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INTRODUCTION

In an effort to reduce water losses in distribution
systems, the Bureau of Reclamation (USB R) is now
emphasizing the use of closed conduit systems rather
than open canals. To reduce the cost of the more
expensive pipeline distribution systems, the Bureau is
investigating different types of pipe and pipeline
construction methods.

The Earth Sciences Branch has been conducting
laboratory load tests on rigid and flexible pipe buried
in a large soil container. This report covers one phase
of the testing on flexible steel pipe. Individual test
results are presented in Appendix A. In Appendix B
details of the testing equipment and instrumentation
are discussed. Appendix C is a list of previous reports
on USB R laboratory tests on pipe.

Briefly, the laboratory load test consists of applying
several surcharge loads to the soil surface over the
pipe with a large universal testing machine.
Measurements of soil pressures on the pipe and on the
soil container walls, changing dimensions of the pipe,
soil movement around the pipe, and strain on the
inner surface of the pipe are made during a l-day
loading sequence.

In this report, results of load tests with the backfill
soil at 100 percent of Proctor maximum dry density
are reported and compared with computations based
on the Iowa Formula for flexible pipe design.
Progress Report No. 1 1 describes the testing
equipment and procedures and contains the results of
five tests in a soil backfill compacted to 90 percent
Proctor. Progress Report No. 22 contains the results
of four additional 90 percent backfill tests and
compares the entire series with the Iowa Formula for
flexible pipe design. Properties of the soil and a
discussion of the parameters of the Iowa Formula are
also a part of Progress Report No.2.

RESULTS OF PREVIOUS
STEEL PIPE TESTS

The soil load on a flexible pipe causes a decrease (flY)
in the vertical diameter and an increase (flX) in the
horizontal diameter. The horizontal movement
develops a passive soil resistance that acts to help
support the pipe. In the Iowa Formula3

4 developed
by M. G. Spangler for predicting pipe deflection, the
soil resistance is expressed as e', the "modulus of
passive resistance." Currently, a constant e' value is
commonly used for all pipe loads for all soils
(e' = 700 psi, 49.3 kg per sq cm, for soils at 90

I Refers to references listed on page 16.

percent of their maximum dry density.) Spangler is
now recommending that e' values be selected based
on experience and judgment 5

In Test Series FA (soil backfill compacted to 90
percent of Proctor maximum dry density), there was
a good correlation between the Iowa Formula and the
load-horizontal deflection curves from the laboratory
load tests. Figure 1, from Progress Report No.2,
shows a typical comparison of empirical versus
theoretical curves for this test series. After a 10-psi
"seating load" has been applied, the empirical curves
are nearly linear and are close to the theoretical Iowa
Formula curve for an e' value of 500 psi (35.2 kg per
sq cm). The slope of the theoretical curve varies with
the Ring Stiffness Factors, EI/r3 . Although the
horizontal deflections compared well, the vertical
deflections did not. Flexible pipes are assumed to
deform elliptically with the horizontal deflection
(flX) equal to the vertical deflection (flY). The pipes
all deformed somewhere between an elliptical shape
and a rectangular shape. The actual shape ranges
between these extremes depending on the relation
ship of the pipe stiffness to the soil stiffness. The
deformation pattern affected the ratio of the
horizontal to vertical deflections, flX/ fl Y.

As shown in Figure 2, an elliptically deformed pipe is
one where high compressive strains occur on the inner
surface of the pipe at the horizontal diameter (at 90°
and 270° where 0° is the top of the pipe.) The
rectangularly deformed pipe has high compressive
strains at four locations, about 45°, 135°,225°, and
315°. These points of high strain are where the plastic
hinges form when the pipe fails. The elliptical pipe in
the tests at 90 percent Proctor backfi II had flX/ fl Y
ratios of 0.8 to 0.9 and the rectangular pipe had
flX/flY ratios of 0.7 to 0.8, about 10 percent less.

Very flexible pipe can also fail by elastic buckling
where the deflections are low and the strains are
below the yield point of the steel 2

IOWA FORMULA

The most common method of pipe design is based on
the Iowa Formula. The origin of the formula,
definition of terms, and its application to the USBR
tests are described in Appendix 0 of Progress Report
No 2. 2 For these tests, the Iowa Formula has been
rearranged and simplified to:

0.1 (p)
tlX/D = EI/r3 + 0.061 e' (xl00)

where
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TESTING PROGRAM

This version is used in the following discussion of test
results to compare the USBR soil load tests with the
Iowa Formula.

tiX/D

t.x
D
p
El/r3

E

r
e'

Percent of horizontal deflection
at the l-minute readings

Horizontal deflection in inches
Pipe diameter in inches
Applied surcharge pressure in psi
Ring stiffness of pipe in psi
Modulus of elasticity of the pipe

wall material in psi
Moment of inertia in inches4

/

inch of a l-inch (2.54 cm)
length of pipe

Pipe radius in inches
Modulus of passive resistance of

"the soil in psi

TEST PROCEDURE

The testing procedures are basically the same as used
in Test Series FA. Figure 3 illustrates the different
phases of each test. Appendix B contains a more
detailed discussion of some of the procedures and
instrumentation.

Three-Edge Bearing Test

Before each pipe was buried in the soil container, a
three-edge bearing test was run on the pipe, both
before and after holes were cut in the pipe to mount
pressure cells. The purpose of these tests is to
determine an empirical wall stiffness, EI, of the pipe
where E is the modulus of elasticity of the steel and I
is the moment of inertia of a section of the pipe wall.
The wall stiffness, EI, expresses the strength of the
pipe and is an important part of the pipe design. The
EI values are listed in Table 1.

Test Series FB is identical to Test Series FA, as
outlined in Progress Report No.1, I except that the
soil around the pipe is placed at 100 percent of the
Proctor maximum dry density instead of 90 percent.
Originally, nine tests were planned for Test Series FB,
using three wall thicknesses for each of three
different diameter pipe. Based on results of Test
Series FA, and the initial test results of Test Series
F B, the testing was considered complete after the
first five tests. The completed tests with pipe
dimensions are listed in the table below.

Thus, there are three tests of 18-inch (45.7 cm)
diameter pipe with three different wall thicknesses
and three tests of 10-gage wall thickness with three
different diameters.

