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INTRODUCTION

As water becomes more valuable, the trend in
distribution systems is from canals to closed conduits.
Closed systems have higher construction costs but they
reduce water losses and operation and maintenance
costs. In an effort to lower the construction costs, the
Bureau has been investigating the soil-structure
interaction of buried pipe.

Progress Report No. 1 (EM-763)! describes the
laboratory testing program and procedures for an
investigation of buried steel pipe. The pipe is buried in
a large steel soil container, and surcharge loads are
applied by a large universal testing machine. Two Test
Series were outlined in Progress Report No. 1: Series
FA includes testing nine steel pipe in a uniform,
homogeneous soil backfill compacted to 90 percent
Proctor maximum dry density; Series FB includes tests
on identical pipe in soil compacted to 100 percent
Proctor.

This report is an analysis and summary of Test Series
FA. Five of the individual tests (plus a special test on
reinforced plastic mortar pipe) were reported in
Progress Report No. 1. The results of the four
remaining tests are presented in Appendix A of this
report. One of the tests in the series was repeated and a
comparison of the two tests is presented in Appendix
B.

TESTING PROGRAM

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

Test FA-24-10 where—
F refers to flexible pipe
The second letter refers to the conditions of
bedding and backfill around the pipe. In this
case, “A” means the soil was placed at 90
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

Test FA-24-7 was repeated because of minor
equipment malfunctioning and to see if the test results

! Refers to references listed on page 6.

were reproducible. Although the test results were
identical, the repeat test is the one that is discussed in
the main part of this report.

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 for each pipe load test is presented in Table 1.
The mean density for each separate pipe test ranged
from 88.5 to 91.4 percent Proctor with an average
mean for all the tests of 90.2 percent Proctor. The
standard deviation for the densities in each test ranged
from 1.1 to 2.6 percent. The means of the moisture
content for each test ranged from 11.3 to 12.0 percent
(12.0 percent is the optimum moisture for the soil)
with the standard deviations ranging from 0.2 to 0.6
percent. The values are close enough that the soil will
be considered as having a uniform density and moisture
content for all the tests.

A summary of the physical properties of the soil is
presented in Appendix C to this report, along with a
description of the method of density determination.

TEST PROCEDURE
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, EIl, of the pipe
where E is the modulus of elasticity of the steel and | is
the moment of inertia of a section of the pipe wall.
The wall stiffness, El, expresses the strength of the
pipe and is an important part of the pipe design. The
El values are listed in Table 2.

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 polyethylene film.
The soil is placed in 6-inch (15cm) loose lifts and
compacted with a pneumatic hand tamper to the
required density. When the soil is placed to 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 raising during soil compaction under the




sides of the pipe. The soil is then compacted beside the
pipe and 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.

Load Test

The stiffeners and braces are removed. All
instrumentation is connected and initial readings are
taken. Each load increment is applied at 1-hour
intervals with a uniform loading rate of 2 psi per
minute (0.14 kg per sq cm). Most of the instruments
are read at 1 minute and 60 minutes after each load is
applied. Readings between these times vary with the
instruments. The load increment depends on the
estimated surcharge required to deflect the pipe at least
20 percent in an 8-hour period.

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-deep steel soil container and
placed with the longitudinal axis of the pipe 4 feet (1.2
m) below the soil surface. Details of the container are
given in Report No. EM-7182.

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
Soils Engineering Branch (details in Report No.
EM-657%). The cell contains a fluid-filled chamber
covered by a sensitive outer diaphragm. Pressures
created within this fluid chamber by earth 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 the outer diaphragm of the pressure cell.

Soil Movement Indicators

*T"-shaped pieces of aluminum are buried 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 walls so that 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 revolving shaft along the longitudinal
axis of the pipe is used at intervals 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.

IOWA FORMULA

The most common method of pipe design is based on
the lowa Formula*. The origin of the formula,
definition of terms, and its application to the USBR
tests are described in Appendix D. For these tests, the
lowa Formula has been rearranged and simplified to:

AX/D =P 63 0,061 ¢ 100!
where
AX/D = Percent of horizontal deflection at
the 1-minute readings
AX = Horizontal deflection in inches

D = Pipe diameter in inches

p Applied surcharge pressure in psi

El/r3 Ring stiffness of pipe in psi

E = Modulus of elasticity of the pipe
wall material in psi

] = Moment of inertia in inches 4/inch

of a 1-inch (2.54 cm) length of pipe

= Pipe radius in inches

e’ = Modulus of passive resistance of the
soil in psi

]

-
|

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



TEST RESULTS
Pipe Deflection

The vertical load-deflection curves and the horizontal
load-deflection curves for all the steel pipe tested in
Test Series FA are shown in Figures 1 and 2,
respectively. The values used are the 1-minute readings;
for these, a deflection lag factor of 1.0 in the lowa
Formula is assumed. Because of the uniformity of the
backfill density and moisture, the modulus of passive
resistance (e} for all the tests should be approximately
equal. The percent deflection predicted by the lowa
Formula for equal surcharge pressures (p) then depends
only on the Ring Stiffness Factor (El/r3) for the pipe.
Table 2 gives the various expressions for stiffness for
each test pipe. The following values are a summary of
the empirical Ring Stiffness Factors for the test pipe:

Test No. Ring stiffness factor psi
FA-18-7 21.7
FA-18-10 9.7
FA-18-14 2.0
FA-24-7 10.2
FA-24-10 4.
FA-24-14 0.7
FA-30-7 4.2
FA-30-10 1.7
FA-30-14 0.3

The pipe can then be divided into four groups,
depending on the Ring Stiffness Factors, of El/r> equal
to 0 to 2 psi (0.1 kg per sq cm), 4 psi (0.3 kg per sq
cm), 10 psi (0.7 kg per sq cm), and 22 psi (1.5 kg per
sg cm). The horizontal deflection-load curves for each
group are plotted in Figures 3 through 6, along with
the theoretical curve for the lowa Formula. An e’ of
500 psi (35.2 kg per sq cm) was assumed for the
theoretical curves. When the theoretical curves are
shifted 10 psi (0.7 kg per sqg cm) on the ordinate
(surcharge load) of each graph, there is good
correlation between the empirical and the theoretical
curves. The 10 psi can be considered as a seating load,
necessary in the soil container load test to overcome
the frictional resistance between the soil and the
container wall.

The vertical deflection (AY) is generally assumed to be
the same as the horizontal deflection (AX). However,
in these tests the AX/AY ratio ranged from 0.6 to 0.9
depending on the shape of the pipe deformation. The
horizontal deflection, rather than the vertical

deflection, had the best correlation with the lowa
Formula.

Photographs of the pipe after removal from the soil
container are shown in Figure 7. The deformed shapes
range between elliptical and rectangular patterns. Pipe
that deformed elliptically failed by plastic hinges
forming at the horizontal diameter of the pipe (at 90°
and 270° where 0° is the top of the pipe). The
rectangularly deformed pipe has four plastic hinges
form, generally at 45°, 1356°, 225°, and 315°. At early
stages of the tests, the location of the plastic hinges can
be predicted from strain gage readings on the inside of
the pipe. The shape of the deformation depends on the
relationship of the pipe stiffness to the soil stiffness.
For these tests, pipe with Ring Stiffness Factors of 10
psi (0.7 kg per sq cm) or higher deformed elliptically.
Pipe with Ring Stiffness Factors of 2 psi (0.1 kg per sq
cm) or lower deformed rectangularly. The intermediate
pipe deformed somewhere between elliptical and
rectangular.

The elliptically deformed pipe had AX/AY ratios of 0.8
to 0.9, while the rectangularly deformed pipe had
ratios of 0.6 to 0.8.

