of tread contact on each grate bar. Figure 14 shows a
comparison between tread contact length versus load curves for a typilcal
flat roadway grate (Grate "A") and a flat plate. The flat plate
curves represent a superposition of bar spacing and area on the flat
plate tireprints. This figure also shows the varlation in tread con-
tact length for tests in which the tire was applied to four and five
grate bars.

The above relationships, represented by figures 12-14, apply only
“to the six flat grates which were tested in this study. As noted
previously, two of the grates studied are either fabricated or installed
with a sloping surface. Therefore, it was necessary to derive similar
information for sloping grates. Figure 15 shows the derived variation
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in unit tread pressure over the tire contact surface for a sloped
grate., Figures 16 and 17 show the relationship between applied load
and the tread length in contact with the bars of a slecped grate, for
the tire in contact with four and five grate bars, respectively.

5.2. Data and Analysis for Grate "A".

Under the static test series thils grate was subjected to four
increments of load (2497 1b., 5989 1b., 7412 1b., and 9953 1b.) in the
following two tire positions on the grate.

(1) Midspan loading symmetrical about the centerline of the grate,
with five bars loaded.

(2) Midspan loading symmetrical about the midline between No., 3
and No. 4 grate bars, with four bars loaded.

The data from these tests are shown as transverse midspan strain
profiles for each of the longitudinal bars. ' (Figures 18 and 19) It
may be seen from these figures that the applied load is carried
essentlally by the loaded bars, with little strain being transferred
into the adjacent bars by torsion through the end plates. The saw-
tooth nature of the curve for the 9953-1b. load is attributed to the
effect of tire sidewall stiffness and minor variations in the load
distribution from that shown in figure 12.

The results of the computer analysis of this grate, for the various
levels of applied load are also shown on figures 18 and 19. The results
of the computer analysis are gquite close to those measured during the
static tests.

The results of the field rolling lcad dynamilc tests are shown on
Figure 20, as transverse midspan strain profiles. Also shown on this
figure (for reference) are the static lecad curves for the 5989-1b.
tests. Considering only maximum ¥ralues, thils data indicates a rolling
load dynamic factor of 1.1l.

The results of the field dynamic impact load tests are shown on
Figure 21; as well as the static load curves for the 5989-1b, tests.
It may be seen that there is a moderate increase in midspan strains
for these tests. Considering only maximum values, this data indicates
an lmpact factor of 1.37.

Results from the static plate load tests are shown on Figures 22
and 23. Figure 22 shows a comparison between the transverse strain
profile curves for the plate and static tire tests, at the 10,000-1b.
load level. It may be seen that these curves are very close; and there-
fore, it may be concluded that the results of a plate load test would
represent the results of an actual tire test (at least up to this

20
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load level). Figure 23 shows a plot of deflection versus load, up to
50,000 1b. This grate had an ultimate load of 76,000 1b. Failure was
by yield of the loaded five central bars and yield of the end plates
between the next adjacent bars in torsion. From this curve, it may

be estimated that yield (i.e. permanent deformation) of the grate
occured at about 40,000 1b. This may be compared to the Federal
Specification minimum requirement of 25,000 lb.

5.3, Data and Analysis for Grate "B".

This grate was subjected to four increments of static load
(2500 1b., 5920 1lb., 7500 1b., and 10,000 1b.) in the following two
tire positions.

{1) Midspan loading symmetrical about the centerline of the grate,
with four bars leaded.

{2) Midspan loading symmetrical about grate bar No. 7, with five
bars loaded.

- The data from these tests are shown as transverse midspan strain
profiles for each of the longitudinal bars. (Figures 24 and 25) It
may be seen from the curves on Figure 24 that this grate acts as a
grid system, with load distribution (strain development) in the next
two adjacent bars on each side of the four loaded bars. This is also
noticeable on Figure 25, for the off-center static tire loading.

The results of one computer computation (at 5920 1b.) is shown
on Figure 24. Comparing these results with those from the static tire
test, it appears that the correlation in only fair. However, it is
believed that most of the discrepancy is due to the fact that the input
data for the computer analysis assumed that the tire lcads were applied
only to the four longitudinal bars. However, the tire actually also
applied load to several of the cross rods which are welded into the
longitudinal bars. Also, some of the difference may be due to the
problem of modeling the stiffness of the numerous welded connections.
It 1s felt that the results of the computer analysils are reasonably
close to the actual measured behavior of this grate.