Preparation for Load Testing

To reduce the friction between the soil and the
container walls, a coating of petrolatum is applied to
the walls and covered with 2-mil (50-micron)
polyethylene film. The soil is placed in 4-inch
(10-cm) loose lifts and compacted with a pneumatic
hand tamper to the required density. When the soil
reaches the desired elevation of the bottom of the
pipe, the pipe is placed on the soil surface. Circular
stiffeners are placed in the pipe to prevent the
relatively flexible pipe from becoming deformed
during the soil compaction around the pipe. The pipe
is also braced into place to prevent the pipe from
rising during soil compaction under the sides of the
pipe. The soil is then compacted beside the pipe and

Nominal Nominal
pipe diameter pipe wall thickness

Test* inches cm gage inches mm

FB-18-7 18 45.7 7 0.1793 4.56
FB-18-10 18 45.7 10 0.1345 3.42
FB-18-14 18 45.7 14 0.0747 1.89
FB-24-10 24 61.0 10 0.1345 3.42
FB-30·10 30 76.2 10 0.1345 3.42

*Each individual test can be identified as in the following example:

Test FB-24-10
F refers to flexible steel pipe

The secoi,d letter (B) refers to the conditions of bedding and backfill around the pipe; "B" means the soil was placed
at 100 percent Proctor at optimum moisture in a uniform backfill without special bedding.
24 refers to the pipe diameter in inches
10 refers to the wall thickness and is the gage of sheet steel

4



(a) The strength of the pipe is determined from the
three-edge· bearing test. Vertical and horizontal deflec
tions and strain gage measurements are made. The test is
run before and after the pressure cell holes are cut out of
the pipe. Photo PX-D-63173

(c) Equal lifts of loose soil are placed in the container
and compacted with a pneumatic hand tamper at a
uniform rate. Photo PX-D-69559

(e) The container is placed under the universal testing
machine. Load is applied in increments at one hour
intervals to the soil surface over the pipe. Photo
PX-D·69558

(b) Circular stiffeners are placed inside the pipe to
prevent distortion of the pipe from the soil compaction.
These and the braces holding the pipe in place are
removed when the container is full. Photo PX-D-69557

(d) The soil density is measured for every vertical foot of
soil placed in the container with a balloon densiometer.
Photo PX-D-69554

(f) Inside of the pipe showing the revolving dial gage,
four pressure cells, and the circumferential ring of SR-4
type strain gages. Photo PX-D-69565

Figure 3. Test procedure for soil container load tests of buried flexible pipe.
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Table 1
Ring Stiffness Factors (EI/r3

) for Test Pipe

Nominal El/r3 *
psi kg/cm 2Test

FB-18-7
FB-18-10
FB-18-14
F B-24-1 0
FB-30-10

19.77
8.34
1.43
3.52
1.80

1.39
0.59
0.10
0.25
0.13

Empirical E I/r3 ***
Theoretical E I/r3 ** low high
psi kg/cm 2 psi kg/cm 2 psi kg/cm 2

17.56 1.23 21.51 1.51
8.92 0.63 8.55 0.60 10.18 0.72
1.64 0.12 1.81 0.13 2.01 0.14
3.84 0.27 3.86 0.27 4.38 0.31
1.66 0.12 1.69 0.12 1.87 0.13

*Calculated from E = 30 x 106 psi [2.1 x 106 kg per sq em] , pipe radius to nearest inch, and nominal values for
wall thickness.

**Calculated from E values from tensile test coupons, and measured values for wall thickness and radius.
* **From three-edge bearing test results.

on up to the top of the container. Then a wooden
load plate is placed on the soil surface to distribute
the surcharge load from the testing machine.

As the backfill soil was placed in the soil container
and around the pipe, density determinations were
made for every foot depth of compacted soil. A
summary of the densities and moisture contents for
each pipe load test is presented in Table 2. The mean
density for each separate pipe test ranged from 100.0
to 100.7 percent Proctor with an average mean for all
the tests of 100.3 percent Proctor. The standard
deviation for the densities in each test ranged from
0.8 to 1.5 percent. The means of the moisture
content for each test ranged from 11.5 to 11.9
percent (12.0 percent is the optimum moisture for
the soil) with the standard deviations ranging from
0.2 to 0.5 percent. The values are close enough that
the soilwill be considered as having a uniform density
and moisture content for all the tests.

Details of the physical properties of the soil are
presented in Appendix C of Progress Report No.2,
along with a description of the method of density
determination. A summary is given in Appendix B of
this report.

Load Test

The stiffeners and braces are removed from the pipe.
Installation of all instrumentation is completed and
initial readings are taken. Each load increment is
applied at l-hour intervals with a uniform loading
rate of 2 psi (0.14 kg per sq em) per minute. Most of
the instruments are read at 1 minute and 60 minutes

6

after each load is applied. Reading intervals between
these times are varied with the type of data required.
The load increment for the FB Test Series was 10 psi
(0.7 kg per sq em) for all tests.

TEST EQUIPMENT
AND INSTRUMENTATION

Soil Container

The pipe is buried in a 6-foot (1.8-m) wide by 7-foot
(2.1-m) long by 7-foot (2.1-m) deep steel soil
container and placed with the longitud inal axis of the
pipe 4-feet (1.2-m) below the soil surface. Details of
the container are given in Appendix B.

Pressure Cells

Pressure cells are mounted in the pipe, flush with the
outside surface at the horizontal and vertical
diameters, to measure the soil pressures on the pipe at
these locations. Pressure cells are also mounted in the
walls of the soil container to measure horizontal soil
pressures. The pressure cell is one developed by the
Earth Sciences Branch (details in Appendix B). The
cell contains a fluid-fil,led chamber covered by a
sensitive outer diaphragm. Pressures created within
this fluid chamber by soil acting on the outer
diaphragm are measured by applying air pressure to a
small sensitive inner diaphragm. The balance of the
known air pressure against the unknown fluid
pressure in the cell is determined by the making and
breaking of an electrical contact on the small sensitive
inner diaphragm. The cells were filled with de-aired
water and calibrated by applying a pneumatic load to



Table 2
Backfill Soil Density and Moisture

Backfill density in percent
No. of of Proctor maximum dry density Soil Moisture

density Standard Standard
Test tests Range Mean deviation Range Mean deviation

% % % % % %

FB-18-7 14 99.23-101.96 100.68 0.93 10.66-1232 11.87 0.42
FB-18-10 14 98.68-101.72 100.05 1.04 11.49-12.49 11.82 0.24
FB-18-14 14 99.05-101.91 99.96 0.84 11.36-12.24 11.75 0.27
FB-24-10 14 97.83-103.23 100.32 1.52 11.01 -11 .86 11.51 0.28
FB-30-10 12 98.95-101.89 100.52 0.97 11.30-12.77 11.90 0.45

Avg. 100.31

Proctor maximum dry density is 120.0 pcf (1.92 g per cu cm)
Optimum moisture is 12.0 percent

the outer diaphragm of the pressure cell.