Effect of Soil Container
on Test Results

The four tests completed since EM-763 show similar
patterns of soil movement between the pipe and the
container wall. In general, about half of the soil
movement occurred in the 9 inches (23 cm) of soil
adjacent to the pipe.

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 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.

At 30 psi (2.1 kg per sq cm) surcharge, 12 out of 17
readings showed that the cells opposite the pipe were




measuring higher pressures than the other cells. The
pressures due to the movement of the sides of the pipe
were being measured at 21 to 27 inches (53 to 69 cm)
(depending on the pipe diameter) away from the pipe.

Figure 8 shows all of the readings for the cells above
the influence of the pipe. A line representing the
horizontal soil pressure for Ko = 0.5 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.

Soil Pressures on the Pipe

The soil pressures on the top of the pipe were about 50
percent of the applied surcharge for the 14-gage pipe
and about 75 percent for the others. -

The pressures on the bottom of the pipe have no
apparent relationship with the other pressures on the
pipes. At 10 psi (0.7 kg per sq cm) surcharge, Cell No.
11 (at the bottom of the pipe) had O psi in Test
FA-24-10 and had 44 psi (3.1 kg per sq cm) in Test
FA-18-10. These variations in the bottom pressures
probably depend 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 soil, or the weight of the pipe and the soil
on top was concentrated in an area of circumference
on the bottom where the pressure cell is located. In
general, for Test Series FA, the heavier pipe had higher
pressures on the bottom than the lighter pipe.

The pressures on the top and bottom of the pipe varied
linearly with load until about 7 to 8 percent deflection (5
percent for the 14-gage pipe) when the pressures started
decreasing; the soil arches over the flattening top and
bottom of the pipe and is no longer in firm contact with
the pipe at the cell location.

Generally, the average soil pressures on the horizontal
diameter of the pipe were equal to the applied
surcharge. The pipe that deformed elliptically had
about 25 percent higher pressures while the rectangular
pipe had side pressures about 25 percent lower than
the applied surcharge pressure.

Strain Gage Readings

Prediction of the final failure patterns (elliptical or
rectangular) by observing the early pipe deformations
is difficult. The deformation shape is important
because it influences the percent of deflection of the

pipe and its resistance to failure. However, at low
surcharge loads the strains on the inner surface of the
pipe reflect where the high stresses are and where
plastic hinges are likely to occur. If there are high
tensile strains at 0° and 180° and high compressive
strains at 90° and 270° the pipe is deforming
elliptically. If the strains at these locations are zero or
very low, and high compressive strains occur at 45°,
1350, 225°, and 315°, the pipe is deforming
rectangularly.

Strain gage readings, then, provide useful information
as to how the pipe would eventually fail.

Failure of Flexible Steel Pipe

For flexible steel pipe, Spangler states that failure by
collapse usually occurs around 20 percent vertical
deflection. The 20 percent value is the result of
observations of corrugated-steel culverts in the field.
Using a safety factor of 4, permissible vertical
deflection is then 5 percent®. To prevent cracking of
cementcoated or lined steel pipe, a maximum of 2
percent vertical deflection has been established.

Failure of the steel pipe in these laboratory tests is
defined as the formation of a noticeable plastic hinge
anywhere in the pipe. This generally occurred between
16 and 22 percent vertical deflection with permanent
deformation of the pipe occurring at much lower
vertical deflections. The vertical deflections of the pipe
were generally linear to about 15 percent and then the
slopes of deflection-load curves decreased slightly.
Following the formation of plastic hinges, the elliptical
pipe load-deflection curves did not change
significantly. The soil surface loading was continued
until the maximum surcharge of 100 psi (7.0 kg per sq
cm) was reached. The final deflections at this load
ranged from 20 to 27 percent. None of the elliptically
deformed pipe collapsed. For the rectangular deformed
pipe, downward buckling and collapse of the top of the
pipe occurred soon after the formation of the plastic
hinges at about 45° on both sides of the top of the
pipe. The following table gives the percent of vertical
defiection at which a plastic hinge formed in the test

pipe:

Test No. Percent of vertical deflection
FA-18-7 20
FA-18-10 21
FA-18-14 18
FA-24-7 16



Test No. Percent of vertical deflection

FA-24-10 18
FA-24-14 17
FA-30-7 21

FA-30-10 20
FA-30-14 8"

*Elastic buckling occurred.

Four of the pipe failed between 20 to 22 percent
vertical deflection. Four failed between 16 and 18
percent and one (FA-30-14) failed by elastic buckling
at 8 percent. Generally the elliptically deformed pipe
failed at the higher deflections.

Compared to the rectangularly deformed pipe, the
elliptically-deformed pipe appears to have the
advantage of failing at higher deflections and of
resisting collapse after failure occurs.

Buckling of Flexibie Steel Pipe

There are two categories of buckling of structures,
elastic and inelastic. Elastic buckling is best explained
by the usual textbook example of a column. If an axial
compressive load, P, is applied at the ends of the
column, a compressive stress, P/A (A = area of
column), results at all cross sections of the column. If
the length to radius of gyration ratio is high enough
(i.e., a long slender column), the column may collapse
through instability even though the compressive stress
is less than the yield stress of the material. This is
elastic buckling, signifying that the member failed even
though the material was still in its elastic range. The
load, P, at which elastic buckling occurs is termed the
critical load, P and depends on the EI/L2 of the
column where E = modulus of elasticity of the
material, | = least moment of inertia and L = length of
column.

Two types of inelastic buckling can occur depending
on the stress-strain curve of the material. If the
material has a stress-strain curve with no well-defined
proportional or yield point, the structure may fail
through instability even though the material is
definitely in the inelastic range. When the material has
a stress-strain curve with a definite yield point (mild
steel, for example), very large strains occur when the
material reaches its yield point and no destinction can
be made between inelastic buckling and failure by
yielding.

The steel pipes used in this study were of material that
had the latter type of stress-strain curve. Failure by

yielding was the general mode of failure for the pipe.
Strains corresponding to the yield point of the material
occurred early in the test at certain points on the inner
circumference of the pipe. It then took several more
surcharge loads to deflect the pipe enough for the
yielding to occur throughout the pipe wall creating a
plastic hinge that led to collapse of the pipe.

In Test FA-30-14, however, the pipe suddenly failed at
the low vertical deflection of 8 percent. Strain readings
on the inner circumference of the pipe only passed the
yield strain point of the material after the failure
occurred. A plot of the strain gage readings (Figure 9)
for Test FA-30-14 showed certain large increases in
strain readings and reverses of compression to tension.
Previous tests showed proportional increases in strain
and uniform strain patterns around’ the circumference
of the pipe. Apparently Test FA-30-14 failed by elastic
buckling. This pipe was the most flexible of any of the
pipes tested.

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. The following conclusions are from the
results of nine tsts in Test Series FA, in which the
surrounding soil was placed at 90 percent of Proctor
maximum density:

1. For uniform soil backfill, the horizontal
deflection of the pige is dependent on the Ring
Stiffness Factor (E1/r°) of each pipe.

2. Assuming a seating load of 10 psi (0.7 kg per sq
cm), the test pipe horizontal deflection-load curves
followed curves based on the lowa Formula. A
deflection lag factor, Dj, of 1.0 and a modulus of
passive resistance (e’), of 500 psi (35.2 kg per sq
cm) were used to determine the theoretical curves.

3. The vertical deflection of the pipe depends on
the horizontal deflection of the pipe and the shape
of the deformation (elliptical or rectangular) of the

pipe.