The results of the field rolling load dynamic tests are shown on
Figure 26, with the curves from the 5920-1b. static tire tests for
comparison. Considering only maximum values this data indicates a
rolling load dynamic factor of 1.04,

The results of the field dynamic impact lcad tests are shown on
Figure 27, with the 5920-1b. static tire test curves for reference.
It may be seen that there is a very small increase in midspan strains
over those measured in the static tests, except for the data from the
35 mph. impact test. The oscillograph records for this run have been
checked, but no errors can be detected. However, since this data seems
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to be very different from that from all other impact tests this curve
has been disregarded in the evaluation of this grate. Comparing
maximum values for the impact and statiec tire tests, this data
indicates a dynamic Impact factor of 1.09,.

Results from the static plate load tests are shown on Figures 28
and 29, Figure 28 shows a comparison of the transverse strain profiles
for the plate load and static tire tests, at the 10,000-1b. load level.
It may be seen that these two curves are very close, which (again)
indicates that the plate test might be used to predict the behavior
of this grate under static tire load conditions. Figure 29 shows a
plot of deflection versus load, up to 30,000 1b. This grate had an
ultimate plate load of 40,000 1b. Failure of this grate was by yield
of the four loaded bars (Numbers 4-7) and the next adjacent bars
(Numbers 3 and 8). From this curve, it is estimated that yield
(permanent deflection) occured at about 18,000 1b., which is less than
that permitted by the Federal Specification. A picture of this grate
after the plate load test is shown on Figure 30.

5.4. Data and Analysis for Grate 'C".

This grate was subjected to four increments of static load
(2500 1b., 6000 1b., 7500 1b., and 10,000 1b.) in the following three
tire positions.

(1) Midspan loading symmetrical about the centerline of the grate,
with four bars loaded.

(2) Midspan loading symmetrical about the centerline of the
grate, with five bars loaded:

(3) Midspan loading symmetrical about grate bar No. 7, with five
bars loaded.

The data from these tests are shown on Figures 31 to 33, as
transverse strain profiles. It should be noted that this grate had a
sloped surface, and the strain profiles are not symmetrical about the
centerline of the load. The tire load was applied vertically, rather
than normal to the sloped surface. From these curves it may be seen
that this grate acts as a grid system, with some load being trans-
ferred to the bars adjacent to those loaded by the tire.

In order to make computer analyses for the behavior of this grate
it was necessary to use some of the data from the actual static tire
tests. As indicated previously it was necessary to derive the
variation in unit tire pressure over a sloped grate surface (Figure 15),.
Figures 16 and 17 show the curved relationship between load and tire
contact length on the grate bars. Although the data is not reported
herein, strain gages were also applied to the trapezoidal shaped end
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plates to measure their effectiveness in transferring shear and moment.
The results of the computer analyses are plotted on Figures 31 and 32.
Considering the problems in modeling the influence of the sloped grate
configuration and the trapezoildal end plates it 1s felt that the results
of the computer analyses are in reasonable agreement with the measured
behavior of this grate.

The results of the field rolling load dynamlc tests are shown on
Figure 34, with the curve from the 6158-1b. static tire test for
comparison. Considering only maximum values, this data indicates a
rolling load dynamic factor of 1.13.

The results of the field dynamic impact load tests are shown on
Figure 35, with the 6158-1b. static tire test for comparison. Con-
sidering only maximum values, this data indicates a dynamic impact
factor-of 1.49,

Results of the static plate load tests are shown on Figures 36
and 37. Figure 36 shows a comparison between the transverse strain
profiles for the plate load and static tire tests, at the 10,000-1b.
load level. It may be seen that the two curves are in reasonable
agreement, especilally considering the effect of the sloped surface of
the grate. Figure 37 shows a plot of deflection versus load, up to
56,000 1b, This grate had an ultimate load of 98,500 1b. Failure
was by yileld of the five loaded bars. From this curve it 1s estimated
that yield {permanent deflection) occured at about 42,500 1b., which
is considerably over the 25,000 1b. minimum of the Federal Specification.
A picture of this grate after the plate load test 1s shown on Figure 38.

5.5. Data and Analysis for Grate "D".

This grate was subjected to four increments of load (2500 1b.,
6000 1b., 7500 1b., and 10,000 1b,) in the following two tire positions.

(1) Midspan loading symmetrical about the centerline of the grate.

(2) Midspan loading symmetrical about the midline between grate
bars No. 5 and 6.