Soil Movement Indicators

"T"-shaped pieces of aluminum are buried at selected
points in the soil during backfilling so that upon
completion of the test measurements can be made to
determine the movement of the soil around the pipe.
Telescoping tubes with small plates on the ends are
also buried in the soil in line with the horizontal
diameter of the pipe. The ends of the tubes extend
through the soil container wall so horizontal soil
movements during the loading can be measured.

Dial Gages

Dial gages calibrated to 0.001 inch (0.025 mm) are
used to measure the soil surface settlement and the
deflection and settlement of the pipe. A dial gage
mounted to a revolvi ng shaft parallel to the
longitudinal axis of the pipe is used at intervals of 15°
to measure the changing shape of the pipe during
loading.

Strain Gages

Circumferential rings of SR-4-type strain gages are
applied on the inside of the pipe to measure the strain
in the pipe wall.

7

TEST RESULTS

Pipe Deflections

In Test Series FA, 90 percent backfill, the horizontal
pipe deflections compared well with those pred icted
by the Iowa Formula, based on an e' of 500 psi (35.2
kg per sq cm). In that test series, one of the pipes
failed by elastic buckling, and the others failed by
yielding or inelastic buckling with the final deformed
shapes ranging between elliptical to rectangular.

In Test Series FB, 100 percent backfill, the two
stiffest pipes, FB-18-7 and FB-18-10, deformed
elliptically without reaching failure. Their horizontal
deflection curves can be related to the Iowa Formula.
The other three pipes failed by elastic buckling, at
vertical deflections less than 10 percent, in
rectangular patterns. The load-horizontal deflection
curves for all five pipes in Test Series FB are shown in
Figure 4. The three pipes with Ring Stiffness Factors
of 4 psi (0.3 kg per sq cm) or below deflected much
less than the two stiffer pipes and these three are the
ones that failed by elastic buckling. These three pipes
are considered to be a special case for this test series.
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Comparison of Tests with the Iowa Formula

The load-horizontal deflection curves for FB-18-7 and
FB-18·10 are compared with the Iowa Formula in
Figure 5. Their horizontal deflections are dependent
on their Ring Stiffness Factors, EI/r3

, as in Test
Series FA. The Iowa Formula curves are based on a
seating load of 20 psi (1.4 kg per sq em), e' of 920 psi
(64.7 kg per sq em), and the EI/r3 value for each pipe
of 20 psi (1.4 kg per sq em) and 9 psi (0.6 kg per sq
em), respectively. The seating load is an offset on the
abscissa or the surcharge load axis that appears to be
the point where the pipe starts deflecting linearly
corresponding to the Iowa Formula. As in Test Series
FA, there is a good correlation with the Iowa
Formula curve.

Comparison of Test Series FA and FB

In both test series, the 18-inch (45.7 cm) diameter
pipe of 10'gage and 7-gage wall thickness deformed
elliptically with .0.X/.0.Yratios of 0.8 to 0.9. Test pipe
FA-18-7 failed (formation of a plastic hinge in the
pipe wall) at 20 percent vertical deflection under a
100-psi (7.0-kg per sq cm) surcharge and FA-18-10
failed at 21 percent vertical deflection at 80-psi
(5.6-kg per sq cm) surcharge. FB-18-7 and FB-18-10
went to 15 percent and 12 percent vertical deflection,
respectively, at 100-psi (7.0-kg per sq em) surcharge
without failing.

Figure 6 shows photographs of the two elliptically
shaped pipes in Test Series FB under load. Their
load-deflection curves are compared with their
companion tests in Test Series FA in Figures 7 and 8.
The vertical and horizontal deflection values for Test
Series F B are about half of those for Test Series FA.
The increase in soil backfill density from 90 percent
to 100 percent of Proctor increased the modulus of
passive resistance of the soil, e', (as determined from
the empirical curves) from 500 psi (35.2 kg per sq
cm) to 920 psi (64.7 kg per sq cm). This e' value is
determined by trial and error so that one value of e'
gives lines closely approximating the empirical data
including the effects of the various Ring Stiffness
Factors, E l/r3

, for each pipe.

Elastic Buckling of Pipe

In Test Series FA, the most flexible pipe failed by
elastic buckling at a vertical deflection of only 8
percent. The pipe, FA-30-14, had a Ring Stiffness
Factor of only 0.3 psi (0.02 kg per sq cm). A pipe is
considered to have failed by elastic buckling when
hinges or creases form in the pipe before the interior
surface strains reach the yield point strain.
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As illustrated in Figure 9, tests FB-18-14, FB-24-10,
and FB-30-1O all failed by elastic instability in the
100 percent backfill environment. The elastic buck
ling occurred at low deflections and low interior
strains. FB·18-14 buckled at only 2 percent vertical
deflection at about 30 psi (2.1 kg per sq cm)
surcharge. Tests FB-24-10 and FB-30-10 both buckled
at about 8 percent vertica I deflection under a
surcharge of 80 psi (5.6 kg per sq cm). This was
the same load at which their companion tests in the
90 percent backfill, FA-24-10 and FA-30-30, had
failed by inelastic yielding.

Although the higher soil density can reduce the
deflection of a pipe, steel pipe with El/r3 values less
than a value somewhere between 4 psi (0.3 kg per sq
em) and 9 psi (0.6 kg per sq cm) would fail by elastic
instabi lity.

Soil Pressures on Container Walls

The soil pressure on the container walls opposite the
horizontal diameter of the pipe was about the same as
the soil pressure on the wall above the influence of
the deflecting pipe. In Test Series FA, due to the
pressure from the deflecting pipe, the pressure cell
readings opposite the pipe were much higher than
those above.

The pressure cell readings for all the tests in Test
Series F B are shown in Figure 10, four cell read ings
for each of five tests. A line representing the
horizontal soil pressure for Ko = 0.75 appears to be
approximately the average of the measured pressure
cell readings. Ko is the horizontal stress in a soil at
rest divided by the vertical stress. In Test Series FA,
the horizontal soil pressures at points above the
influence of the deflecting pipe were about one-half
of the applied vertical surcharge pressure.