4. The shape of the pipe deformation depends on
the relationship between the pipe stiffness and the
soil stiffness. The deformed shape of the pipe
ranged between elliptical and rectangular. In these
tests, for low Ring Stiffness Factors (El/r3) below
2.0 psi (0.14 kg per sq cm), the pipe deformed
rectangularly. For high Ring Stiffness Factors, 10.0



psi (0.70 kg per sq cm/} or higher, the pipe deformed
elliptically. For intermediate Ring Stiffness Factors,
the deformed shapes were somewhere between
elliptical and rectangular.

5. Elliptical pipe deformation created high
compressive strains on the inner surface of the pipe
at the horizontal diameter of the pipe (at 90° and
270°). Rectangular pipe deformation created high
compressive strains at four locations, generally at
45°, 135°, 225°, and 315°. These points of high
strain are where plastic hinges formed when the pipe
failed.

6. About one-half of the horizontal soil movement
between the pipe and the container wall occurred
within 9 inches {23 cm) of the pipe. The horizontal
soil pressures at points above the influence of the
deflecting pipe were about one-half of the applied
vertical surcharge pressure. The pressure on the
container walls opposite the pipe were higher
indicating that the effect of the pipe deflecting was
being measured at the container walls. Because of
the restraining effects of the steel soil container,
results of these and future tests should be correlated
to actual field performance to validate the results.

7. The soil pressures on the top of the pipe were 50
to 75 percent of the applied surcharge pressure. The
pressures on the bottom of the pipe depended on
uncontrollable differences in compacting the soil
around the lower half of the pipe. Both the top and
bottom pressures decreased after the pipe had
deflected 7 to 8 percent. The soil arched over the
flattening pipe and the soil is no longer in firm
contact with the pressure cells.

8. Generally, the average soil pressures on the
horizontal diameter of the pipe were equal to the
applied surcharge pressure.

9. The strain gage readings on the inner
circumference of the pipe provide an early
indication of the type of failure of the pipe,
rectangular or elfiptical.

10. The pipe formed pilastic hinges (considered
failure) between 16 and 22 percent vertical
deflection. The elliptically deformed pipe were
more stable than the rectangularly deformed ones.
The 30-inch (76.2-cm) 14-gage pipe failed by elastic
buckling.

APPLICATIONS

The initial series of tests show a significant relationship
with the lowa Formula for pipe design. Although the
tests simulated a simplex condition, a basis for
investigating systems representing typical field
conditions; i.e., trench construction, beddings, etc., has
been established.
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Table 1
BACKFILL SOIL DENSITY AND MOISTURE

Backfill density in percent

Number of of Proctor maximum dry density Soil moisture
Test No.  density tests Range Mean Standard devia- Range Mean Standard devia-
percent  percent tion-percent percent  percent tion-percent
FA-18-7 6 86.5-94.1 90.2 251 10.7-12.1 116 0.53
FA-18-10 13 87.9-91.9 89.6 1.17 11.0-11.8 11.4 0.23
FA-18-14 6 88.4-929 90.1 1.78 11.3-124 11.7 0.37
FA-24-7 12 88.6-94.7 914 2.02 11.3-125 120 0.39
FA-24-10 6 86.4-92.3 88.5 2.40 11.2-125 11.7 0.40
FA-24-14 8 85.1-929 90.8 2.63 11.2-13.1 116 0.62
FA-30-7 7 86.7-93.7 90.2 2.61 10.8-116 11.3 0.22
FA-30-10 8 88.5-92.0 90.6 1.07 11.5-12.1 118 0.24
FA-30-14 8 87.5-92.2 905 1.54 11.2-11.8 115 0.17
Table 2
WALL STIFFNESS FACTORS FOR IOWA FORMULA
Theo. wall Empirical wall  Ring Stiffness Diameter
Radius Wall thickness stiffness stiffness! Factor thickness
Test No. r t El El El/r3 ratio-D/t
inches cm inches mm  in.-lb m-kg in.-lb  m-kg psi kg/cm2
FA-18-7 9.007 22.878 0.1843 4.681 15,139 17442 15,835 18244 21.7 1.32 98
FA-18-10 8967 22,776 0.1391 3.533 6,614 76.20 6,955 80.13 9.7 0.68 129
FA-18-14 8.995 22.847 0.0796 2.022 1,082 1247 1455 16.76 20 0.14 226
FA-24-7 11996 30470 0.1880 4.775 16,612 191.39 17,635 203.17 10.2 0.72 128
FA-24-10 12.007 30.498 0.1400 3.556 6,743 7769 7,050 81.22 4.1 0.29 172
FA-24-14 12.022 30.536 0.0750 1.905 1,061 12,11 1,140 13.13 0.7 0.05 321
FA-30-7 15.008 38.120 0.1771 4498 14,076 162.17 14,250 164.17 4.2 0.30 169
FA-30-10 15.003 38.108 0.1309 3.325 5651 6395 56565 6515 1.7 0.12 229
FA-30-14 15.013 38.133 0.0764 1.941 1,132 1304 1,145 13.19 03 0.02 393

! From three-edge bearing test.
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Figure 5.
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Figure 6.
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Figure 7.

Final deformed shapes of steel pipe in Test Series FA. Photo PX-D-67704
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Pressure Cell Readings - psi
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APPENDIX A
RESULTS OF FOUR TESTS IN TEST SERIES FA
WITH SOIL AT 90 PERCENT COMPACTION

FA-24-7
FA-30-7
FA-30-10
FA-30-14







APPENDIX A

INTRODUCTION

The test results are shown graphically in Figures A—1
to A—23 in the following order:

Pipe deflection versus applied surcharge (A-1 to
A-4)

Strain gage readings (A—5 to A—7)

Soil movement between pipe and soil container wall
{A—81to A-11)

Pressure cell readings versus applied surcharge
(A—12 to A-15)

Soil surface settlement (A—16 to A—19)

Pipe settlement (A—20 to A—23)

The soil surface and pipe settlement readings are
plotted versus time. All of the other graphs have the
1-minute readings plotted. For the pressure cells, the
readings changed very little over a 60-minute period.
The pipe deflections at 1 minute are the immediate
reaction of the pipe to the surcharge. The change in
deflections over 60 minutes is due to the
time-consolidation rate of the surrounding soil. Using
1-minute readings allows a comparison to be made with
the theoretical results from the lowa Formula using a
Deflection Lag Factor (D)} of 1.0. Over 60 minutes
the deflections generally increased about 25 to 33
percent.

TEST RESULTS

Pipe Deflection and Failure

One-minute deflection measurements for the vertical
and horizontal diameters are shown individually for
each test in Figures A—1 to A—4. After a surcharge
load of 10 to 15 psi (0.7 to 1.1 kg per sq cm), the
deflection-load curves are nearly linear except for Test
FA-30-14, which failed by elastic buckling.

Tests FA-24-7 and FA-30-7 deformed elliptically while
FA-30-10 and FA-30-14 deformed rectangularly. These
failure shapes are confirmed by the plots of the strain
gage readings for each test (Figures A—5to A—7). The
strain gage graph for FA-30-14 was presented and
discussed in the main part of the report.

Effect of the Soil Container
on Test Results

In Test FA-24-7, Figure A—8, about one-third of the
soil movement occurred in the 6 inches (15 cm) of soil
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adjacent to the pipe. For the 30-inch (76-cm) diameter
pipe, Figures A--9 to A--11, there was only 27 inches
(69 cm) of soil between the pipe and the container
wall; 25 to 40 percent of the movement occurred in
the adjacent 3 inches (8 c¢cm) of soil and 50 to 60
percent occurred in the 9 inches (23 cm) of soil
adjacent to the pipe. For the 30-inch (76-cm) diameter
pipe the remainder of the soil movement was a straight
line relationship terminating at the container wall. The
curves for Test FA-24-7 appear to terminate beyond
the container wall.

