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Foreword 

Structural analysis is one of the important considerations related to buried conduits. The 
first six papers included in this Record concern the structural design of buried conduits. The 
last paper in the Record is on earth pressure development behind retaining walls. 

Rogers reports the results of full-scale tests conducted on the response of small-diameter 
flexible pipes to surface loadings. The parameters investigated were the type and compaction 
of side fill, and the depth of the bedding layer. The type of soil surrounding the pipe had most 
influence on its performance. 

Watkins et al. describe structural design of buried corrugated polyethylene pipe. Their 
work established conditions for structural performance of the conduit and identified 
performance limits. 

Gabriel and Blower report on how to predict performance of semirigid pipes such as 
thin-walled concrete pipes. Computer modeling of structural composites of pipes embedded 
in surrounding soil media provided information on thin-walled concrete pipes. Physical tests 
established parameters needed for the CANDE computer analysis program and spot
checked the computer studies. 

Jeyapalan and Jiang investigated bedding factors of buried vitrified clay pipes using finite 
element analysis. The bedding factors were affected by the backfill material type, compaction 
density, backfill height, trench width, and pipe diameter. 

Katona and Aki provide a set of design tables listing the maximum allowable fill heights 
for large-diameter corrugated steel pipes with slotted joints. The design methodology that led 
to the design tables is presented in detail. 

James and Brown measured live-load earth pressures on a reinforced-concrete box culvert. 
These measurements were compared with existing theoretical and numerical methods and 
proposed empirical equations. The empirical equations predicted the measured data better 
than the theoretical and numerical methods. 

Bang and Kim report an analytical solution method developed to estimate the magnitude 
and distribution of the passive lateral earth pressures behind a vertical rigid wall supporting 
cohesionless backfill soil. The results were compared with those of experimental model tests, 
with good agreement. 

iv 
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The Influence of Surrounding Soil on Flexible 
Pipe Performance 

C. 0. F. ROGERS 

The response of 160-mm-diameter, shallowly buried, unplasti
cized polyvinylchloride (uPVC) pipe to urface loading has 
been investigated in full-scale tests. Standard installation and 
loading conditions were used to study the influence of the 
surround.ing soil below, beside, and above the pipe on pipe 
performance. The type of soil used to surround the pipes was 
found to have a considerabl.e Influence on pipe beJinvior. Various 
uncompacted granular material provided good support whereas 
uncompacted silty clay and sjlty snnd did not. Compaction of the 
surrounding soil had a variable influence wholly dependent on 
soil type. S ilty clay performed well only when thoroughly 
compacted in thin layers. Light compaclion of a broadly graded 
granular soil improved performance slightly whereas uniform 
gravel is generally considered to be unrespon ive to compaction. 
The use of a thin bedding Layer was shown to be beneficial in 
reducing pipe deformation whereas a thicker bedding layer wn 
shown io be les. beneficial. The problems of measuring pertinent 
oil properties on site for fill selection arc discussed and 

assessment of two empirical methods is made. 

The basic structural requirement of a buried pipe is the 
provision of an opening of dimensions and permanence 
suited to the function it is to perform. In general, it mu t 

maintain its size, hape, line, level and integrity. 
Two fundamental methods of meeting the structural, 

economic, and other requirements have developed. The first 
uses rigid pipes on a rigid bed such that the inherent trength 
of the pipes i. ufficient to withstand applied load by 
bending act ion in the pipe walls. uch pipes are subject to 
brittle fracture if the applied loads are too great or if 
significant differential et.tlement occurs. 

The second method involves the use of flexible pipes LIJat 
reach equilibrium in the ground by deforming under load. 

uch pipes rely on the properties of the surrounding materials 
to provide support and can fail by buckling, by exec ive 
compre sive hoop stra in in . urrounds providing relatively 
good support, or by exces ive deformation. Failure of the 
pipe in these- ca es can be difficult to define if complete 
col lapse doe not res.ult. 

The division between rigid and nexible pipe behavior ha 
become blurred with the advent of many new form of 
pipeline construction. These include flexible pipes with a 
wide variety of strength and tiffnesses, and flexible jointing 
ystems for rigid pipes. The distinction between rigid and 

nexible pipe is not important however, if the composite 

Loughborough University of Technology, Loughborough, Leicester
shire, LEI I 3TU, England. 

pipe-soil system is treated as the structure under con ideration 
rather than as two distinct entities. ln this way, loads are 
resisted by composite action according to the relevant 
stiffness. 

From these ideas of relative flexibility, it can be seen that to 
design a pipeline an appreciation of both pipe and fill 
propertie and their interaction is neces ary. In the case of an 
inflexible pipe design is primarily concerned with the 
structural properties of the pipe ring and the material on 
which the pipe is laid. Where the pipe has great flexibility, the 
structural properties of the material both beside and above 
the pipe also become important, particularly their ability to 
resist both vertical and horizontal pressures without large 
deformations. It is at this point that the relative costs of 
specific structural solutions must be considered. Because 
there is complex soil-structure interaction, the properties of 
the soil in this system and the cost of their provision must be 
carefully considered, particularly for more flexible pipes. 

In 1842, John Roe, surveyor of the Holborn and Finsbury 
districts of London, put his mind to the design of sewer 
systems at the request of Edwin Chadwick ( I 00-1890), who 
was then secretary to the Poor Law Board et up in 1834. 
Roe's brief was to work on a series of experiment to ascertain 
for different discharges the most economical sizes of pipes 
and the best materials for their construction. 

Chadwick wrote at that time: 

As the old formulae, now in use, are founded on imperfect 
data and experi ments, and not only give results so far above 
what experience shows to be the fact, but which, even if they 
were correct. would be of most limited application, they are 
obviou ly uncertain guides, and it i better to trust to our 
observations of what actually takes place. This is in fact 
experimenting on the largest and safest scale. 

In reply to later questioning on the value of these experi
ments, Chadwick replied that drainage was a matter of 
gauging and experimenting that if carefully conducted would 
eventually remove all grounds for differences of opinion. 
Although the technology has progressed in many way. over 
the last 140 years, Chadwick's words stiJI have a relevance and 
no more eloquent apology for the work presented hereafter 
could be devised. 

The research at Nottingham has concerned full-scale tests 
on 160-mm-diameter, shallow-buried, unplasticized poly
vinylchloride (uPVC) pipe under conditions simulative of 
building drainage. The work was instigated and sponsored by 
the British Plastics Federation. Such pipes are considered to 
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be flexible and in qualitative terms the results can be 
extrapolated io oiher forms of flexible pipe construction. The 
results are presented in general terms to facilitate this 
extrapolation. 