CONCLUSIONS

Steel pipe of various diameters and wall thicknesses
were buried in a large soil container and increasing
surcharge loads were applied to the soil surface over
the pipe. Previously reported tests were run with the
soil backfill placed at 90 percent of Proctor
maximum dry density. The following conclusions are
the results of five subsequent tests in Test Series FB,
in wh ich the surround ing soil was placed at 100
percent of Proctor maximum dry density:
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Test FB-18-l0. PhotoPX-D-69562.

Test FB-1B-7. PhotoPX-D-69563.

Figure 6. Elliptically deformed pipe after completi on of load test.
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FB-18-14
Photo PX-D-69564

FB-24-10
Photo PX-D-69560

FB-30-10
Photo PX-D-69561

Figure 9. Elastically buckled steel pipe.
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1. Two of the pipes deflected elliptically and
compared well with the Iowa Formula for pipe
deflection. Elliptical pipe deformation creates high
compressive strains on the inner surface of the
pipe at the horizontal diameter of the pipe (at 90°
and 270°).

2. The two elliptically deformed pipes deflected
up to 15 percent vertically without failing
(formation of a plastic hinge).

3. The amount of horizontal deflection for the
two elliptically deformed pipes depended on the
Ring Stiffness Factors, EI/r 3

, of each pipe.

4. Assuming a seating load of 20 psi (1.4 kg per sq
cm), the horizontal deflection of the elliptically
deformed test pipe followed curves based on the
Iowa Formula. A deflection lag factor, D" of 1.0
and a modulus of passive resistance, e', of 920 psi
(64.7 kg per sq em) were used to determine the
theoretical curves.

5. The effect of increasing the soil backfill density
from 90 percent to 100 percent of Proctor density
was to double the assumed seating load, to almost
double the effective modulus of passive resistance
of the soil, and to reduce the vertical and
horizontal deflections by half.

about 150 percent of the surcharge pressure for
the elliptically deformed pipe and about 50 to 100
percent for the rectangu larty deformed pipe.

10. The soil pressures on the top of the pipe were
about 50 percent of the applied surcharge
pressure. The pressure on the bottom of the pipe
depended on uncontrollable differences in com
pacting the soil around the lower half of the pipe.
Both the top and bottom pressures decreased after
the pi pe had deflected 6 to 7 percent. The soi I
arched over the flattening pipe and the soil was no
longer in firm contact with the pressure cell.

APPLICATIONS

Earl ier tests showed a significant relationship between
the laboratory test results and the Iowa Formula for
flexible pipe design. Those tests were of pipe of
various wall thicknesses and diameters backfilled with
soil at equal densities. Now the relationship can be
extended to include the effect of various backfill
densities.

The study has also shown that low stiffness pipe that
may be structurally stable in a low-density soil can
fail by elastic instability when the backfill soil is
placed at a much higher density.

PERSONNEL PERFORMING TESTS
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6. Three of the pipe with low ring stiffness failed
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The following conclusions are based on the data
presented on each individual test as presented in
Appendix A.

8. The soil pressure on the container walls
opposite the horizontal diameter of the pipe was
about the same as the soil pressure on the wall
above the influence of the deflecting pipe. The
average of the pressures on the walls is about 75
percent of the vertical applied surcharge pressure.

9. The pressures at the sides of the pipe were
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APPENDIX A

INDIVIDUAL TEST RESULTS
OF TEST SERIES FB

INTRODUCTION

TEST RESULTS

Results of individual tests in Test Series FB are shown
graphically in Figures A-l to A-30 in the following
order:

Unless otherwise noted, the data shown are the 1
minute readings. Using l-minute readings allows a
comparison to be made with the theoretical results
from the Iowa Formula using a Deflection Lag Factor
(D I) of 1.0.

Pipe Deflection

The l-minute vertical and horizontal pipe deflections
for each test are shown as Figures A-l to A-5. The
failure point (formation of a plastic hinge) is
indicated on the graphs when appropriate. The
60-minute deflection readings average about 35
percent higher for the 20-psi (1.4 kg per sq cm)
read ings, 30 percent higher for the 40-psi (2.8 kg per
sq cm) readings, and 15 percent higher for the 60-psi
(4.2 kg per sq cm) readings. The b..X/b.. Y ratios are
shown on each graph for each load increment. There
is very little difference between the b..X/b..Yratio for
the l-minute readings and the 60-mi nute readings.
The range of b..X/ b.. Y ratios for each test is:

b..X/b..Y

Load-Deflection Curves
Soil Pressures on Container Walls
Soil Pressures on Pipe
Strain Gage Readings Around

Pipe Circumference
Soil Movement between

Pipe and Soil Container Wall
Cross-Sections of Pipe under

Load

Test

FB-18-7
FB-18-10
FB-18-14
FB-24-10
FB-30-10

A-l toA-5
A-6 to A-l0

A-ll to A-15

A-16toA-20

A-21 to A-25

A-26 to A-30

ratio

0.72-0.86
0.80-0.87
0.47-0.53
0.52-0.61
0.50-0.54
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The two elliptically deformed pipe, F B-18-7 and
FB-18-10, had b..X/b..Yratios about 0.8 and 0.9, the
same as in Test Series FA. The others, which
deformed rectangularly, had b..X/b..Y ratios about
0.5-0.6. In Test Series FA, the rectangularly
deformed pipe had ratios of about 0.6 to 0.8.

Soil Pressures on Container Walls

Pressure cells mounted in the soil container walls
measured the horizontal soil pressures on the wall.
Two cells (one on each side wall) were mounted 4
feet (1.2 m) from the top of the container opposite
the horizontal diameter of the pipe. These cells
should measure pressures due to the deflecting pipe in
addition to the lateral pressures. The other two cells
were 2 feet (0.6 m) from the top of the container and
measured the lateral pressures without any significant
interference from the pipe. Because of the small
difference in elevation and the large surcharge
applied, the lateral pressures are assumed to be the
same at each cell location.

In Test Series FA, the pressure cells opposite the pipe
measured higher pressures than the other cells due to
the deflecting pipe. The cells above the influence of
the pipe measured horizontal pressures about half of
the vertical applied surcharge giving a Ko =0.5 for
the soil at 90 percent Proctor. Ko is the horizontal
stress in a soil at rest divided by the vertical stress.