The pressure cell readings are shown in Figures A—12
to A—15. For three of the four tests, the cells in the
soil container wall opposite the pipe showed higher
pressures than the cells above the influence of the pipe.
Unlike the five previous tests, the pressure-load curve
for these tests showed as yet unexplained sudden
changes in slope at about 20-psi (1.4-kg per sq c¢m)
surcharge.

Soil Pressures on Pipe

Except for Test FA-30-14, the pressures on the sides of
the pipe varied linearly with the applied surcharge and
were equal to 100 to 150 percent of this surcharge
pressure. There was better agreement between the cells
on opposite sides of the pipe than in the previous tests.
Based on the experience that the side pressures were
proportional to the movement of each side, this would
indicate that the pipes deflected evenly into the soil on
either side.

The pressure on the top of the pipe increased linearly,
at about 75 percent of the applied surcharge pressure,
until the soil over the pipe started arching over the
flattening top of the pipe. The soil then was not in firm
contact with the pressure cells, and the pressures
started decreasing. The percent vertical deflection at
which each test showed decreasing top pressure is
shown below (compare Figures A—1 to A-4 with
Figures A-—-12 to A-15):

Test No. Percent of vertical deflection
FA-24-7 7.2
FA-30-7 6.2
FA-30-10 6.0
FA-30-14 4.6

For the previous five tests, the decreasing pressures
started between 5 and 8 percent vertical deflection.




The pressures on the bottom of the pipe show the same
relationship of decreasing pressures according to
deflection but the magnitude of the pressure is not
proportional to the applied surcharge pressure.
Apparently, uncontrollable differences in compacting
the soil around the bottom of the pipe affect the
distribution of pressures under the pipe. In some cases
hand tamping the soil around the bottom of the pipe
slightly raised the bottom of the pipe so that the
pressures were distributed differently from those
(particularly the heavier pipe) that were not raised.

Pipe and Soil Settlement

The settlement of the top soil surface of the container
is shown for each test in Figures A—16 to A—19. These
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measurements were made with two dial gages, one on
the south end of the container and one on the north
end. The soil surface settlement was generally linear on
the semilog plot of settlement versus time.

The settlement of each pipe is illustrated in Figures
A—20 to A—23. These curves were also generally linear
on a semilog plot. The stiffer pipe settled more than
the more flexible pipe.
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Figure A-2.
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Figure A-3.
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Figure A-4.
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Figure A-16.

Settlement - Inches
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Figure A-17.
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Figure A-18.
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Figure A-19.
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Figure A-20.
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Figure A-21.
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Figure A-22.
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APPENDIX B
COMPARISON OF DUPLICATE TESTS FA-24-7 AND FA-24.7R







APPENDIX B

INTRODUCTION

Test FA-24-7 was repeated because of questionable
data, instrumentation malfunction, and to see if the
load test results were reproducible. The repeat test,
FA-24-7R, had results indicating that the results are
reproducible. Because Test FA-24-7R had more
complete data, it was used for comparison with the

The data in question were the soil pressures on the
pipe. The average pressure of the two pressure cells in
the sides of the pipe for Test FA-24-7 was
conspicuously higher than for any of the previous tests.
In addition, the telescoping tubes measuring the soil
movement between the pipe and the soil container wall
jammed in Test FA-24-7, preventing any useful data
from being obtained.

others in Test Series FA.
PHYSICAL PROPERTIES OF PIPE

The physical properties for the two pipes are compared in the table below:

Average Average wall Theoretical Actual El El after Percent
Test No. diameter thickness El before holes holes vertical
inches inches in.-lb in.-lb in.-lb deflection
FA-24-7 24.022 0.1865 16,217 17,958 17,346 1.0
17.106 16,486 3.7
FA-24-7R 23.991 0.1880 16,612 18,5634 18,033 0.8
17,418 16,924 3.5
Average Average wall Theoretical Actual El El after Percent
Test No. diameter thickness El before holes holes vertical
cm mm m-kg m-kg m-kg deflection
FA-24-7 61.02 474 186.84 206.89 199.84 1.0
197.08 189.94 3.7
FA-24-7R 60.94 478 191.39 213.563 207.76 0.8
200.67 194.98 35

The test pipe for the repeat test appeared to be about 2 to 3 percent stiffer than the test pipe for the first test.

SOIL PROPERTIES
The backfill for the repeat test was slightly denser and the moisture content was higher.
Percent moisture

Number of Density-percent of Proctor

Test No.  density tests Range Mean Standard deviation Range Mean Standard deviation
FA-24-7 10 88.6—92.5 90.3 1.1 10.7-11.8 114 0.3
FA-24-7R 12 88.6-94.7 914 2.0 11.3-125 120 0.4

The FA-24-7R test had the highest moisture content of any test in the series. The higher moisture content made
the density control more difficult as can be seen by the standard deviation of the densities.
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TEST RESULTS
Pipe Deflection

The 1-minute readings of pipe deflection are shown in
Figure B—1 for the two tests. Considering that the
repeat test pipe was 2 to 3 percent stiffer and that the
soil was slightly denser for the repeat test, the two tests
can be considered identical regarding pipe deflection.

Soil Pressures on the Pipe

Soil pressures for Test FA-24-7 are plotted in Figure
B—2, and Test FA-24-7R in Figure B—3. The soil
pressures at locations 9, 10, and 12 were nearly the
same for the two tests. The pressure at location 11 is
dependent on the placement conditions and methods
and can vary widely as in the case of these two tests.
As in all previous tests, the pressure change with time is
not significant.

Soil Pressures on the Soil Container

In Test FA-24-7, the pressure cells at the same
elevation as the pipe registered higher pressures than
the cells above the influence of the pipe (Figure B—2).
In Test FA-24-7R (Figure B—3), there was little
difference between the four pressure cells. In both
tests, a drop in soil pressure was measured at 30 or 40
psi (2.1 or 2.8 kg per sq cm) surcharge pressure. This
pressure drop has occurred in some of the other tests.
The reason for this drop is yet to be explained.

In neither of the 24-7 tests did the upper pressure cells
reflect the observation made in all the earlier tests that
these cells registered pressures that were within plus or
minus 5 psi (plus or minus 0.4 kg per sq cm) of a Ko of
0.5.

Soil Surface and Pipe Settlement

The soil surface surcharge was applied in 10 psi (0.7 kg
per sq cm) increments at 1-hour intervals up to 50 psi
(3.5 kg per sq-cm) in both tests. While the repeat test
had additional surcharges of 55 and 60 psi (3.9 and 4.2
kg per sq cm), the first test had additional loads of 60
and 70 psi (4.2 and 4.9 kg per sq cm) applied and held
for an hour. The time-settlement curves for the two
tests are shown in Figure B—4. Although the repeat test
density was slightly higher than the first test, the
moisture content was also higher (0.5 percent) and the
soil surface settlement was 10 to 25 percent greater.
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Time-settlement curves for the bottom of the pipe are
compared in Figure B—5. The curves for the two tests
are identical up to the 40 psi (2.8 kg per sq cm)
1-minute reading and then the rate of settlement varies.
However, the resulting differences are only about 0.10
inch (3 mm) and the pipe settlement can be considered
equal for both tests.

The final soil settlement at various elevations in the soil
container is shown in Figure B—6. The settlement
pattern was the same for both tests. Since the two
pipes settled and deflected the same and the surface
settlement was larger for the repeat test, the vertical
deflection appears to be independent of the soil
settlement above the pipe.