When discussing the results of the work, the terminology 
shown in Figure I is used. The diametral strain is defined as 
the change in the diametral measurement divided by the 
original diameter. 

RESEARCH P ROGRAM 

Research Philosophy 

The development of the test facilities at Nottingham has been 
described in detail by Rogers (I) and only scant details will be 
presented herein . The British Plastics Federation wished to 
invest igate the pe rformance of small-di ameter uPVC pipes 
when buried in va riou soil surround and subjected to the 
most eri ous cond iti ons that were likely to occur on a 

crown 

invert 

shoulder 

springings 

haunch 

i nsitu 
so i l 
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building drainagcsi te. Based on their experience of such sites, 
the pipes were buried in a 500-mm-wide trench at a cover 
depth of 500 mm below the underside of a granular site access 
road, which was assumed to be approximately 200 mm thick. 

urface loads of 5.5 and 7.0 tonnes were applied both 
ta tica ll.y and cyclical ly to imula te the load applied by the 

rea r wheel a rrangement of a con truction lorry. T he lower 
load was applied statica lly for 30 min , wa removed for 45 
min, a nd was then cycled 150 time at appro imately 12 
cycles / min at the end of which pipe deformation wa fo und 
to have stabilized. The installation was allowed to recover for 
2 hr before the process was repeated with the higher load, the 
final recovery period being at least 18 hr. 

T he trenches were cut in Keuper Marl, a silty clay having a 
liquid limit of 32 percent a nd a plastic limit of 19 percent. The 
trenches were backfi lled using the exca vated ·if ty clay placed 
in one layer and thoroughl y compacted al lhe surface. In 
accordance with the wishes of the sponsors, no effort was 
made to vary the type of pipe used in the tests because the 
properties of uPVC pipe were not considered to vary 

bedding 

V.D.S. = o/D 
0 

o = change in internal 
diameter (mm) 

D 
0 

= original external 
diameter (mm) 

backfill 

side fill 

FIGURE 1 Terminology and definitions: (a) Pipe terminology, (b) Definition of VDS, and (c) Installation terminology . 
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significantly between manufacturer . The pipe were obtained 
from a local supplier. The parameters that were of most 
importance to the inve tigation were the type and compaction 
of the sidefill and the depth of the bedding layer. These were 
varied between te ts and are described in greater detail in a 
later section of this paper. 

Equipment and Instrumentation 

The first requirement was a facility of sufficient ize to permit 
pipes to be tested free from boundary inOuence . The pit had 
a testing area 3 m long, 2.1 m wide and I .9 m deep and an 
inspection chamber al one end to allow access to the pipes 
during tc ts (Figure 2). The pit was filled with Keuper Marl at 
i.ts natural water content of 17 .5 percent. Load wa applied to 
the urface of the backfill through a 700-mm-diameter 
seminexible platen by a hydraulic ram hous d in a loading 
rig. The platen was de .igned to rep re ent lhe stres at the base 
of a granular subbase layer. The load regime was applied at 
two points I m apart in succession along the . urfacc of each 
installation in order that duplicate data could be obtained 
from each installation. Load wa measured independently by 
a load cell. 

Further tests were performed in a reinforced box from 

FIGURE 2 The test pit. 
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which comparative data were obtained under constant boun
dary influences. The box had internal dimensions 750 mm 
long, 500 mm wide, and 550 mm deep and pipes were buried 
with a cover depth of 250 mm (Figure 3). The same load 
regime was applied through a 480-mm-diameter rigid platen, 
a dead load being applied over the remaining area to simulate 
a total depth of cover of 500 mm. The loading was conse
quently considerably more severe in the box than in the pit. 

The deformed shape of the pipe was recorded throughout 
each test using a ring flash camera developed at the Transport 
and Road Research Laboratory. The ring flash head was 
mounted on a boom and inserted into the pipe below the load 
platen. The head, which appears as a silhouette to provide a 
datum measurement, produced a thin band of light that was 
recorded photographically (Figure 4). Diametral change, 
shape of deformation, and settlement of the pipe invert were 
measured from the sequence of photographs. Vertical dia
metral change was also recorded by a linear potentiometer 
mounted on a self-righting sledge. Internal pipe wall strains 
were measured in the circumferential direction by eight 
equally spaced, single, active strain gauges glued directly to 
the wall of the pipes used in the box. Soil strain was measured 
at five strategic points in the trench cross section using 
inductance strain coils, and total pressures were measured at 
five points around the trench walls. Settlement of the load 
platen was measured using a linear potentiometer. 
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FIGURE 3 The test box. 

FIGURE 4 A ring flash photograph. 

Experimental Program 

The pit installations provided the most important research 
dat<l , the pipe surround configurations for which are um
marized in Table 1 and will be described first. 

The installation representing current site practice was 
tested first and was used as a standard against whi I~ the 
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performance of other installations was measured . The pipe 
was laid on a 100-mm-thick bedding of uncompacted 10-mm 
pea gravel and surrounded by uncompacted pea gravel to the 
level of the pipe crown. This installation was repeated 
towards the end of the test program to provide replicate data. 

The influence of the bedding layer was investigated by 
repeating the standard installation configuration with a 50-
mm-thick and no bedding layer. It was considered that hand 
trimming of the trench bottom, required where no bedding 
was laid, was likely to be impractical to specify and that a 
bedding layer of 50 mm would be necessary for leveling 
purposes. For this reason, only the more practical installation 
was repeated. The effect of removing a 50-mm-thick bedding 
layer from an uncompacted concrete ballast installation was 
also investigated. 

Three levels of compaction were applied during the tests: 
thorough compaction by two passes of a pneumatic rammer, 
light compaction by treading, and no compaction. It has been 
shown by Gaunt et al. (2) in their tests on 300-mm-diameter 
uPVC pipe that a thoroughly compacted sandy clay sidefill 
performs comparably with uncompacted pea gravel, whereas 
an uncompacted sandy clay sidefill leads to large deforma
tions. Performance in a poorer silty clay sidefill subjected to 
thorough compaction in one layer was thought to be a 
somewhat intermediate case and was measured in two 
installations. The effect of light compaction on concrete 
ballast was investigated. 

Perhaps the most important series of tests concerned 
alternative imported pipe surround materials. The criteria for 
their choice were that they should be distinctly different in 
character, they should be widely available in Great Britain, 
and they should be relatively inexpensive. The materials 
chosen were concrete ballast (broad grading), washed quarry 
tailings, building sand (uniform), and reject sand (a silty 
sand). The grading curves for the coarse fractions of all the 
materials used in the tests are shown in Figure 5. Each of the 
materials was used as a 50-mm bedding layer and uncompacted 
sidefill, and each installation was repeated with the exception 
of reject sand, which was a marginal material. 