Graphs showing the soil pressure on the container
walls for each test in Test Series FB are presented as
Figures A-6 to A-l0. For the 100 percent Proctor
backfill, the cells opposite the pipe generally showed
pressures about the same as those above the pipe.

As discussed earlier and illustrated in Figure 10, the
average of the horizontal pressures recorded on the
container walls is about 75 percent of the vertical
surcharge pressure giving a Ko = 0.75 for the soil at
100 percent Proctor.



APPENDIX - Continued

Soil Pressures on the Pipe

For the elliptical pipe, FB-18-7 and FB-18-10, the
pressures at the sides of the pipe were about 150
percent of the surcharge pressure. For the rectangular
pipe, the side pressures were from 50 to 100 percent
of the surcharge pressure. This is illustrated in Figures
A-ll to A-15.

As in Test Series FA, the pressures on the bottom of
the pipe have no apparent relationship with the other
pressures on the pipe. The pressure on the bottom
probably depends on uncontrollable differences in
compacting the soil under the bottom sides of the
pipe. Thus, depending on the compactive effort, the
pipe was raised slightly so that the cell was not in
firm contact with the soil, or the weight of the pipe
and the soil on top was concentrated in an area of
circumference on the bottom where the cell is
located.

The pressure on the top of the pipe was about half of
the applied surcharge pressure. Except for Test
FB-18-14, the pressures on the top and bottom of the
pipe increased with increasing surcharge pressure until
about 6 or 7 percent vertical deflection when the
pressures started decreasing. The soil arches over the
flattening top and bottom of the pipe and is in less
firm contact with the pipe at the cell locations. This
same phenomena occurred in Test Series FA.

Strain Gage Readings

The l-minute strain gage readings for the five tests in
Test Series FB are plotted in Figures A-16 to A-20.
The elliptically deformed pipe, FB-18-7 and
FB-18-10, had high tensile strains at 0° and 180° and
high compressive strains at about 90° and 270°. The
points of zero strain, transition from tensile to
compressive strain, were the same for each load and
for each test, 45°,135°,225°, and 315°. These same
four locations for the rectangularly deformed pipe,
FB-18-14, FB-24-10, and FB-30-10, were the peak
points of compressive strain and where the hinges

formed when the pipe failed. For the elliptically
deformed pipe, strains were measured as high as
6,000 microinches/inch (microns per m) in both
tension and compression without plastic hinges
forming.

The strain readings are important in determining
whether or not the pipe failed by elastic or inelastic
buckling. The strain corresponding to the yield point
of the steel used in each pipe is shown in the table
below.

The strength values shown in the table are the average
of two tensile tests on test coupons from the material
used to fabricate the pipe. With one exception, the
peak compressive strain readings for Tests FB-18-14,
F B-24-1 0, and FB-30-10 were below 2,000
microinches/inch (microns per m) when the hinges
formed. Since the surface fibers had just barely begun
yielding, most of the pipe wall stresses were well
within the elastic range when buckling occurred.

Soil Movement Between Pipe and Soil Container Wall

The soil movement as measured by the telescoping
tubes is shown for each test in Figures A-21 to A-25.
As in Test Series FA, the walls definitely affect the
movement of the soil on the sides of the pipe.

For the two pipe, FB-24-10 and FB-30-10, where the
telescoping tubes went all the way to the sides of the
pipe, the soil movement in the 3 to 6 inches (7.6 to
15.2 em) of soil adjacent to the pipe is about 40
percent of the total movement between the pipe and
the container wall.

Shape of the Pipe Cross-section Under Load

For measuring the shape of the pipe cross-section, a
dial gage is attached perpendicularly to a shaft
mounted to the soil container extending into the
pipe. The shaft is located parallel to the longitudinal
axis of the pipe and is turned from
outside the soil container. The axis of the shaft is

Yield
strain

E E Yield Yield micro in./in.
(Xl0)6 (Xl0)6 point point (microns

Test psi kg per sq em psi kg per sq em per meter)

FB-18-7 30.55 2.148 47,641 3,349 1,559
FB-18-10 30.78 2.164 49,485 3,479 1,608
FB-18-14 28.35 ).993 39,211 2,757 1,383
FB-24-10 31.42 2.209 41,593 2,924 1,324
FB-30-10 29.89 2.101 39,753 2,795 1,330
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offset from the longitudinal axis of the pipe so that at
0° (top of the pipe) the dial gage is almost fully
extended and at 180° the dial gage is almost fully
retracted. This allows nearly the full range of the dial
gage, 4 inches (10 cm), available to measure the
settlement of the top of the pipe. Measurements
inside the pipe are made at 15° intervals. The only
comparable points between the dial gage angles and
the angle markings on the pipe are at 0° and 180°.

The shapes of pipes after 1 minute of each load
increment are shown in Figures A-26 to A-30. The
readings start at 0° and the 0° reading is repeated at
the end. The difference in the 0° readings for each
load on the graphs illustrates the amount of
deflection that occurs during the 4 to 5 minutes to
make a round of readings. As expected from the
deflection readings, the rectangularly deformed pipe
shows very little horizontal movement into the soil
compared to the elliptical pipe, FB-18-7 and
FB-18-10.

One interesting phenomenon is that for both shapes
the most movement into the soil occurs at about
135° and 225° (45° each side of the bottom of the
pipe) based on the true center of each pipe. This
indicates that even in a carefully controlled
laboratory condition, the compaction under the
haunches of the pipe is the weakest point of the
bedding for the pipe.

For the pipe that deforms rectangularly, there are

21

four zones of high compressive strain which are
potential locations where plastic hinges may occur.
Generally, only two of the hinges form. Whether they
form on the top or the bottom of the pipe probably
depends on the compaction of the soil at the
haunches of the pipe.

CONCLUSIONS

1. The soil pressure on the container walls
opposite the horizontal diameter of the pipe was
about the same as the soil pressure on the wall
above the influence of the deflecting pipe. The
average of the pressures on the walls is about 75
percent of the vertical applied surcharge pressure.

2. The pressures at the sides of the pipe were
about 150 percent of the surcharge pressure for
elliptically deformed pipe and about 50 to 100
percent for the rectangularly deformed pipe.