The data from these tests are shown on Figures 39 and 40. It
should be noted that this grate had a sloped surface, and the strain
profiles are not symmetrical about the centerline of the load. For
these tests the tire load was applied vertically, rather than normal
to the sloped surface of the grate., As noted on these figures, the
nunber of grate bars contacted by the tire varied as the load was
increased.

The results of the field rolling load dynamic tests are shown on
Figure 41, with the 6000-1b. static tire test strain profile for
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comparison. Considering only maximum values, this data indicates a
rolling load dynamic factor of 1.65.

The results of the field dynamic impact load tests are shown on
Figure 42, with the 6000-1b. static tire test strain profile for
comparison. Considering only maximum values, this data indicates a
a rolling load dynamic factor of 1.65.

The results of the field dynamic impact load tests are shown on
Figure 42, with the 6000-1b. static tire test strain profile for
comparison. Considering only maximum values, this data indicates a
dynamic impact factor of 2.10.

Results of the static plate load tests are shown on Figures 43 and
44, Figure 42 shows a comparison between the transverse strain profiles
for the plate load and static tire tests, at the 10,000-1b. load level.
It may be seen that there are some differences between the two curves,
which are probably due to variations in the tire load distribution over
the sloped surface versus the uniform plate loading. Considering this,
the curves are reasonably close. Figure 44 shows a plot of deflection
versus load, up to 52,000 1b. This grate had an ultimate load of
109,300 1b. Failure was by yield of the longitudinal grate bars.
From this curve it appears that yield of this grate occured at about
30,000 1b., However, considering the ultimate load of 109,300 lb.,
this seems unreasonable. Regardless, the yleld (permanent deflection)
of this grate was greater than the 25,000 1b. minimum of the Federal
Specification. A picture of this grate after the plate load test is
shown on Figure 45.

5.6. Data and Analysis for Grate "E".

This grate was subjected to five increments of static load

(2465 1b., 3960 1lb., 6068 1b., 7555 1lb., and 10,024 1b.) with the

tire positioned at the centerpoint of the grate. The data from these
tests are shown on Figures 46 and 47. As shown on Figure 7, this is

a heavy cast iron grate, with a substantial transverse member at midspan.
However, as shown on Figure 48, both grates which were received for
this study contained large voids in the castings, at the center of the
grate on the underside (tensile) surface. This prevented placement of
strain pages at the midspan of two of the longitudinal bars, but at a
3.25-in. offset. To obtain bilaxial strain data 90° rosette gages were
applied at the midspan of the other longitudinal bars. Figure 46 shows
the strain profile in the longitudinal direction, and Figure 47 shows
the strain profile in the transverse direction. Although it has not
_been done, to assess the maximum strains at the transverse centerline
the transverse and longitudinal strains would have to be combined.

The voids at the center of the grate precluded measurement of the maxi-
mum strains at the center of the grate.
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Grate D - After Plate Load Test to Failure

Figure 45,
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Figure 48, Voids in Grate "E" Casting
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In order to make a computer analysis of this grate, 1t was neces-
sary to measure the voids in the casting, and to attempt to model their
effect on the structural behavior of this grate. Because of the vari-
ability in the properties of cast iron, it was also necessary to remove
a section of the grate (after the plate load test) for fabrication
and testing of a reduced section tensile specimen. The stress-strain
curve from this test is shown on Figure 49. This material had a
modulus of elasticity of 12,970,000 psl. and an ultimate strength
of 27,930 psi. The results of the computer analysis for longitudinal
bending are shown on Figure 46. Although the computed strains are
greater than those measured during the static tests they are reasonably
close, expecilally considering the problems caused by the woids in the
casting.

The results of the field rolling load dynamic tests are shown on
Figures 50 and 51, for longitudinal and transverse bending strains,
respectively; with the 6000-1b. static tire test data for comparison.
Considering only maximum values, this data indicates rolling lecad
dynamic factors of 1.20 (longitudinal) and 0.82 (transverse).

The results of the field dynamic impact load tests are shown on
Figures 52 and 53, for longitudinal and transverse bending strains,
regpectively; with the 6000-1b. static tire test data for comparison.
Consildering only maximum values, this data indicates dynamic impact
factors of 2.11 (longitudinal) and 1.39 (transverse).