The test box was used to gain comparative results from, 
and hence to indicate likely behavior in the pit of, several of 
the above installation types. Box installations were generally 
tested in advance of those in the pit. In addition to these tests, 
a further avenue of investigation was followed. A series of 
installations were tested in which good (pea gravel) and poor 
(silty clay) materials were juxtaposed around the pipe. This 
was done to isolate the areas in which good support to the 
pipe was most effective at reducing deformation. The con
figurations of all box installations are given in Table 2. 

Associated soil testing, both in laboratory equipment and 
in situ, was performed concurrently with the experimental 
work, with several aims in mind. It was important to gain a 
good basic understanding of the soil properties in order to 
plan the test program. Soil properties were also necessary to 
prime a theoretical model, which was developed using a finite 
element program based on a linearly elastic soil model. A 
separate aim of the work was to investigate the means by 
which the relevant properties of soil that reduce deformation 
could be measured quickly and simply on site. The current 
method of soil selection in Great Britain refers only to the 
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TABLE I DETAILS OF EXPERIMENT AL INSTALLATIONS IN THE PIT 

Bedding 
Reference Bedding Type Thickness (mm) 

lA Pea gravel 100 

2 none 0 

3A none 0 

3B none 0 

4 none 0 

5 none 0 

611 Pea gravel 50 

6B Pea gravel 50 

7A Concrete ballast 50 

7B Concrete ballast 50 

BA Building sand 50 

BB Building sand 50 

lB Pea gravel 100 

9A Quarry tailings 50 

9B Quarry tailings 50 

10 Reject sand 50 
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FIGURE 5 Particle size distribution curves. 
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TABLE 2 DETAILS OF EXPERIMENTAL INSTALLATIONS IN THE BOX 

Bedding Sidefill 
Reference Bedding Type Thickness (mm) Sidefill Type Compaction Comments 

1 Pea gravel 100 Pea gravel none standard practice 

2 Pea gravel 50 Pea gravel none 

3 none 0 Pea gravel none 

4 Pea gravel 50 Pea gravel to springings, none support to mid-height 
silty clay above none of pipe only 

5 none 0 Pea gravel to springings, none split sidefil l silty clay above thorough 

6 none 0 Silty clay to springings, thorough split sidefil l pea gravel above none 
7 none 0 Silty clay to crown, thorough arching layer over 9 pea gravel 50mm above none 
BA and none 0 Silty clay to springings, thorough arching layer over 6· . 
BB pea gravel to 50mm above none 8A had low water 

pipe crown content, 8B high 
9 none 0 Silty clay thorough 
10 none 0 Silty clay thorough compacted in 2 layers 
11 none 0 Silty clay light 
12 Pea gravel 100 Silty clay thorough 
13 none 0 Concrete ballast light 
14 none 0 Concrete ballast none 
15 none 0 Reject 
16 none 0 Reject 

compaction properties of the material. The measurement of 
soil stiffness, or comp res. ibility , has presented problems ever 
since Spangler (3) presented his classic work on deformation 
prediction and much effort ha been expended to this end. 
notably by Watkins and Spangler (4), Watkins and Niel on 
(5), Bhandhau avee (6) , .laaskelainen (7), and Howard (8) . 
While no immediate olution LO the problem was expected 
from the work , some thought on the subject are presented 
later in the results ccti n. 

EXPERIMENTAL RESULTS 

General Observations 

Preliminary tests were conducted to provide information on 
loading rate and duration , recovery periods, and boundary 
conditions. These test showed that for in ·tallations subjected 
10 large static surface loads for cveral days there was no 
apparent increase in the magnitude of pipe deformation 
under load, but that permanent deformation on removal of 
the load was significantly increased. It was also discovered 
that when a long recovery period of 24 hr or more was 
introduced during the cyclic load sequences, elastic recovery 
oft he pipe was greater and was not wholly removed on the 
immediate application of the next cyclic load. Thu • accelera
ted cyclic loading is significantly worse than that applied at 
the more normal rates experienced on site· extended . tatic 
loads likewise provide a more severe case. 

The internal pipe wall strain measurements were found to 

sand light 
sand none 

correlate well with the deformed shape of the pipes tested in 
the box. The shape of deformation varied significantly 
between tests, most deformation occurring above the spring
ings of pipes buried in competent sidefills, whereas approxi
mately elliptical deformation occurred in sidefills offering 
poor support. 

When the results were assessed in terms of pipe deforma
tion, an arbitrary load regime was necessarily adopted. Any 
extension of the results must consequently be based on 
engineering judgment and local experience of site conditions. 
Values of vertical diametra! strain (\'DS) quoted herein 
might differ slightly in certain cases from those published 
previously by Rogers et al. (9). This variation simply reflects 
better definition of deformation patterns from more detailed 
measurements, thereby illustrating inaccurate results. 

Pipe deformation data use as the datum either that at the 
end of installation, representing deformation caused by the 
applied loads alone, or that when positioning the pipe. The 
installation process was found to produce somewhat variable 
pipe deformation, even in pipes with the same soil configura
tion, whereas deformation caused by the applied loads alone 
was remarkably consistent between tests. 

The Influence of Soil Surround Type 

The influence of sidefill type on the VOS of the pipe is 
demonstrated by the results of installations in which five 
uncompacted granular materials were used as sidefill and 
bedding, a summary of which is shown in Figure 6. In this 
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figure, VDS va lue · al various stages of lhe tests are plotted 
using the point at which the pipe wa positioned (PP) as the 
datum. Values thereafter are given at the end of installation 
(EOI), on application of the 55-and 70-kN loads (55 ON and 
70 ON) and after they had been appiie·d for 30 min (55 / 30 
and 70/ 30). Values are also given after recovery al the end of 
the static load equences (EO 55 a.nd EO 70.,) and the cyclic 
load sequences CEO 55cand EO 70,). The average curves for 
uncompacted pea gravel ( UCPG) and concrete ballast (UCCB) 
are of similar type and magnitude throughout with the cyclic 
loads having far more effect. on the pipe- oil structure than 
the static load . The average curve for washed quarry tailings 
(UCQT) exhibit greater strains at each stage, with a 
progressively increasing difference between it and the two 
mentioned and in particular a greater usceptibility to creep 
under load. The average curve for the pipes buried in building 
sand (UCBS) hows higher strains still with proportionally 
greater strain under static load , much of which was sub-
equently recovered. The average curve for uncompacted 

reject sand (UCRS), which was u ed in one in. tallation. only. 
exhibits strain of roughly twice those of the pipe in building 
and. ln tallation deformation became progres. ively greater 

with poorer materia.l, and it wa apparent that creep effect 
under load were greater in materials having a broader grading 
or natter grading curve. 