3. The soil pressures on the top of the pipe were
about 50 percent of the applied surcharge pres
sure. The pressure on the bottom of the pipe
depended on uncontrollable differences in com
pacting the soi I around the lower half of the pipe.
Both the top and bottom pressures decreased after
the pipe had deflected 6 to 7 percent. the soil
arched over the flattening pipe and the soil was no
longer in firm contact with the pressure cell.
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Figure A-29. Cross section of pipe under load, Test FB-24-10.
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Figure A-30. Cross section of pipe under load, Test FB-30-10.
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APPENDIX B

TEST EQUIPMENT

SOIL CONTAINER

The effects of load on buried pipe are studied in the
laboratory using a large soil container to hold the
pipe and surrounding soil. The pipe is buried in the
center of the container and surcharge is applied to the
soil surface at the open top of the container using a
large universal testing machine. A sketch of the soil
container with the soil and pipe in place under the
testing machine is shown in Figure B-1.

The container is fabricated from 5/8-inch (16-mm)
steel plate and reinforced with stiffeners so it can
take a maximum soil surface surcharge of 100 psi (7.0
kg per sq cm). The inside dimensions of the container
are 6 feet (1.8 m) by 7 feet (2.1 m) in plan and 7 feet
(2.1 m) deep and wi II hold about 11 cubic yards (8.4
cu m) of soil. The pipe is laid horizontal in the 6-foot
(1.8 m) length with the longitudinal centerline of the
pipe 4 feet (1.2 m) from the top of the container. At
the ends of the pipe, there are access holes in the
container to allow observation and inspection of the
pipe interior during loading.

The walls of the container are coated inside with
petrolatum and polyethylene film to reduce the
friction between the soil and the container. The
container is portable so that the soil and the pipe can
be placed and then the container moved under the
testing machine.

Two pressure cells to measure the horizontal soil
pressure against the container walls are installed in
each of the 6-foot (1.8-m) long walls. The cells are
located 2 feet (0.6 m) and 4 feet (1.2 m) from the
top of the container.

The testing machine has a 5-million-pound (2.3
million-kg) capacity (in either tension or compres
sion) although only slightly more than 500,000
pounds (0.2 million kg) is used for buried pipe
testing. The machine is accurate to 0.5 percent of the
applied load. A sketch of the testing machine is
shown in Figure B-2. A wooden load plate is placed
on the soil surface so the testing machine load is
distributed evenly over the soil surface.

SOIL PRESSURE CELL

The pressure cell used for measuring soil pressures
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was designed by the Earth Sciences Branch of the
Bureau of Reclamation. The soil pressure
measured is the average pressure against the 3-inch
(7.6 cm) diameter face of the cell. The pressure is
measured by a "no-flow" technique that keeps the
deflection of the face of the cell to a minimum. A
cross-section of the cell is shown in Figure B-3. A
photograph of the cell and one of the readout panel
are shown in Figure B-4.

The cell contains a fluid-filled chamber covered by a
sensitive outer diagram (the face of the cell).
Pressures created within this fluid chamber by soil
pressure against the outer diaphragm are measured by
applying air pressure to a small sensitive inner
diaphragm. The balance of the known air pressure
against the unknown fluid pressure is determined by
the making and breaking of an electrical contact on
the small sensitive inner diaphragm. The pressures can
be read to 0.1 psi (7 g per sq cm). Because of the
individual determination of pressure measured by
each cell, the soil pressure cannot be measured
continuously. But each cell can be read at
predetermined time intervals.

The cells are filled with de-aired water and calibrated
by applying a pneumatic load to the outer diaphragm
of the pressure cell. The cells can then be adjusted to
read within 1.0 psi (70 g per sq cm) of the pneumatic
pressure. Most of the pressure cells used in the
flexible pipe study read within 0.5 psi (35 g per sq
cm) of the applied pressure.

STRAIN GAGES

SR-4-type stra in gages are mounted on the interior
surface of the pipe in a circumferential ring to
measure strain of the interior surface. For a
longitudinally oriented pipe section with free ends,
the principal strains are in the circumferential and
longitudinal directions. The strain readings indicate
early in the test how the pipe will deform and where
the plastic hinges will eventually form. For pipe that
does not fail (formation of plastic hinges) during the
test, the strain patterns indicate how the pipe would
eventually fail and where the plastic hinges would
form under higher loads. The pipe deforms
somewhere between an elliptical shape and a
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TENSION

CROSSHEAD

SENSITivE
CROSS HEAD -

LOAD
MEASURING

CAPSULE

HYDRAULIC
PUSH BACK
CYLINDER -

BOTTOM

CROSSHEAD ._
(MOVABLE)-·· -

DURING TEST SENSiTIVE

CROSSHEAO IS PULLED
DOWN BY HYDRAULiC
PRESSURE IN BOTTOM
CROSSHEAD. VERTICAL
SCREWS ARE TURNED
ONLY TO POSITION THE
SEN31TIVE CROSSHEAD
BEFORE TEST BEGINS.

-VERTICAL SCREW

h~~"---{_ ----CONTROL

CABINET

OIL PUMP

-- --- OIL

RESERVOIR

The loading system is a 50-horsepower (37 kilowatts) motor-driven pump that
delivers oil under pressure to the 54-inch- (137 em) diameter master cylinder
below the laboratory floor. This pressure forces the surrounding housing
downward, pulling with it the large screws and the sensitive crosshead. This
downward movement applies either pressure or tension loading to the specimen,
depending on its location. The sensitive crosshead is positioned by a
100-horsepower (74 kilowatts) motor. The load measuring system is designed
around a weighing capsule which transmits load pressures to the indicating dials
on the control cabinet.

Figure B-2. 5-million-pound universal testing machine.
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rectangular shape. This was illustrated in Figure 2
with the corresponding strain gage patterns.

The strain readings were also used to differentiate
between the pipe that fail by either elastic or inelastic
buckling. For the former case, the interior strains are
very small, generally below the yield strain of the
pipe wall material, when the plastic hinges form
indicating elastic buckling.

The gages used are a paper and foil type with a gage
length of 0.50 inch (1.8 em), a gage factor of about 2,
and a gage resistance of 120 ohms. The gages will
measure strains up to about 40,000 microinches/inch
(microns per m). The gages are bonded to the
sandblasted metal surface with a contact pressure
setting cyanoacrylate monomer cement with the use
of a surface activator.