Results of the static plate load tests are shown on Figures 54 to
56. Figures 54 and 55 show comparisons between the plate load and
static tire load test data, for longitudinal and transverse bending

' “strains, respectively. It may be seen that the results of these tests

are very close, Figure 56 shows a plot of deflection versus lcad, up
"to 12,700 1b. Although this load was not the ultimate load capacity

of this grate, the transverse midspan structural member fractures at
this load, and the test was terminated. This result was not unexpected,
considering the higher strains measured in this member over those of
the longitudinal members. It should be noted that the load-deflection
line was perfectly linear up to failure, which 1s typical of cast

iron. This grate did not meet the requirements of the Federal
Specification.

5.7. Data and Analysis for Grate "F",

This grate was subjected to four increments of static load
(2500 1b., 5900 1b,, 7500 1b., and 10,000 1b.) in the following two
tire positions.

(1) Midspan loading symmetrical about the centerline of the grate.

(2) Midspan loading symmetrical about the midline between grate
bars No. 7 and 8,
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Figure 51, Grate E - Rolling Load Strains on
Transverse Centerline (Transverse)
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Figure 54, Grate E - Comparison of Static Tire and Plate

Load Test Results (Longitudinal Strains at
Transverse Centerline for 10,000-1b. Load)
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‘The data from these tests are shown on Figures 57 and 58, as
strain profiles. As“shown on Figure 8, this is a heavy cast iron grate
with bowed, deep section, longitudinal members inclosed in a substantial
box-shaped rim. The strength of the longitudinal members can be sur-
mised from the very low strains which were measured during these tests.

In order to make a computer analysis of this grate it was neces-
sary to model the effect of the bowed longitudinal members, and to test
a reduced section tensile specimen to obtain materilals properties.

The stress-strain curve from the tensile test is shown on Figure 59.
This material had a modulus of elasticity of 16,250,000 psi. and an
ultimate strength of 30,408 psi. The results of one computer analysis
is shown on Figure 57. Considering the problems in modeling the
geometry of the subject grate, the agreement between the test and
computer results 1s considered acceptable.

The results of the field rolling load dynamic tests are shown on
Figure 60, as strain profiles, with the 5900-1b. static tire test
curve for comparison. Considering only maximum values, this data
indicates a maximum rolling load dynamic factor of 1.06.

The results of the field dynamic d1mpact load tests are shown on
Figure 61, with the 5300-1b. static tire test curve for reference. It
may be noted that the measured strains for all impact runs except the
20 mph. run are less than those measured during the static tire test.
Considering only the maximum value for the 20 mph. impact test and the
static data, this data indicates a maximum impact factor of 1.20.

The results of the static plate load test are shown on Figures 62
and 63. Figure 62 shows a comparison of the plate load and static tire -
test results, at the 10,000-1b. load level. Considering the problems
in modeling the geometry of this grate the agreement between these test
results is quite good. Figure 63 shows a plot of deflection versus load,
up to the ultimate load of 90,100 lbs. It should be noted that this is
a linear relationship to the ultimate load. Therefore, this grate
greatly exceeds the requirements of the Federal Specification.

5.8. Data and Analysis for Grate 'G'".

As described in Section 4.7., this is a four I-beam median grate.
Because of the spacing of the beams, and the modest end connections,
it was assumed that the beams would act independently (essentially
as simply supported beams) under wheel loads. Therefore, this grate
was not subjected to various levels of static tire loads in the
laboratory. However, during the field tests the test vehicle was
parked at the midspan of beams number 1, 2, and 3. The data from
these tests, using the 6000-1b. wheel load, are shown on Figure 64.

It may be seen that the beams do essentially act-independently, with
little transfer of strain into the adjacent beams.
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Figure 62. Grate ¥ - Comparison of Static Tire and

Plate Load Test Results (Strains at
Transverse Centerline for 10,000-1b. Load)
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The results of the field rolling load dynamic tests are shown
on Figure 65, with the results of the static test for comparison.
The main difference between the curves is due to loading two beams in
the rolling loan tests, Although it may not be appropriate, this data
would indicate a rolling lecad dynamic factor of 1.08.