The influence of sidcfill type was further investigated in 
three pit installations in which no bedding layer wa used. 
The pipe buried in uncompacted concrete ballast deformed 
least with most deformation occurring under cydic load. The 
pipe buried in uncompacted pea gravel was similarly more 
affected by the cyclic loads, but demonstrated a greater elastic 
re pon e under static load. The pip buried in well-compacted 
si lt y clay produced a deformation at the end of the test that 
was only slightly greater than the pea gravel installation, the 
pipe having a negative deformation at the end of in tallation 
caused by compaction of the soi l beside the pipe. he 
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permanent VDS caused by the static loads was relatively 
more significant to the overall value, with the pipe creeping 
con idcrably under load. 

A furt her study of the influence of sidefill was conducted in 
the box in which the performance of three uncompaeted 
granular materials was compared with that of si lty clay 
thoroughly com.pacted in two layers (WCSC). A summary of 
the result is presented in Figure 7. ln contra. t to the pit 
re ults the behavior of the pipes buried in the gravel and 
ballast wa remarkably similar throughout the tests. The 
rea on for this may lie in the inability oft he pea gravel to bed 
in laterally in the box when loaded, whcrea in the pit the 
gravel is found to penetrate the clay trench walls thereby 
allowing horizontal movement. oncrete ballast being a 
broadly graded material showed no tendency to bed in when 
u ed in the pit. Where the clay sidefi!I was used a large 
negative V Sat lhe end of installation wa · followed by large 
positive deformation on application of the 55-kN load, and 
because of creep only a mall part of thi was recovered on 
removal of the load. Thereafter the in ta!lalion behaved in a 
similar manner to the others, though with omewhat greater 
deformations. The curve for UCRS exhibited a large initial 
re ponse to static load but little creep under load . 

Scv~ral behavioral trends were apparent from thi. eries of 
experiments. A pipe buried i11 an uncompactcd sidefill that 
produced ultimately good performance tended to have a 
small po itive VD at the end of installation relatively mall 
deformation caused by static load application and creep 
effect , and a large eta tic recovery on removal of the load. 
Cyclic load tended to produce greater permanent deforma
tions than the static load. Where the sidefill wa compacted. a 
negative VD ' occurred at the end of the in ta!lation process. 
Where a cohesive material wa u. ed a idefill, a large VOS 
tended t occur on application of the static load and this was 
increa ed con iderably by creep movements. A relatively 
small proportion of this deformation recovered on removal 

UCPG 

UCCB 

UCQT 

UCBS 

UCRS 

FIGURE 6 Vertical diametral strains (VOS) for five sidefill types in the pit. 
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UCPG 

UCCB 

UCRf. 

FIGURE 7 Influence of sidefill type on pattern of VDS measurements in the box. 

of the static load, cyclic load causing a relatively small 
permanent increase in VDS in comparison with the static 
load. 

The Influence of Sidefill Compaction 

Where light compaction was applied to a concrete ballast 
sidefill (LCCB) beside a pipe with no bedding, the VDS at the 
end of the test reduced considerably from that where no 
compaction was applied (Figure 8). The reduction was 
mainly due to markedly reduced installation deformation 
and a lesser response to the 55-kN loads. Additional experi
ments in the box showed that a pipe supported by an 
uncompacted silty clay sidefill deformed excessively before 
the full 55-kN load could be appiied. Compaction improved 
the performance of this material to the extent that thorough 
compaction of a silty clay sidefill in two layers produced a 
negative deformation at the end of installation of 1.8 percent 
and a subsequent deformation under surface loads that 
compared favorably with the better granular materials 
(Figure 7). 

It was clear from these results that compaction of the 
sidefill, even that effected by systematic treading, was of 
considerable use in reducing the VDS of the pipe and that 
different soils respond to compaction by differing amounts. 
In a clay sidefill, where the voids between lumps had to be 
removed, thorough compaction in thin layers was necessary 
before suitable lateral restraint was mobilized. Where concrete 
ballast, a broadly graded material, was used, light compaction 
made a significant difference to an otherwise good material, a 
result confirmed by experience in highway engineering. Pea 
gravel, however, has proved in practice to be largely unaffected 
by compaction because a favorable soil structure would be 

taken up when laid, compaction probably only affecting the 
bedding in effect at the interface with the surrounding soil. 

The Influence of Bedding 

Th influence of the bedding layer on pipe performance wa 
investigated in three pit installations using uncompacted pea 
gravel sidefil ls with 0 50- and I 00-mm-lhick bedding layer 
(Figure 9) . The pipe laid on the 50-mm-thick bedding 
produced the lowest VD with little re pon e to tatie load . 
The pipes laid on the thicker bedding produced slightly 
higher deformations throughout with a V of 2.7 percent 
at th · end of the test compared with 2.3 percent for the 50-mm 
layer. The pipes on the thicker bedding showed a greater 
response to static loads, both elastic and permanent. Where 
no bedding layer was used, a fina l va lue of 4.4 percent 
occurred by progressively greater deformation Lhroughout 
the test. • his ranking of installation type was wnfirmed in 
the box (Figure 10), though with curves of similar form 
throughout and a closer grouping of results showing that the 
differences were less exaggera ted. 

A further investigation concerned pipes laid in uncom
pacted concrete ballast sidefi!ls both with and without a 
50-mm-thick bedding. Where no bedding layer was used, 
in tallation deformation was 0.6 percent greater, the curves 
being separated by an offset of roughly this magnitude 
thereafter (Figure 8). The average VDS values at the end of 
the tests were 3.0 percent without bedding and 2.4 percent 
with bedding. 

These limited result indicate that where good support is 
afforded the performance of the pipe with a 50-mm-thick 
bedding layer is slightly better than that with a 100-mm-thick 
bedding. Omission of the bedding layer altogether leads to a 
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FIGURE 9 Influence of bedding on VDS measurements in the pit. 

worse case, albeit perhaps only from installation effects. In 
practice, where a SO-mm-thick bedding layer is necessary to 
level lhe trench bottom, its increase to 100 mm on the grounds 
of structural performance would seem to be inappropriate. 