Sixteen gages were bonded to the 18-inch (46-cm)
diameter pipe, one every 22.5°. The 24-inch (61-cm)
and 30-inch (76-cm) diameter pipe had additional
gages at 11.25° to either side of the 0° and 180°
points (top and bottom of the pipe) to give a more
definite strain pattern around these two critical
points.

58

The gages were read manually with a portable digital
strain indicator or automatically with an 80-channel
digital scanner. Both instruments read out directly in
micro inches/inch (microns per m) and the scanner
allowed each individual gage to be set at 0 resulting in
direct strain gage readings. A photograph of the
scanner and a typical strain gage installation is shown
in Figure B-5.

One strain gage was mounted on a separate unstressed
small coupon of the pipe wall material as a dummy
gage. The dummy strain gage was wired so as to
provide a two-arm bridge, thus canceling out any
effects of temperature changes of the active gages.

TEST SOIL

The physical properties of the backfill soil are
illustrated and listed in Figures B-6 and B·7.



Figure 8-5. Typical strain gage installation and the digital scanning system for automatically recording strain readings. Top
Photo PX·D·69566. bottom Photo PX·D·69555
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CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamation are those published by the American
Society for Testing and Materials (ASTM Metric Practice Guide, E 380-68) except that additional factors (*)
commonly used in the Bureau have been added. Further discussion of definitions of quantities and units is given in
the ASTM Metric Practice Guide.

The metric units and conversion factors adopted by the ASTM are based on the "International System of Units"
(designated SI for Systeme International d'Unites), fixed by the International Committee for Weights and
Measures; this system is also known as the Giorgi or MKSA (meter·kilogram (mass)-second-ampere) system. This
system has been adopted by the International Organization for Standardization in ISO Recommendation R·31.

The metric technical unit of force is the kilogram-force; this is the force which, when applied to a body having a
mass of 1 kg, gives it an acceleration of 9.80665 m/sec/sec, the standard acceleration of free fall toward the earth's
center for sea level at 45 deg latitude. The metric unit of force in SI units is the newton (N), which is defined as
that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the (inconstant) local weight of a body having a mass of 1 kg, that is, the weight of a
body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due to gravity. However, because it is general practice to use "pound" rather than the technically
correct term "pound·force," the term "kilogram" (or derived mass unit) has been used in this guide instead of
"kilogram·force" in expressing the conversion factors for forces. The newton unit of force will find increasing use,
and is essential in SI units.

Where approximate or nominal English units are used to express a value or range of values, the converted metric
units in parentheses are also approximate or nominal. Where precise Engiish units are used, the converted metric
units are expressed as equally significant values.

Table I

QUANTITIES AND UNITS OF SPACE

Multiply

Mil
Inches
Inches
Feet
Feet
Feet
Yards
Miles (statute)
Miles.

By

LENGTH

25.4 (exactly)
25.4 (exactly)

2.54 (exactly)'
30.48 (exactly)

0.3048 (exactly)'
0.0003048 (exactly) *
0.9144 (exactly)

1,609.344 (exactly)" .
1.609344 (exactly)

To obtain

. Micron
Millimeters

Centimeters
Centimeters

Meters
Kilometers

Meters
Meters

Kilometers

__________________AREA

Square inches
Square feet .
Square feet
Square yards
Acres
Acres.
Acres .
Square miles

Cubic inches
Cubic feet
Cubic yards .

Fluid ounces (U.S.)
Fluid ounces (U.S.)
Liquid pints (U.S.)
Liquid pints (U.S.)
Quarts (U.S.)
Quarts (U.S.I
Gallon~ (U.S.)
Gallons (U.S.)
Gallons (U.S.)
Gallons (U.S.)
Gallons (U.K.)
Gallons (U.K.)
Cubic feet.
Cubic yards
Acre-feet
Acre-feet

6.4516 (exactly)
*929.03 .

0.092903
0.836127

*0.40469
"4,046.9 .

"0.0040469
2.58999

VOLUME

16.3871
0.0283168
0.764555

CAPACITY

29.5737 ..
29.5729

0.473179
0.473166

*946.358
"0.946331

*3,785.43 .
3.78543
3.78533

"0.00378543
4.54609
4.54596

28.3160 .
*764.55

"1,233.5
" 1,233,500 .

Square centimeters
Square centimeters

Square meters
Square meters

Hectares
Square meters

Square kilometers
Square kilometers

Cubic centimeters
Cubic meters
Cubic meters

Cubic centimeters
Milliliters

Cubic decimeters
Liters

Cubic centimeters
Liters

Cubic centimeters
Cubic decimeters

Liters
.. Cubic meters
Cubic decimeters

Liters
Liters
Liters

Cubic meters
Liters



Table II

QUANTITIES AND UNITS OF MECHANICS Multiply

Table II-Continued

By To obtain

FORCE/AR"'E...;A:....- _

MASS/VOLUM._E...;I.:.D_E...;N.:.SI_T_Y..:.I _

Multiply _

Grain, 1117.000 Ibl
Troy ounces (480 grains)
Ounces (avdpl
Pound, (avdpl
Short ton, (2.000 Ibl
Short ton, (2.000 Ib)
Long ton, 12.240 Ib)

Pounds per square inch
Pounds per SQuare inch
Pounds per square foot
Pounds per square foot

Ounces per cubic inch
Pounds per cubic foot
Pounds per cubic foot
Tons (long) per cubic yard

Ounces per gallon (U.S.)
Ounces pe, gallon (U,K.)
Pound, per gallon (U.S.I
Pound, per gallon (U.K.)

Inch-pounds
Inch-pounds
Foot·pounds
Foot-pounds
Foot-pounds per inch
Ounce-Inches

Feet per second
Feet per second
Feet per year
Miles per hour
Miles per hour

Feet per second 2 .