Soil Movement at Side of Pipe

The 1-minute readings of the telescoping tubes are
plotted in Figure A—8 for Test FA-24-7R. Also plotted
is the last reading of the telescoping tubes and the
movement of the “T" markers that were buried in the
soil. About one-third of the total soil movement
between the pipe and the wall occurred in the 6 inches
(15 cm) adjacent to the pipe at loads over 40 psi (2.8
kg per sq cm). Up to 40 psi surcharge load, the 6 inches
of adjacent soil accounted for 37 to 58 percent of the
movement.

CONCLUSIONS

One of the load tests on buried flexible pipe with
backfill soil compacted to 90 percent of Proctor
maximum dry density was repeated. The following
conclusions have been made from a comparison of the
test results:

1. The differences in the physical properties of the
pipe and the density and moisture of the soil
backfill are too small to have affected any of the
test results.

2. The results for Tests FA-24-7 and FA-24-7R are
identical except for the soil pressures on the walls of
the test container and the settlement of the soil
surface over the pipe.
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Figure B-4.

Settlement - Inches
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Figure B-5.

Settlement - Inches

0.2

0.4

0.6

0.8

l.o

1.2

1.4

l.6

1.8

2.0

0
-‘“——-—_:::r—- M —— —— 10 psi
(0. 7| k&l/sfa [am)
4
"\\:7\‘:*:~«~»
- — 20 psi
(1.} kgl/sg )
T —T =R | 30 phi »
(2.1} kgl/s | dm)}
— L] T TR 40 pbt
—— = | 4] (e /dqian
g s —— ] — e} —t— —_——t -
N\_’—‘—J—_\ L--l:-\
460 pbi 3
(L.2] kg/dq|qnm

0 00 1000

Time After Ioading - Minutes

Pipe settlement.

FA-2L-TR
e FhEHT

63

Settlement - Centimeters




Original Elevation -~ inches

8h

T2

60

&

24

la

COMPARISON OF SOIL CONSOLIDATION FOR FA-2L4-T7 AND FA-2L-TR

Soil Settlement-Centimeters

Q o) 10 15 20 25 30
B | I | 1 l 1
Tebt FA-2UFTR | >
e -
Lep . /// .._18
”~ N
= ! = TEEt FR=2LLT ;%;/
PR
V..
J}E’ e
z c
A —a
)32
P
y rd
4 /B
e’%
=)
ROV
, o
10 2.0 3.0 4.0 5.0 6.0 e 8.0 3.0 10.0 11.0 12.0

Soil Settlement - inches

Consolidation of soil in container.

Centimeters

"9-g 21nbi 4




APPENDIX C
PHYSICAL PROPERTIES OF TEST SOIL







APPENDIX C

INTRODUCTION

The same backfill soil, a reddish brown lean clay, has
been used for all the buried pipe tests, including earlier
tests on concrete pipe. Since it is reused freguently,
standard property tests are run periodically on samples
of the soil to determine any physical changes. As
related to the soil, a “load test” is defined here as the
placement of the soil around the pipe in the large soil
container, the loading of the surface of the soil by the
large testing machine, and its removal and processing
and preparation for the next load test. For the first
seven load tests, after the soil was removed from the
soil container, lumps were broken up by shovels. For
the remaining load tests, the soil was processed with a
commercial soil shredder.

The physical properties were determined using
standard test designations in the Earth Manual of the
Bureau of Reclamation.! The properties and the time
intervals between determinations are presented in
Table C-1.

STANDARD PROPERTIES

Gradation Analysis

Curves of the gradation of the soil are shown on Figure
C—1. Comparison of the curve for a sample of the soil
before any load tests were run and the curve for a
sample following nine load tests show that the soil was
about 10 to 15 percent finer after the tests. Following
this initial breakdown, the gradation of the soil has
remained constant. The variation between the
gradation curves succeeding the initial curve is about
the same as the variation that exists for two samples of
the soil tested at the same time.

Atterberg Limits and Specific Gravity

As shown in Table C—1, the Atterberg Limits changed
slightly due to the first series of load tests. The specific
gravity of the soil has remained relatively uniform.
Proctor Compaction Curve

Figure C-2 shows an compaction curve through

moisture-density points from six samples conducted in
April 1968 with the following results:

Proctor maximum dry
density = 120.0 pcf (1.92 g/cc)

Optimum moisture content = 12.0 percent

When the maximum density and optimum moisture
were determined separately for each of the six samples,
the maximum densities ranged from 118.6 to 121.8 pcf
(1.90 to 1.95 g/cc) and the optimum moisture from
11.8 to 12.5 percent. This range covers the values
found in single tests run in 1963 and 1966; therefore,
no conclusion can be drawn about a change in Proctor
compaction curve characteristics. These earlier test
values are summarized in Table C—1.

PLACEMENT QUALITY CONTROLS
Testing Equipment

The density of the soil container was measured by the
balloon density method. The volume of the density
test hole is found by placing a balloon in the hole and
filling it with water. The volume of the hole is then
assumed to be the same as the volume of water used.

To check on the consistency of the balloon density
method, eight density tests were run on the soil surface
of the container after a soil load test in which 100 psi
(7.0 ka/sq cm) has been applied to the soil surface. The
uniformity of the soil density in this case should be
about as accurate as could be manufactured for a
cohesive soil. For the eight tests, the range was 98.5 to
101.1 percent, the mean was 100.0 percent and the
standard deviation was 0.84 percent of Proctor
maximum dry density. It was concluded that
considering the accuracy of the testing equipment and
procedure, human error, and the homogenity of the
soil backfill, the balloon density test method is
consistent to plus or minus 1 percent of Proctor
maximum dry density.

Placement Procedure

To obtain 90 percent Proctor maximum density, a
6-inch (15-cm) loose lift of soil is placed in the
container and compacted with a pneumatic tamper to
about 4 inches (10 cm). Two passes with the tamper
are necessary. At first, the speed and overlap of the
tamping was left to the intuition and experience of the

1 U.S. Bureau of Reclamation, Earth Manual, 1st Edition, Revised 1963, Denver, Colorado.




FA-24-7 were prepared this way. The range of test
tamping was made at a set speed of 1 second per linear values and the standard deviation were reduced (see
foot. The operator paces himself by counting 1001, Table 1), which demonstrates the increase in
1002, 1003, etc. Tests FA-30-10, FA-30-14, and uniformity provided by the timing.

tamping operator. However, in the last three tests, the
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APPENDIX D
IOWA FORMULA FOR FLEXIBLE PIPE







APPENDIX D

INTRODUCTION

In 1941, M. G. Spangler, lowa State Engineering
Experiment Station, published a design procedure! for
flexible pipe that still serves as the main design method
in current use. Spangler and Watkins® later modified
the formula to include a more realistic value for the
soil parameter. The modified lowa Formula is given as:

AX = D __._'S.\_’.V_f_3.._.3_
El + 0.061 e'r
where
AX = horizontal deflection of the pipe,
inches
Dy = deflection lag factor to compensate
for the time-consolidation rate of
the soil, dimensionless
K = bedding constant which varies with
. the angle of the bedding,
- dimensionless
W “ 7 = load on the pipe per unit length,
pounds per linear inch
r = pipe radius, inches
El = pipe wall stiffness per unit length,
in pounds
e’ = modulus of passive resistance of

soil, pounds per square inch

DEFINITION OF TERMS
Deflection Lag Factor (D,)

After soil has been initially loaded, it continues &
deform (consolidate) with time. The Deflection Lag
Factor converts the immediate deflection of the pipe
to the deflection of the pipe after many years. Spangler
recommends a value of 1.5 for Dy. The actual value,
however, depends on when the immediate deflection is
measured, the time-consolidation rate of the soil, and
the load on the soil. D; is an empirical factor whereas
the rest of the lowa Formula was a rational
development.