Soil Investigations 

The current British Standard (JO) installation recommenda
tions include the compaction fraction test, a method of fill 

UCPG 

' I 

' I lOOmm 

' I 

' I 

' , 
' ,.,, I 

UCPG -·-·-

UCPG 

selection which relates the uncompacted and fully compacted 
heights of so il in a 250-mm-long 160-mm-diameter tube. The 
difference between the two height divided by the original 
height is known as the compaction fraction of the oil ; 
judgment are made based on this figure. While thi test .is 
wholly concerned with the susceptibi lity of the oil to 
compaction (which is recommended for sidefill and bedding 
in the 13ritish Standard) it provide a method of ranking the 
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FIGURE 11 Influence of empirical soil factors on VDS measurements: (a) Compaction fraction, (b) Grading curve factor. 

material and a likely indication of their corn pre. sibili ty. 
With these considerations in mind, the abil ity of the compac
tion fraction to rank sidefill materials in order of performance 
was inve ligated. The average results of installation · using 
five uncompacted granular mate ria ls as idefill and 50-mm
thick bedding were used for the compari on. The average 
compaction fraction were plotted against the VD caused by 
the app lication of the 55-kN stati load (55 0 ) and the VD 
at the end of the test (EOT), both related to the strains at the 

end of installation (EOI). These are presented in Figure I !(a), 
in which a clear relationship is apparent. 

Both the grading and the particle size of the soil surround 
were found 10 inOuence the performance of the pipes. A· 
econd method of ranking the soils based on the grading 

curves of the oil ( igure 5) was ought. The product of the 
difference between the diameters below which 80 and 20 
percent (D80 and D2~ of the particles lie (which reflects the 
gradient of the curves) and D 50 (which reflects the absolute 



I · 

Rogers 

ize) was used . Plotting this factor on a logarithmic scale 
against VDS produced smooth curves [Figure l l(b)], as 
before. 

Although no serious conclu ion hould be drawn from 
these limited results, the findings perhaps add some ideas to 
the debate on soil selection. 

CONCLUSIONS 

The type of oil used to surround the pipe has most inOuence 
on it performance. Variow uncompacted gTanular materials 
were hown to provide good support to the pipe. Jn order of 
performance, these included pea gravel, concrete ballast, 
washed quarry tai lings, and building sand. Relative'ly large 
deformation were obtained in si lty sand and silty clay. The 
better, granular surrounds were more affected by the cyclic 
load than the tatic loads, whereas the pipes in poorer soil 
were influenced more by the static load sequences. 

The benefit of sidefill compaction was wholly dependent 
on the soi l type. Thorough compaction of a silty clay sidcfill 
in thin (80-mm) layers greatly improved the support afforded 
by thi soi l Lhe performance being comparable to that of the 
better uncompacted granular soil . Light compaction of a 
broadly graded soil (concrete ballast) produced a ignificant 
improvement in pipe performance whereas a more uniform 
soil (pea gravel) has proved to be largely unaffected by 
compaction. 

A bedding layer wa found to be beneficial in reducing pipe 
deformation, although deformation increased as the bedding 
thickne s increased from 50 to 100 mm . A thin bedding layer 
would appear to be the optimum design solution from these 
limited data. 

Two empirical methods for ranking soil in order of 
performance, ba ed on compactability and grading, produced 
encouraging results. 
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Structural Design of Buried 
Corrugated Polyethylene Pipes 

R. K. WATKINS,}. M. OWIGGINS,ANDW. E. ALTERMATT 

Test sections of corrugated polyethylene pipe (CPEI') were 
buried, as in typical drainage installations, in competent, 
compacted, granular backfill. Both dead load (soil cover) and 
surface live load (truck dual wheels) were applied. The objectives 
of the tests were to (a) observe performance of the pipes under 
load, (b) identify performance limits, (c) resolve some of the 
questions unanswered by present design methods, and (d) 
propose improved methods fol' the structural design of buried 
CPEP. The objectives were achieved. Experimenters agreed that 
tests confirmed the complementary interaction of pipe and 
backfill. Minimum soil cover was investigated under multiple 
pa ses of live loads. Conditions for structurnl stability of the pipe 
were identified. An analytical procedure was developed for 
predicting the minimum height of soil cover to assure ring 
stability under multiple passes of live loads. Maximum soil cover 
tests confirmed the ring compression analysis as the primary 
ba is for design but also revealed a need to include the effects of 
ring deflection. An ob. crvable performance limit was identified, 
and a method of design was developed that combined the effect 
of ring deflection and ring compression on the performance 
limits of CPEP buried under ma imum height of soil cover. 

Corrugated polyethylene pipe (CPEP) is used primarily for 
nonpressurized buried conduits . Structural design must 
establish the conditions for adequate structural performance 
of the conduit and must identify the performance limits. 
Structural performance of a buried pipe is the interaction of 
the pipe and the soil in providing a useful conduit. If the pipe 
is flexible, it depends upon the soil to support it. The soil 
depends upon the pipe to retain the conduit cross section . The 
basic performance iimit is excessive deformation. Excessive 
deformation could lead to yielding and even to fracture, but 
for most flexible pipes, excessive deformation is either too 
much longitudinal heam deflection or too much ring de
formation. In the case ofCPEP, because of the corrugations, 
longitudinal beam deflection does not cause pipe damage. 
Performance limit is simply too much beam deflection either 
from the standpoint of impeded flow due to beam bending or 
to sedimentation, or too much differential settlement of the 
soil surface. Longitudinal deflection is controlled by con
trolling the soil bedding elevation. 

Excessive ring deformation may be so much ring deflection 
that flow is impeded, or it may be flattening or reversal of 

R. K. Watkins, Civil and Environmental Engineering Department, 
Utah State University, Logan, Utah 84322-4110. J.M. Dwiggins and 
W. E. Altermatt, Hancor, Inc., 401 Olive Street, Findlay, Ohio 
45840. 

curvature of the ring. Reversal of curvature is considered to 
be excessive deformation, even though collapse does not 
occur, because the ring can no longer provide its full 
contribution to the pipe- oil conduit. Once the ring curvature 
i. rcver ed, fluctuation in o.il pressures can cause progressive 
ring deformation ,. ometime called ratcheting, which could 
lead to eventual collapse. Soil pressure fluctuations are 
caused by surface loads and also by cycles of temperature 
changes, water level variations, freezing and thawing, and 
earth tremors. 

In the summer of 1985, a series of minimum soil cover tests 
sponsored by Rancor, Inc., was conducted in Findlay, Ohio. 
Theo bjective was to discover the minimum soil cover needed 
to protect CPEP. The independent variables were soil density 
and surface dual-wheel load. The backfill soil was crushed 
rock pa sing a / 4-in. mesh screen and referred to in Findlay 
a 41 1 crushed limestone. Soil dens.ity was reported for its 
initially compacted state as a percent standard Proctor 
density (AASHTO Specification T-99). Except as noted, the 
load was provided by the single rear axle of a truck trailer 
with dual wheels carrying about 105-psi tire pressure. In each 
test, the loaded axle was run back and forth over the buried 
pipe (passes) in approximately the same tracks. Ruts formed. 
A graph of approximate rutting is shown in Figure 1, where 
rut depth H" is a function of dual-wheel load W and soil 
density. The values of H" are conservative, that is, 90 percent 
of all observed values in the field are estimated to be less I han 
the plots. Rut depth H" is the depth after the first pass. After 
the firsi pass (or up to three or four passes to establish the 
rul) , H" did not increase significantly, except directly over the 
pipe at performance limit. The equation from the plots of 

igure I is 

H" = 0.315(log W - 0.34)(103.9 - p) 

where Wis in kips, pis in percent, and H" is in inches of soil 
cover. 