By

M~,SS

54.79891 (exactly)
31.1035
28.3495

0.45359237 (exactly)
907.185

0.9071B5
1,016.05

0.070307
0.689476
4.88243

47.8803

1.72999
16.0185
0.0160185
1.32894

MASS/CAPAC ITY

7.4893
62362

119.829
99.779

BENDING MOMENT OR TORQUE

0.011521 ...
1. 12985 x 106

0.138255 ...
1.35582 x 107

5.4431
72008

VELOCITY

30.48 (e.actly)
0.3048 (exactly)"

"0.965873 x 10-6

1.609344 (e..ctlyl
0.44704 lexactly)

ACCELERATION"

"0.3048

To obtain

Milligrams
Grams
Grams

Kilograms
Kilograms

Metric tons
Kilograms

Kilograms per square centimeter
Newtons per SQuare centimeter

Kilograms per square meter
NE"Wtons per square meter

Grams per cubic centimeter
Kilograms per cubic meter

Grams per cubic centimeter
Grams per cubic centimeter

Grams per liter
Grams per liter
Grams pef liter
Grams per liter

Meter·kilograms
Centimeter-dynes

Meter.kilograms
Centimeter-dynes

Centimeter.kilograms per centimeter
Gram-centimeters

Centimeters per second
Meters per second

Centimeters per second
Kilometers per hour

Meters per second

Meters per second 2

British thermal units (Btu)
British thermal units (Btu)
Btu per pound
Foot·pounds

Horsepower .
Btu per hour
Foot-pounds per second

Btu in./hr ft2 degree F (k,
thermal conducti"ity) ..

Btu in./hr ft2 degree F (k.
thermal conductivity)

Btu ft/hr ft2 degree F .
Btu/hr ft2 degree F (C.

thermal conductance)
Btu/hr ft2 de!Jfee F (C.

thermal conductance)
Degree F hr ft2/Btu (R.

thermal resistance)
Btu/lb degree F (c. heat capacity)
Btu/lb degree F . .. .,
Ft2/hr (thermal diffusivityl
Ft2/hr Ithermal diffu,;vity)

Grains/hr ft 2 (water vapor)
transmissionl

Perms (permeance)
Perm-inches (permeability)

Multiply

WORK AND ENERGY"

"0.252
1.055.06

2.326 (exactly I
"1.35582

POWER

745.700
0.293071
1.35582

HEAT TRANSFER

1.442

0.1240
"1.4B80

0.568

4.882

1.761
4.1868

'1.000
0.2581

"0.09290

WATER VAPOR TRANSMISSION

16.7
0.659
1.67

Table III

OTHER QUANTITIES AND UNITS

By

Kilogram calories
Joules

Joules per gram
Joules

Watts
Watts
Watts

Milliwatts/cm degree C

. . Kg cal/hr m degree C
Kg cal m/hr m2 degree C

Milliwatts/cm2 degree C

Kg cal/hr m2 degree C

Degree C cm2/milliwatt
J/g degree C

Cal/gram degree C
...... Cm2/",c

M2/hr

Grams/24 hr m2

Metric perms
"Metric perm-eentimeters

To Obtain

Cubic feet per second
(,,,,,and-feet)

Cubic feet per minute
Gallons (U.S.) per minute.

Pounds
Pounds
Pounds

FLOW

"0.028317
0.4719
0.06309

FORCE"

"0.453592
"4.4482 ...
"4.4482 x 105

Cubic meters per second
Liters per second
liters per second

Kilograms
Newtons

Dynes

Cubic feet per square foot per day (seepage)
Pound-seconds per square foot (viscosity)
Square feet per second (viscosity)
Fahrenheit degrees (changel"
Volts per mil
Lumens per square foot (foot-candles)
Ohm-circular mils per foot
Millicuries per cubic foot
Milliamps per square foot
Gallons per square yard
Pounds per inch.

"304.8
"4.8824
"0.092903 .
5/9 exactly
0.03937

10.764
0.001662

"35.3147 .
"10.7639

• 4.527219
"0.17858

Liters per square meter per day
Kilogram second per square meter

Square meters per second
Celsius or Kelvin degrees (change)·

Kiiovolts per millimeter
Lumens per square meter

Ohm-square millimeters per meter
Millicurles per cubic meter
Milliamps per square meter

Liters per square meter
Kilograms per centimeter
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ABSTRACT

Five steel pipes of various diameters and wall thicknesses were buried in a large soil
container in a lean clay backfill compacted to 100% of Proctor maximum dry density.
Surcharge loads were applied to the soil surface over the pipe with a large universal testing
machine. Measurements of soil pressures on tho pipe and soil container walls, changing
dimensions of the pipe, soil movement around the pipe, and strain on the inner surface of
each pipe were made during a l-day test. Three pipes failed by elastic buckling at vertical
deflections of less than 10010. The other 2 pipes were stiffer and deflected elliptically up to
15% without failing (formation of plastic hinges). The amount of horizontal deflection for
the 2 elliptically deformed pipes depended on the stiffness factor. The horizontal
deflection curves compared well with the Iowa Formula using an e· (modulus of passive
r85istance~ of 920 psi.
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Five steel pipes of various diameters and wall thicknesses were buried in a large soil
container in a lean clay backfill compacted to 100% of Proctor maximum dry density.
Surcharge loads were applied to the soil surface over the pipe with a large universal testing
machine. Measurements of soil pressures on the pipe and soil container walls, changing
dimensions of the pipe, soil movement around the pipe, and strain on the inner surface of
each pipe were made during a 1-day test. Three pipes failed by elastic buckling at vertical
deflections of less than 10010. The other 2 pipes were stiffer and deflected elliptically up to
15% without failing (formation of plastic hingesJ. The amount of horizontal deflection for
the 2 elliptically deformed pipes depended on the stiffness factor. The horizontal
deflection curves c.umpared well with the Iowa Formula using an e' fmodu'us of passive
resistance~ of 920 psi.
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each pipe were made during a 1-day test. Three pipes failed by elastic buckling at vertical
deflections of less than 10010. The other 2 pipes were stiffer and deflected elliptically up to
15% without failing Uormation of plastic hinges), The amount of horizontal deflection for
the 2 elliptically deformed pipes depended on the stiffness factor. The horizontal
deflection curves compared well with the Iowa Formula using an e' (modulus of passive
resistance) of 920 psi.

ABSTRACT

Five steel pipes of various diameters and wall thicknesses were buried in a large soil
container in a lean clay backfill compacted to 100% of Praetor maximum dry density.
Surcharge loads were applied to the soil surface over the pipe with a large universal testing
machine. Measurements of soil pressures on the pipe and soil container walls. changing
dimensions of the pipe, soil movement around the pipe, and strain on the inner surface of
each pipe were made during a l·day test. Three pipes failed by elastic buckling at vertical
deflections of less than 10010. The other 2 pipes were stiffer and deflected elliptically up to
15% without failing (formation of plastic hinges). The amount of horizontal deflection for
the 2 elliptically deformed pipes depended on the stiffness factor. The horizontal
deflection curves compared well with the Iowa Formula using an e' (modulus of passive
resistance) of 920 psi,
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