Bedding Constant (K)

The bedding constant ranges from 0.110 for a 0°
bedding angle (line load on the bottom of the pipe) to
0.083 for a 90° bedding angle (full support under the

! Refers to references listed in back of Appendix.
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bottom half of the pipe). The angle of bedding is
ilustrated in Figure D—1 along with values for the
constant. The angle of bedding describes the load
resisting area of the bedding under the pipe. As the
angle of bedding increases, the loaded area increases
and the pipe deflects less. No further study has been
done on this constant since its conception, even though
it can influence the results of the lowa Formula by as
much as 25 percent. Most investigators of the behavior
of flexible pipe use a bedding constant of 0.1 as a
typical value.

Load on the Pipe (W)

The load on a buried pipe is calculated the same for
rigid, semirigid, and flexible conduits. The Marston
theory is the most common method and is
recommended by Spangler for the lowa Formula. The
load on the pipe depends on whether the pipe is
installed in a trench condition or in an embankment
condition. There are two types of embankment
conditions, projecting conduits and negative projecting
conduits. The three basic conditions are illustrated in
Figure D—2 along with the equations for each
condition.

The load coefficients used in the Marston theory vary
for the different types of backfill soil and the depth of
burial. For the embankment condition, the projection
ratio and the settlement ratio also affect the load
coefficients.

For rigid pipe, a thorough summary of the Marston
load theory with the complete set of charts for
determining the load coefficients can be found in the
Concrete Pipe Handbook.® For flexible pipe, Soils
Engineering, by M. G. Spangler® is an excellent
reference.

Pipe Wall Stiffness (El)

The wall stiffness is the product of the modulus of
elasticity of the pipe wall material, (pounds per square
inch) and the moment of inertia, (inch4 per inch) of a
1-inch (2.54-cm) length of pipe. The moment of inertia
is equal to t3/12 where t is the wall thickness. The EI
value may be found using assumed or empirical values
for “E” and ‘t” or El can be determined by
conducting three-edge bearing tests on a section of
pipe. During the three-edge bearing test, deflection due
to line loads on the top and bottom of the pipe are
measured and E| calculated from either:




El=0.149 %Lg—

or

3
El=0136 5%

Where P is the load per linear inch, r is the pipe radius
in inches, AY is the vertical deflection in inches, and
AX is the horizontal deflection in inches. In the
three-edge bearing test, the pipe deforms elliptically
with the horizontal deflection theoretically about 93
percent of the vertical deflection.

Modulus of Passive Resistance (e')

The soil load on a flexible pipe causes a decrease in the
vertical diameter and an increase in the horizontal
diameter. The horizontal movement develops a passive
soil resistance that acts to help support the pipe. The
magnitude of the pipe deflection then depends on the
vertical soil load on the pipe and the passive resistance
of the soil at the sides of the pipe. The passive soil
resistance is expressed as ‘‘modulus of passive
resistance,”” e, and is defined as the ratio of the
pressure on the soil to the horizontal movement of the
soil. It is usually expressed in unit pressure per unit of
movement (pounds per square inch/inch) and it is
similar to the coefficient of subgrade reaction. The
coefficient of subgrade reaction is the ratio of the
pressure on an element of soil under a footing to the
corresponding settlement. Spangler, in the original
fowa Formula, used a constant value for this modulus.
Watkins and Spangler later modified the e value to e’
(e’ = er where r = pipe radius) so that it would be
dimensionally correct and similar to the compressive
modulus of elasticity of soil. A constant e’ = 700 psi
(49 kg per sq cm) was suggested for soils at 90 percent
of their maximum dry density.

Spangler regards e’ as a semiempirical constant that is
difficult to obtain from laboratory tests. He recently
published a table of e’ determinations covering a period
of 30 years.® These values are reproduced in Table
D—1. Rather than using a constant e’, he now
recommends values based on experience and judgment.
Recent literature reveals attempts to correlate the
modulus of passive resistance to other soil parameters,
especially the confined compression modulus.® 7 ®
This is the slope of the_stress-strain curve from a
one-dimensional consolidation test.

REARRANGED IOWA FORMULA

If the lowa Formula is rearranged as:

(D| KW)

AX = B3+ 0061e)

Load Factor
Ring Stiffness Factor + Soil Stiffness Factor

then the following terms can be used to describe the
three separate factors that affect the pipe deflection:

Load Factor = D) KW
Ring Stiffness Factor = El/e3
Soil Stiffness Factor = 0.061¢’

Load Factor

The Load Factor incorporates the parameters that have
to do with the magnitude and distribution of the soil
pressures on a buried pipe.

The pipe deflection is directly proportiona! to the
Load Factor and, vyet, less is known about its
components than any others in the lowa Formula.
Changes in construction procedures or bedding
materials along a pipeline could vary the Load Factor
more than 100 percent.

Ring Stiffness Factor

In most cases the Ring Stiffness has very little
influence on the pipe deflection because the Soil
Stiffness Factor is much larger. To change the
magnitude of the pipe deflection, AX, by 10 percent,
the Ring Stiffness would have to be 10 percent of the
Soil Stiffness. The following table shows what wall
thickness a 24-inch (61-cm) pipe must have before the
thickness of the pipe begins to influence the deflection
of the pipe under soil load. E is assumed to be 30 (10)6
psi (21 (10)5 kg per sq cm).
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e’ values Soil stiffness {(0.061 e') Ring stiffness (El/r3) Wall thickness d/t ratio
psi psi psi inches
500 30.5 3.05 .128 (1/8 inch) 187
700 42.7 4,27 144 167
1,000 61.0 6.10 161 149
1,500 915 9.15 .185 (3/16 inch) 130
¢’ value Soil stiffness (0.061e’) Ring stiffness (E1/r3) Wall thickness d/t ratio
kg/sq cm kg/sq cm kg/sq cm mm
35.2 2.14 0.21 3.25 187
49.2 3.00 0.30 3.66 167
70.3 4.29 0.43 4.09 149
105.5 6.43 0.64 4.70 130

The d/t ratio is included because it is a common
method of expressing the stiffness of pipe. Variations
from an assumed E of 30 (10)6 psi do not significantly
affect the pipe deflection; for an e’ of 1,000 psi (70.3
kg per sq cm), each 1 (10)8 psi (0.7 (10)® kg per sq
cm) difference would change the Ring Stiffness value
by only 3 percent.

Considering the magnitude of the variations that can
occur in the Load Factor and in the Soil Stiffness and
the small influence of the Ring Stiffness, the use of
theoretical and nominal values for E, t, and r provide
sufficient accuracy for the lowa Formula.

APPLICATION OF IOWA
FORMULA IN USBR TESTS

Several assumptions had to be made to apply the lowa
Formula to the USBR laboratory load tests. A value of
1.0 for D; was used since the surcharge loads on the
pipe were only held for an hour. A bedding coefficient,
K, of 0.1 was selected assuming that the support of the
bedding was somewhere between a line load and full 90
degree support. The load on the pipe is assumed to be
equal to the surcharge load (p) acting on a projection
of the pipe diameter (2r) or W = p (2r). The Load
Factor, D; KW, is then equal to 1.0 (0.1) p(2r) or 0.2
pr. The weight of the backfill soil is ignored since it is
small compared to the surcharge loads. In addition, the
pipe is stiffened and restrained during backfilling so
that whatever backfill load is imposed on the pipe does
not deflect the pipe. The pressure cell readings at a
no-load condition, which are due to the backfill load,
are subtracted from the pressure cell readings made
during the load test.

Table 2 in the body of this report compares the
theoretical wall stiffness (El) with the wall stiffness
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determined from the three-edge bearing test. Except
for the 14-gage pipe, the test values are within about 5
percent of the theoretical values. The empirical values
were used to calculate the Ring Stiffness Factors
(E1/r3) shown in the table.