Performance limit was identified as instability; i.e., 
progre s.ive increase in ring deformation with each successive 
pass of the load. Multiple passes could lead lo pipe damage. 

Maximum soil cover tests were conducted on CP • P in a 
soil cell at Utah State University in Logan, Utah. The soil cell 
was a container in which a section of pipe was buried and then 
loaded vertically by 16 hydraulic cylinders to simulate high 
soil cover. he cell cou ld accommodate pipes up to 2 ft in 



I 

. 
I 

Watkins et al. 

V) 
V) 

< a.. 
1--
V) 
c: 
..._ 
0:: 
u.J 
I-..._ 
< 
:c 
I-
"-
u.J 
Cl 

I-
::i 
0:: 

:c 

6 8 9 10 II 12 14 16 20 

W = DUAL WHE EL LOAD (Kips) Log sca le 

FIG URE 1 Depth of dual-wheel rutsH" in crushed limestone backfill after the first 
pass. (Standard deviation of H" is 0.5 in. The dotted plot for 80 percent soil density is 
estimated from single-tire ruts.) 

diameter in lengths up to 5.5 ft. Soils of various types could be 
compacted to various densities, and loads in increments up to 
16 kips/ ft 2 could be applied to simulate soil loads including 
surface live loads. (See Figure 2.) 

The independent variables were the density of the backfill 
soil and the vertical soil pressure at the top of the buried pipe. 
Two different diameters of CPEP were tested to verify 
similitude. The dependent variables, that is, performances 
were measured ring deflection and observed dimpling. The 
test section of pipe was buried in silty sand, Unified Soil 
Classification SM. Vertical soil pressure in the soil cell 
simulated high soil cover plus surface loads. After each 
increment of load, ring deflections were measured. 

Performance limit in these tests was identified as vertical 
soil pressure Pat dimpling of the crests of the corrugations at 
9 and 3 o'clock as viewed from inside the pipe. The dimpling 
portended plaslic hinging as a re. ult of wall buckling and 
crushing. Plastic hinges could develop if the vertical soil 
pressure were increased past the performance limit. 

DESIGN 

LOAD! NG BEAM 

6 ft (1.8 m) 

i 
E' ...,_ 

0 E ~ 
~ .... ... 

For design, it is traditional to evaluate performance as stress 
a and to equate it to strength S as a performance limit. 
Including sf as a safety factor, a = S /sf. In this paper, stress is 
analyzed as a function of deformation. Strength Sis the stress 
at the limit of deformation, which may or may not occur at 
yield point. Elastic theory is used because it is generally 
understood and because it is conservative. 

FIGURE 2 Cross section of small Utah State University 
soil cell in which pipes can be buried in soil and loaded 
vertically. 
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PERFORMANCE L!M!TS FOR CPEP 

In the design of CPEP, two performance limits must be 
considered: ring deflection and ring buckling. Ring deflection 
is the change in ring cross section from a circle to an 
approximate ellipse due to vertical compression of the pipe 
zone backfill soil. Ring deflection is defined as percent 
reduction in vertical mean diameter from the original mean 
circular diameter, that is, 

d = 
/::;. = 
D = 

/::;. / D = ring deflection, 
decrease in vertical diameter, and 
mean circular diameter of pipe, to the neutral 
surface of the corrugations. 

Design engineers specify the maximum allowable ring de
flection d. A conservative maximum d = 5 percent is some
times specified for culverts and storm drains . A proposed 
AA~HTO deflection limit is 7.5 percent and many engineers 
permit I 0 percent for pipe of this type. 

Ring buckling in CPEP is usually identified by the first 
visi hie evidence of formation of plastic hinges in the pipe wall. 
Under maximum soil cover, plastic hinging is incipient when 
dimples appea r on the crests of corrugations at ap1 roximalely 
9 and 3 o'clo k. This is called dimpling. Under minimum soil 
cover with surface wheel loads passing over, this dimpling 
appears on the outside of the pipe near the crown, at 12 
o'clock. 

A special case of ring buckling is conduit instability.Under 
maximum soil cover, if the vertical soil pressure is so great 
that shear planes form in the soil at 9 and 3 o'clock, or if the 
ring compression stress in the pipe wall exceeds yield point, 
then the conduit is unstable. Progressive ring deformation 
could proceed . Under minimum soil cover, the conduit is 
unstable if multiple passes of a surface wheel load increase 
ring deformation with each successive pass. This multiple 
pass instability is discussed later. 

PERFORMANCE OF CPEP 

With performance limits identified, analysis must predict the 
structural performance of the buried CPEP ring under 
external soil pressures. The familiar stress theory is useful for 
conservative analysis. Stress is analyzed at performance 
limits of excessive deformation. Performance limit, then, 
becomes the maximum circumferential compressive stress 
developed in the pipe wall by vertical soil pressure Pat the top 
of the pipe when the pipe is at the point of excessive 
deformation. Two conditions for vertical soil pressure are 
considered in this analysis: minimum soil cover and maximum 
soil cover. Under minimum soil cover, an approaching 
surface wheel load is critical. Under m ·~ximum soil cover, the 
surface wheel load is either negligible or only adds to the dead 
weight of soil. 

Not included in this analysis are the conditions (a) for 
hydrostatic collapse of the ring, (b) for longitudinal beam 
deflection, and (c) for indentations or crushed corrugations 
due to a hard object bearing against the pipe. It is assumed 
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that specifications for the pipe zone backfill wiil exclude 
rocks of such size that an indentation becomes a perforation 
or an impedance to flow. Usually, specifications exclude 
rocks over 1.5 in. from bearing against the pipe. It is assumed 
that intense surface loads such as superhigh-pressure tires 
over a less-than-minimum soil cover will be avoided. 

Minimum Soil Cover 

Minimum soil cover over buried CPEP is of concern only 
when a surface wheel load passes over it. In the following 
examples, the load is a truck dual-wheel load up to an HS-20 
load of 16 kips. Similar analyses could be accomplished for 
different loads such as those due to tracked vehicles. 