The results of the field dynamic impact load tests are shown on
Figure 66, with the results of the static loading of beam No. 3 for
comparison. However (again) under the static test only one beam was
loaded, whereas two beams were loaded during the impact tests. Con-
sidering these data, a dynamic impact factor of 1.58 is indicated,
but it might be higher if the impact loads were applied to only one
beam,

The results of the static plate load test are shown on Figure 67.
Since the plate load was applied to two beams it is difficult to compare
these results with those from the static tire loading of one beam. This
figure shows strain profiles for plate loads of 5920 1bs. and 10,000 lbs.,
and the 6000-1b. static tire test. Figure 68 shows a plot of deflection
versus load, up to 60,000 1bs. The initial concave (upwards) portion of
the line is probably due to rocking of the grate in the frame, and
initial bending as uniform bearing was achieved. This grate had an
-ultimate load capacity of 68,300 lbs, Failure was by ylelding of the
two loaded beams, with rotational yleld of the beam flanges under the
loading plate., There was some torsional yielding of the end connecting
plates. From this curve it is estimated that yield (permanent deflec-
tion) of this grate occured at about 50,000 1lbs., which satisfies the
minimum requirements of the Federal Specification. A picture of this
grate after the plate load test is shown on Filgure 69,

5.9, Data and Analysis for Grate "H".

Grate "H" is a median grate, comprised of seven double-extra strong
steel pipes, connected at the ends with angles (Figure 10). Beecause
of the spacing of the pilpes, and the light end connections, 1t was
assumed that the pipes would act as simply supported beams under mid-
span loading. Therefore, this grate was not subjected to a range of
static tire loads in the laboratory. However, during the field tests
the test vehicle was parked at several locations across the grate
midspan, thereby applying a 6000-1b. static wheel load. The results
of these tests are shown on Figure 70. It may be seen that there is
some transfer of strain into adjacent '"unloaded" grate members.

The results of the field rolling load dynamic tests are shown on
Figure 71, with the results of two static wheel load tests for compari-
son. Considering only maximum values, this data indicates a rolling
load dynamic factor of 1.10.

The results of the static plate load test are shown on Figures 73
and 74. Figure 73 shows a comparison of the static plate and tire
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tests results, It should be noted that the 9-~in. sgquare loading plate
"just" contacted grate member No. 3 and 5. During the loading the

plate slipped off of member No. 3, thereby creating an eccentric loading
on grate members No. 4 and 5. The shifting of the load was 'permitted”
by the rubber pad between the grate and the steel loading plate. The
agreement between the static tire and plate load test results is only
fair. Figure 74 shows a plot of grate midpoint deflection versus load.
It is difficult to determine yleld (permanent deflection) of the grate
from this curve. The grate had an ultimate load capacity of 25,500 lbs.,
which is less than that required by the Federal Specification. A
plcture of this grate after the plate load test is shown on Figure 75.
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6. SUMMARY AND CONCLUSIONS

This study inveolved the testing and structural analysis of eight
types of inlet grates. Six were roadway grates and two were median
grates. Other structural variables were: steel or cast-iron, section
and span of grate members, and flat or sloped installed surface
position. The objectives of the study were: (1) to determine the
gtructural behavior of the selected grates under static and dynamic
loading conditions, (2) to develop criteria for designing inlet
grates on the basis of structural strength and behavior, and (3)
to make recommendations for possible revision of Federal Specification
RR-F-621b, which may be used for acceptance of inlet grates. A list
of specific conclusions drawn from this study are given below, followed
by a summary of test results,

l. Correlations between the computer analyses and the experimental
data indicate that the behavior of highway inlet grates subjected
to static wheel (or plate) loads can be predicted analytically
within an acceptable degree of accuracy. However, it 1s neces-
sary to give due consideration to the effect on the analytical
model of welds, end comnections, and speclal geometrical shapes
and to tire loading factors such as variation in unit tire pres-
sure across the tire and the length and number of grate bars
contacted by the tire.

2. It was found that there is close agreement between the results
of the plate load and static wheel tests, up to 10,000 lbs.
Therefore, it appears that the plate lcad test method may be used
to evaluate the behavior of inlet grates under service load
conditions, as well as in the post-elastic load range.

3. The results of the plate load tests Indicate that all of the inlet
grates tested are stronger than necessary tc meet the requirements
of current vehicle traffic, which emphasizes the need for grates
to be designed to make efficient use of structural materials.

Three of the eight inlet grates tested in this study apparently
failed to meet the requirements of Federal Specification RR-F-621b.
However, there is a strong probability that these "rejected"
grates are more than adequate for carrying current highway vehicle
loadings.

4. It was found that under load the roadway grates acted as a grid
system (in plate bending), with the wheel loads being distributed
to grate bars not under the wheel. However, the bars of the median
grates acted (essentially) independently, with little transfer of
stresses intc adjacent bars.