After incorporating these assumptions, the equation
becomes:

0.2 pr

AX =
El/r3 +0.061 '

Pipe deflection is frequently expressed in terms of
“percent deflection,’”” which is the deflection as a
percentage of the original diameter. For percent
deflection the equation is:

AX 0.1
X 0lo__ (100
b~ E3rooere < 10

If the e’ values are assumed as a constant over the
surcharge pressure (p) range, the equation results in
linear load-deflection curves,

AX (0.1)
D - P E7Sro0061e X100

Where the pressure is the only variable.

For these assumptions, the slope of the load-deflection
curve depends on the e’ value. The effect of doubling
the e’ value from 500 to 1,000 psi (36 to 72 kg per sq
cm) can be seen in Figure D—3 using an example of a
24-inch (61-cm) diameter steel pipe with a 10-gage
(0.1345-inch) (3.416-mm) wall. The change in
deflection ranges from 50 percent for very stiff pipe to




100 percent for very flexible pipe when the e’ value
doubles.

Rearranged to find e’ values from known deflections
and loads, the lowa Formula becomes:

e’ = 16.39 (0.2 pr/AX — EI/r3)
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Table D=1

Value of e' for 18 Flexible Pipe Installations

Location Pipe Diameter Soil Type Fill Height
in, cm ft m psi kg/sq cm
Ares, Iowa L2 107 Loam top soil u 15 L6 294 20.7
Ames, Iowa L2 107 Well-graded gravel u 16 L.,9 o672 7.2
Ames, Iowa 36 91 Sandy clay loam t 15 L.6 502 3543
Ames, Iowa 36 91 Sandy clay loam u 15 L,6 23k 16,5
Ames, Iowa L2 107 Sandy clay loam t 15 4.6 525 36.9
hmes, Iowa L2 107 Sandy clay loam u 15 4.6 315 22.1
Ames, Iowa L6 122 Sandy clay loam t 15 L.6 696 L8.9
Ames, Iowa Lo 122 Sandy clay loam u 15 4,6 336 23.6
Ames, Iowa 60 152 Sandy clay loam % 15 L.6 T80 54,8
Ames, Iowa 60 152 Sandy clay loam u 15 4.6 360 25.3
Chapel Hill, H. C.* 30 T6 Sand 12 3.7 375 26.k4
Chapel Hill, N, C.* 31.5 80 Sand 12 36 882 62.0
Chapel Hill, li. C.*¥* 30 76 Sand 12 3.7 1200 8L, L
Chapel Hill, N. C.*¥ 20 51 Sand 12 3.7 350 2l 6
Chapel,lill, L. C.* 21 53 Sand 12 3.7 861 60.5
Culman Co., Ala.¥ 8l 213 Crushed sandstone 137 41.8 7980 561.1
McDowell Co., N. C.* 66 168 Clayey sandy silt 170 51.8 1320 92.8
Wolf Creek, Mont.**¥ 216 549 Graded crushed gravel ¢ 63 25.3 6300 L43.0
(reconstructed)

u = untamped

t = tamped

¢ = compacted

¥Side pressures estimated (all others measured)

¥¥Load measured

Source: Spangler, M. G., "A Discussion of the paper 'Rebuilt Wolf Creek Culvert Behavior'"
Paper at Annual Meeting of Highway Research Board, Hational Research Council, January 1969.
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VALUES OF BEDDING CONSTANT

Bedding Angle, o

Bedding Constant

Degrees K
0 0.110
15 0.108
223 0.105
30 0.102
45 0.096
60 0.090
90 0.083

Figure D-1. Angle of bedding for flexible pipe.
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FIGURE D-2
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FIGURE D-3
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7-1750 (1-70)
Bureau of Reclamation

CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamation are those published 9y the American Society for
Testiny and Materials (ASTM Metric Practice Guide, E 380-88) except that additional factors (*) commonly used in
the Bureau have been added. Further discussion of definitions of quan‘ities 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 ths Giorgi or MKSA (meter-kilogram (mass)-second-ampere) system.

the International Organization for Standardization in ISO Recommendation R-31.

The metric technical unit of force is the kilo
ives it an acceleration of 9.8

mass of 1 kg,

center for sea level at 45 deg latitude.
that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec.

This system has been adopted by

ram-force; this is the force which, when applied to a body having a

8665 m/sec/sec, the standard acceleration of free fall toward the earth's
The metric unit of force in 381 units is the newton (N), which is defined as

These units

must be distinguished from the (inzonstant) 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 egual to the mass of a body multiplied by the

acceleration due to

avity. 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 ST 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.
are expressed as equally significant values.

Table I

QUANTITIES AND UNITS OF SPACE

Where precise English units are used, the converted metric units

Multiply By To obtain
LENGTH
Mil. . . s % 25. 4 (exactly). . . Micron
Inches . .. 25.4 (exactly). . . Millimeters
. .. 2.54 (exactly)*. . Centimeters
Feet . . s & 30. 48 (exactly) . . Centimeters
@ W ® s s 0.3048 (exacty)*. . . . . Meters
e s 0.0003048 (exactly)* . . . Kilometers
Yards . . . . . . .. 0. 9144 (exactly) . . . . . Meters
Miles (statute). . . . . . 1,609.344 (exactly)* . . . . . . Meters
S & 1.609344 (exactly) . . . . . Kilometers

AREA
Square inches . 6.4516 (exactly) . . Square centimeters
Square feet . 920.03*. . . . . . . . . . . Square centimeters
v 0.092903 . . Square meters
Square yards . 0. 836127 . . Square meters

Acres . . .

Square r-niies‘ , .

0:;40469% ; + & w ¢ woa & 4
4,046, 0% . . . o . ¥
0.0040469* . . . .
2.58099. . . . . . .

Hectares

. . Square meters
. Square kilometers
. Square kllometers

VOLUME

Cubic inches
Cubic feet. 5
Cubic yards. .

16,3871 e v v v v v w oo
0.0283168. . . . . . . ..
0.7645665 . . . . . . . .

Cubic centimeters
Cubic meters

. _Cubic meters

CAPACITY

Fluid ounces (U.S.)
Liquid pints (U. S.)
Quarts (U.S.). . .
Gallons (U.S.). .
Gallons (U.K.) . .
Cubic feet. . .

Cubic yards. 5
Acre-feet, . . . .

.. 0.473179 . . . .

= o 764. 556*

. 296187 % ¢ s v ®m - %8 &5
20.8M29 s % v wmw v s w5

0.473166 . .
946.358% , . . .
0. 946331%. . hon
3,785.43% . . . . . . ...
3.78543. . . . . . ...
3.78533. . . . . . ..

. 0.00378543%. . . . . . .
: 4.54609 . . . . . . ...
: 4.54506 . . . . . . ...