Because most buried CPEP is supported by compacted, 
granular pipe zone backfill, any ring deformation is associated 
with soil slip along shear planes. In the case of minimum soil 
cover, if the surface wheel load is applied over a rectangular 
surface area of width B and length L and if load Wis great 
enough to cause soil compression, then soil shear planes form 
as indicated in Figure 3, isolating a truncated pyramid of soil. 
The pyramid angle (} = 45° - <P / 2, where <P is the soil friction 
angle. At depth H, the surface wheel load Wis distributed 
over the base area as indicated in Figure 3(a). For compacted, 
crushed-stone backfill, the soil friction slope is about I :2, for 
which the base area is (B + H)(L + H). The vertical soil 
pressure on the pipe with soil cover H [Figure 3(b)] is 

P = W/ [(B + H)(L + H)] (I) 

For a dual-wheel load, the surface area is approximately a 7-
by 22-in. rectangle, for which tire pressures vary with load as 
follows: 

Dual-Wheel 
Load W (kips) 

5.5 
7 
9 

16 

Tire Pressure 
(psi) 

36 
45 
58 

104 

The analysis can be adjusted to different dual-tire contact 
areas. However, the 7- X 22-in. contact area gives results in 
agreement \Vith the Findlay field tests. For sul:h ioad , the 
minimum soil cover is so small (a few inches) that dead load 
due to soil cover can be neglected. 

A useful model for evaluating minimum cover is the 
following as adjusted by field test results. The geometry is 
shown in Figure 4 and the notation is as follows: 

Notation 

ID inside diameter of pipe, 
D = mean diameter of pipe 

= ID + 2c, 
= mean radius of pipe = ID/2 

+ c, 
c = distance from the neutral 

Values for 

18-in. CPEP 

18 in. 

19.8 in. 

9.9 in. 

surface of corrugations to the 
crest on the inside of the pipe. 0.86 in . 
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(a) 

BASE AREA _J 
1---- HIDTH = B + 2Htan 9 

I·/ 
(b) 

L WIDTH= B + H 

Fl G URE 3 Truncated pyramid isolated by the formation of shear planes under a heavy surface load W 
with minimum soil cover H: (a) Vertical soil pressure Pat depth Has load Wis transferred through the 
truncated pyramid to the base area, and (b) approximate pyramid for compacted granular soil cover. 
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= 

= 

= 
= 

= 

= 

cross sectional area of pipe wall 
per unit length of pipe, 0.195 in. 2; in. 
moment of inertia of the pipe 
wall per unit length of pipe, 0.077 in. 4 I in. 
strength of pipe wall material 
for quick loads such as wheel 
loads passing over, 3 ksi 
installed height (in.) of soil 
cover (see Figure 4), 
rutted height (in.) of soil cover 
after multiple passes of load W 
have stabilized the system, 
depth of rut (in.), 
load on a truck dual wheel 
crossing over the pipe (kips), 
soil density in percent standard 
Proctor density (AASHTO 
Specification T-99) of granular 
soil cover a nd pipe zone backfill 
{perce nt) 
circumferential stress in the pipe 
wall, and 
vertical soil pressure at the level 
of the top of the pipe due to 
passing dual-wheel load = 
W/[(B + H)(L + H)] from Figure 3. 

The minimum height of cover is that soil cover H less than 
which the pipe-soil system is unstable under multiple passes 
of dual-wheel load W. Instability is incipient when stress 
equals yield point strength of the pipe. 

From Figure 4, values of Hare evaluated by H = H' + H". 
For crushed limestone wet from precipitation, the rut depths 
H" for dual-wheel loads Win granular soil cover are as shown 
in the following table. These values are from the Findlay field 
tests. 

The rutted height of soil cover H' after multiple passes to 
tabili1y is that cover less than which the stress in the pipe 

exceeds the quick-load strength of material S. or CP P, the 
quick-load strength is usually greater than 3 ksi. o S = 3 
kips / in.1. Quick-load trength is used rather than 50-year 

Rut Depth H" (in.) 

Soil W (kips) 
Density 
p 5.5 7.0 9.0 16.0 

80 3.0 3.8 4.6 6.5 
85 2.4 3.0 3. 7 5. 1 
90 1.8 2.2 2.7 3.8 
95 I. l 1.4 l.7 2.4 

strength becau e live load are qui k load . The maximum 
stress in the pipe wall is Jes than the um of ring compression 
stress and nexural stre s due to rionuniform vertical soil 
pressure. To be conservative, then, the two are added as 
follows: 

a = Pr I A + Mc I l 

FIGURE 4 Sketch of a dual-wheel load W passing over a buried 
pipe with granular soil cover of height H. 

15 
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Moment M can be eva luated by arch ana lysis. From the 
Pindlay field tesls, and from observations of minimum cover 
failures of flexible pipes, performance limit is identified as 
incipient plastic hinging that results in reversal of curvature 
of the pipe. When reversal o curvature does occur, it occurs 
within the top 80° arc of the ring. To be con ervative, 
a urning 90° of top arch, ee Figure 5 where a = 45° with 
ends of the arch fixed, and with a uniformly di tributed 
vertical oil pressure P approaching from one idea shown, 

M = 0.022Pr2 

The resulting stress equation is 

<T = Pr(l/A + 0.022rc/J) (2) 

where, by pyramid soil stress analysis under a dual-wheel 
load distributed over a 7- X 22-in . rectangle, 

P = W/[(7 + H')(22 + H')] (3) 

The rutted soil cover H' can be evaluated by substituting 
Equation 3 into Equation 2 and solving the resulting 
quadratic equation for H'. 

The minimum granular soil cover, conservatively estimated 
(with 90 percent confidence), but without safety factor, is (see 
Figure 2) 

H = H' + H" (4) 

FIGURE 5 Pyramid live-load soil pressure P due to an ap
proaching surface dual-wheel load W crossing over a pipe buried at 
depth H. 

Example: Minimum Soil Cover 

Suppose that minimum cover H of granular soil is to be 
evaluated fo r 18-in. CPEP in 85 percent den e backfill. 
Substitu ting Equation 3 into Equation 2 and including values 
ofr, A, and l / c for 18-in. PEP, 

(H' + 14.5)2 = 25 W + 56.25 
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Solutions for 18-in. CPEP are as follows : 

Dual-Wheel 
Load W (kips) 

5.5 
7 
9 

16 

Rutted Soil 
Cover H' (in.) 

-0.6 
0.7 
2.3 
6.9 

The negative value at W = 5.5 kips indicates that soil 
cover is not needed. The pipe can carry a 5.5-kip dual-wheel 
load even though the ruts expose the pipe. Of course, enough 
soil cover H hould be provided to allow for rutting H", to 
prevent surface rocks from indenting the pipe, and to avoid 
crushing of corrugations. 