5. The results of the dynamic wheel loading tests indicate that the
design wheel load for inlet grates should be increased by a
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"dynamic amplification factor." For flat roadway grates the
following factors seem reasomable: rolling loads - 1.20, impact
loads - 1.40. Because a short transition ramp was required
between the flat approach roadway and the surface of the sloped
surface grates, 1t is difficult te evaluate the dynamic factors
which were calculated from tests on those grates. A dynamic

factor as high as 2.10 may be required for median grates. However,
it is recognized that the 2-1/4 in. high ramp used for the impact
tests probably caused more severe impact than the most extreme
service conditions.

It is apparent that there are two possible drawbacks for using
cast iron for inlet grates. (1) Poor desilgn or casting practices
may cause volds in the casting at critical locations, which will
affect the load carrying capacity of the grate, (2) Cast iron
has a low modulus of elasticity and liftle (if any) ductility.
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7. RECOMMENDATIONS

" 1. Design Criteria

A, Vehicle safety should be a major consideration in the design
of inlet prates. In addition to providing adequate load
capacity, the transverse spacing of the grate bars should not
pernit the wheels of narrow tired cars, motorcycles, or bicycles
to fall between the bars. If wide spacing of the longitudinal
bars is necessary, then numerous cross bars should be provided
for vehicle safety. These requirements are in addition to

providing adequate hydraulic capacity and protection against
vandalism,

B. Inlet grates should be structurally designed, in accordance
with provisions of the American Associlation of State Highway
Officials (AASHO) Standard Specification for Highway Bridgese,
especially regarding allowable stresses and fatigue resistance.

C. Inlet grate design values for shear, moment, and deflection
may be calculated by using most modern computer programs for
the structural analysis of grid systems. The analytical model
must reflect the effect of end plates, welds, and connection
details upon the torsional and bending stiffness of the inlet
grate,

D. The influence of AASHO HS-15 and 20-44 vehicle wheel loads on
inlet grates may be evaluated by either of the following two
methods. (1) Estimating the actual wheel load distribution
across the grate, effect of tire sidewall stiffness, and the
number and length of grate bars contacted by the tire. (2)
Assume that the wheel load is applied on a 9-in. square steel
plate. The loading for each grate bar may be represented by
two equivalent loads located at 2-1/4 in. on each side of the
transverse centerline of the plate. A design based on the
latter method wilill be conservative, but usually more practical
to calculate.

E. Design computations for dual wheels may consider two single
wheels side-by-side. However, the cutside edges of dual
_wheels which are centered on certaln grates may be beyond the
edge (and frame) of the grate, which would affect the wheel
load distribution on the grate bars. The designer may wish
to consider the possibllity of one tire being either under-
inflated or removed.

F. The rollowing dynamic amplification factors for wheel loads
should be considered in the design.
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Flat roadway grates: Rolling - 1.20, Impact - 1.40
Flat median grates: Rolling - 1.20, Impact - 2.10

If the design computations consider impact and fatigue, then
the the following factors should also be considered. Average
daily truck traffic (ADTT), wheel loads, location of trucks
in the roadway lane (do all truck wheel paths cross the grate,
as opposed to cars which tend to avoid grates), and location
of the grate. A statistical treatment of these factors may
influence the design of inlet grates,

The individual State Highway Departments might benefit from
surveys to ascertain the frequency of damage and failure of
the various types of inlet grates used on their highways, to
better assess the need for revising their present grate
designs.

In lieu of structurally designing inlet grates it appears
feasible that an inlet grate "design' might be fabricated and
then subjected to a plate locad test to evaluate the structural
behavior.

2. Federal Specification RR-F-621b, "Frames, Covers, Gratings, Steps,

Sump and Catch Basin, Manhole"

A.C

The acceptance criteria based on a 25,000-1b. proof load

seems to be unduly conservative. Consideration should be
glven to reducing this load to perhaps 12,000 or 15,000 1bs.
to reflect more reasonable service loadings with a reasonable
factor of safety. It is recognized that this may not be
feasible, since this specification applied to many items.

If that is the case, efforts should be initiated to establish
a separate Federal Specification which applied only to highway
inlet grates.

The Federal Specification, or a commentary on it, should
recognize the value of the cited plate load test method for
evaluating the behavior of inlet grates subjected to single
wheel loads in the service load range, and for evaluating
the behavior of inlet grates in the post elastic load range.
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