28316005 w5 0 wwom s ow e

L. 1,233.5% . . .. .. ....

«13233,800% . v oe.smisis soa s

Cublc 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

Multipl

By

Multiply

To obtain By To obtain
MASS WORK AND ENERGY*
Grafas (1/7,000 1b) . 64. 79891 (exactly) . . Milligrams British thermal units (Btu)., . . . . . 0. 252% . . Kllogram calories
Troy ounces (480 grains) 3L1038: i ¢ 5 @ . . Grams i o e 088008 s 5w w w4 e s . Joules
Ounces (avdp) 28. 3496 . ¥ G . Grams Btu per pound. s s > 2.328 (exactly) . . . . . . Joules per gram
Pounds (avdp), 0. 45350237 (emctly). . . Kilograms Foot-pounds , . . . ., . 1,35682%, , . . . . Joules
Shert tons (2, OOO lb) 907. 185 5 . Kilograms
. % 0.607185 . . . . Metric tons POWER
Long tons (4, 240 lb). . 1,016 (o] P ._Kilograms
Horsepower . . . . « « o v 4 . 4 745.700 . . . . Watts
FORCE/AREA Btuperhour . . « . . . . ¢ . 0.293071. . Watts
Foot-pounds per second . . . . . . . 1.35688 . . Watts
Pounds per square inch . 0.070307. . 3 . . Kilograms per square centimeter
0.68847€¢. . . . . . . . . . Newtons per square centimeter HEAT TRANSFER
Pounds per square foot 4882480 & 4 5o v s mow . Kilograms per square meter N
47,8803, 3 . Newtons per square meter Btu in, /hr fté deg F (k,

MASS/VOLUME (DENSITY)

Qunces per cubic inch |
Pounds per cuble foot .

Tons (long) per cuble vard | .

1.72999 . .
16,0185 . . .
0.0160185 . .
1.32894 .

. Grams per cubic centimeter
. Kilograms per cubic meter

. Grams per cublc centimeter
. _Grams per cubic centimeter

MASS/CAPACITY

Ounces per gallon (U, 8.)
Ounces per galion (U, K. )
Pounds per aallr (U, 8.)
Pounds per galion (U, K, )

7.4893.

. . Grams per liter
. Grams per liter
. Grams per lter
. Grams per liter

thermal conductivity) 1,442 | . . Milliwatts/cm deg C
4 0.1240. . . . Kgcal/hr m deg
Btu ft/hr 1t2 de. . 1.4880% ., . Kgcal m/hr m? deg C
Btu/hr ft€ de (C thermal
conductance) . . . . . . . 0.868 , e o o4 s a0 o M!].liwatts/c;n‘ deg C
B o 8 e 4, 882 % . . Kgcal/hr m¢ deg C
Deg F hr ﬁ2/Btu (R, thermal
resigtants) ¢ ¢ . % 8 W bk B ¥ 1,761 vB B R 6@ & § e Degie cm®/milliwatt
Btu/lb deg F {c, "heat capacity) S b 4, 1868 | wop s o ow ¢+ . 3/gdegC
Bt%/lb o= 1o B O PR P 1, 000* TR x Calégram deg C
Ft4/hr (thermﬂ.l aiffuslvltv) 0.2681. . « . na/sec
0.08280%, . Mjhr

WATER VAPOR TRANSMISSION

BENDING MOMENT OR TORQUE

Inch-pounds . . . . .
Foot-pounds

Foot-poands per tneh .
Qunece-Inches, 5

. 011521,
. 12085 x 10U

. Meter-kilograms
. Centimeter-dynes
. Meter-kilograms
. Centimeter-dynes
. Centimeter-kilograms per centimeter
. Gram-centimeters

Grains/hr 19 (water vapor

transmission) . s 16.7 . . . Grams/24 hr m?
Perms (permeance) .. ' 0. 659 . Metric perms
Perm-inches ggermeabmty) G 1.67 . Metric perm-centimeters

VELQCITY

Feet per second. .

Feet per wear,
Miles per hour .

30.48 (exactly).

1
0. 44704 (exmetly)

. Centimeters per second
. Meters per second

. Centimeters per second
. Kllometers per hour

. Meters per second

ACCELERATION*

Table 1I
OTHER QUANTITIES AND UNITS

Multiply

By

Tec obtain

Feat per second Q, 3048% ., . Meters per second®
FLOW
Cublc feet per seccnd (second~
feet) . i E 0.02831 . Cublc meters per second
Cuble feet p»r minate . . . 0.4719 Liters par second
Galions (U, S, ) per minute . 0, 0630¢ Liters per second
FORCE*
Poundz, . Q. 45359¢* . Kilograms
. . 4, 4482% T . . Newtons
) - 4. 4482 % 107%* | ._Dynes

Cublce feet per square foot per
day (seepage) . .
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ABSTRACT

In an effort to lower construction costs of closed conduit systems, the Bureau of Reclamation
has been investigating the soil-structure interaction of buried flexible pipe. The test pipes are
buried in a farge container by placing a lean clay soil at optimum moisture around and over the
pipe at 90 percent maximum dry density. Surcharge loads are applied with a 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 the
pipe are made during a 1-day loading sequence. Deflection data from five tests reported earlier
and four additional tests showed good correlation with the lowa Formula for flexible pipe
design. The deformed shape of the pipe ranged from elliptical to rectangular, depending on the
ring stiffness of the pipe. One pipe failed by elastic buckling at 8 percent vertical deflection.
Plastic hinges formed in the other pipe between 16 and 22 percent vertical deflection.
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ABSTRACT

In an effort to lower construction costs of closed conduit systems, the Bureau of Reclamation
has been investigating the soil-structure interaction of buried flexible pipe. The test pipes are
buried in a large container by placing a lean clay soil at optimum moisture around and over the
pipe at 90 percent maximum dry density. Surcharge loads are applied with a 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 the
pipe are made during a 1-day loading sequence. Deflection data from five tests reported earlier
and four additional tests showed good correlation with the lowa Formula for flexibie pipe
design. The deformed shape of the pipe ranged from elliptical to rectangular, depending on the
ring stiffness of the pipe. One pipe failed by elastic buckling at 8 percent vertical deflection.
Plastic hinges formed in the other pipe between 16 and 22 percent vertical deflection.
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ABSTRACT

In an effort to lower construction costs of closed conduit systems, the Bureau of Reclamation
has been investigating the soil-structure interaction of buried flexible pipe. The test pipes are
buried in a large container by placing a lean clay soil at optimum moisture around and over the
pipe at 90 percent maximum dry density. Surcharge loads are applied with a 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 the
pipe are made during a 1-day loading sequence. Deflection data from five tests reported earlier
and four additional tests showed good correlation with the lowa Formula for flexible pipe
design. The deformed shape of the pipe ranged from elliptical to rectangular, depending on the
ring stiffness of the pipe. One pipe failed by elastic buckling at 8 percent vertical deflection.
Plastic hinges formed in the other pipe between 16 and 22 percent vertical deflection.
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ABSTRACT

In an effort to lower construction costs of closed conduit systems, the Bureau of Reclamation
has been investigating the soil-structure interaction of buried flexible pipe. The test pipes are
buried in a large container by placing a lean clay soil at optimum moisture around and over the
pipe at 90 percent maximum dry density. Surcharge loads are applied with a 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 the
pipe are made during a 1-day loading sequence. Deflection data from five tests reported earlier
and four additional tests showed good correlation with the lowa Formula for flexible pipe
design. The deformed shape of the pipe ranged from elliptical to rectangular, depending on the
ring stiffness of the pipe. One pipe failed by elastic buckling at 8 percent vertical deflection.
Piastic hinges formed in the other pipe between 16 and 22 percent vertical deflection.
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LABORATORY LOAD TESTS ON BURIED FLEXIBLE PIPE-~PROGRESS REPORT NO. 2
Bur Reclam Rep REC-OCE-70-24, Soils Eng Br, June 1970. Bureau of Reclamation, Denver, 74
p, 43 fig, 7 tab, 14 ref, 4 append
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underground structures/ research and development/ laboratory tests/ pressure measuring
instruments/ *soil pressure/ pressure sensors/ strain gages/ embankments/ lateral forces/ *steel
pipes/ pipes/ strain/ defiection/ deformation/ settlement (structural)

IDENTIFIERS—/ *flexible pipes/ *buried pipes/ pressure cells/ loading tests/ lowa Formula/
soil-structure interaction
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