For . oil at 85 percent density and with multiple passes of a 
l6-kip dual-wheel load, the minimum height of cover is (from 
Equation 4) H = 12 in. Thi example yield. a conservative 
minimum soil cover in approximate agreement with field 
tests. In the Findlay field tests, instability was observed after 
multiple passes of a 16-kip dual-wheel load over an 18-in. 
CPEP with 85 percent dense granular soil cover and with an 
installed height of soil cover of H = 10 in. Rutting was found 
to be about 5 in. maximum after many passes. 

Thi analysis is valid for CPEP up to and including 24-in. 
diameter. Conditions of similitude should be reviewed for 
pipes larger than 24 in. in order lo consider changes required 
for in ta.llation and po sible differences in the propertie of 
the yet-to-be te led large pipes. 

For 24-in. CPEP, the equation for rutted height of cover H' 
becomes 

(H' + 14.5)2 = 25.36W + 56.25 

This result is based on r = 13.24 in., A = 0.2775 in. 2/in., 
and I/c = 0.136 in. 3/in. Solutions for 24-in. CPEP are as 
follows: 

Dual-Wheel 
Load W (kips) 

5.5 
7 
9 

16 

Rutted Soil 
Cover H' (in.) 

-0.5 
0.8 
2.4 
7.0 

These values are essentially the same as for 18-in. CPEP. 
Ring deflection under minimum soil cover comprises two 

components: permanent ring deflection d' and rebound ring 
deflection d". The rebound ring deflection is ela. tic and so 
rebounds fully after each pass of the dual-wheel load. 

In Figure 6, results are summarized of the Findlay field 
tests on 18-in. CPEP under the lea t favorable backfill 
conditions tested. Backfill was crushed limestone. The soil 
den ily wa 85 percent of the tandard Proctor den ity 
(AA HTO Specification T-99), the lowestdeLl ity tested ; the 
height of soil cover was 7 in. , the lea t cover tested. Two 
observations are noteworthy from Figure 6: 

1. Ring deflection is small, less than 2 percent, for the first 
pass of the dual-wheel load. Permanent ring deflection and 
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d = % = RING DEFLECTION (Pe rcent) 

FIGURE 6 Typical load-deflection diagram for 18-in. CPEP under 7 in. of soil 
cover of 85 percent standard Proctor density (AASHTO T-99), comparing permanent 
ring deflection d' and rebound ring deflection d" and showing approximate zone of 
instability. 

rebound ring deflection are both less than 2 percent for 
dual-wheel loads up to 16 kips. 

2. For multiple passes , the rebound ring deflection 
stabilizes if dual-wheel loads are less than about 12.5 kips. 
The stabilized ring deflection is greater than the first-pass ring 
deflection (see the lower dotted graph of Figure 6). At dual
wheel loads greater than about 12.5 kips, rebound ring 
deflections may increase progressively toward instability. 

For minimum soil cover of 12 in., no instability occurred. 
Ring deflections are much less than 2 percent. 

For multiple passes of HS-20 loads over buried CPEP, the 
recommended minimum soil cover is 12 in. To assure a 
successful installation, it may be prudent to specify pipe zone 
backfill up to the ground surface of crushed rock passing the 
1.0-in. sieve or less and compacted in 8-in. layers to at least 90 
percent standard Proctor density (AASHTO Specification 
T-99). The 12-in. soil cover includes some surfaces such as 
asphalt. In fact, a good surface eliminates the rutting. For a 
reinforced-concrete slab, the minimum cover may be reduced. 
If the preceding conditions are met, ring deflection is not a 
performance limit unless it causes unacceptable cracking of 
the surface over the pipe. Slight cracking of the surface is 
possible above both rigid and flexible pipes under minimum 
soil cover. The remedies are to increase the soil cover over the 
minimum, to use concrete backfill, to densely compact the 

select pipe zone backfill, or to cast a reinforced concrete slab 
on the surface. 

For minimum cover, these observations apply to all pipe 
diameters if all length dimensions are scaled proportionately. 
Ring deflections d and dimpling remain unchanged for all 
di ameters of pipe under the same oil, den ity cover, and 
load. Pipes larger than 24 in. should be studied further. 

Maximum Soil Cover 

Maximum soil cover is the height of soil cover H for greater 
than which ring deformation is excessive. Excessive ring 
deformation is the basic performance limit. It is identified as 
either (a) ring deflection d so great that flow is impeded , or (b) 
visible dimpling of the crests of corrugations at 9 and 3 
o'clock inside the pipe. Dimpling portends wall crushing or 
wall buckling. Both effects can lead to the formation of 
plastic hinges, a condition for instability. 

In terms of stress, dimpling occurs when compressive stress 
exceeds the strength of material. Critical compressive stress CT 

is the sum of ring compression stress and ring deflection 
stress, that is, 

CT= Pr / A+ 3Ecd/ [r(l - 2d)] (5) 
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where 

a = circumferential compression stress, 
Pr / A = ring compression stress, 

3Ecd/ [r(l-2d)] = ring deflection stress as the circular 
ring deforms into an ellipse, 

E = modulus of elasticity, 
r = mean radius of the pipe, 

A = area of cross section of pipe wall per 
unit length of pipe, 

P = vertical soil pressure at the level of the 
top of the pipe, 

c = distance from neutral surface of the 
corrugation cross section to the 
inside corrugation crest, and 

d = ring deflection. 

If ring deflection is controlled so that d = 0, then stress u is 
simply ring compression stress. However, the contribution of 
ring deflection toward dimpling is usually significant. 

Ring deflection is determined by pipe stiffness and 
compaction of the backfill. However, the effect of pipe 
stiffness is negligible if the backfill is dense and if ring 
deflection does not include initial ring deflection due to soil 
compaction. Such ring deflection becomes 

d = E 

where 

d = 

-ti. = 

D = 

E = 
p = 
p = 
pd = 
P, = 

H = 
y = 
w = 

(6) 

fl / D = ring deflection excluding ring deflection 
due to soil compaction; 
decrease in vertical diameter due to vertical soil 
pressure P; 
initial, vertical, mean diameter with dense backfill 
already in place about the pipe; 
soil compression, i.e ., vertical soil strain due to load 
P; 
vertical soil pressure at the level of the top of the 
pipe; 
P,,+ P,; 
yH = 

0

dead weight of soil cover; 
fl W) = vertical live-load soil pressure on the pipe 
due to surface load W, usually calculated by 
Buussines4 formuia; 
height of soil cover over the pipe; 
unit weight of the soil cover; and 
surface live load crossing over pipe. 

Because maximum soil cover His usually more than 8 ft, 
the live-load pressure due to an HS-20 dual-wheel load is less 
than P1 = 100 lb/ft2, and so can be neglected . If live-load 
pressure is included, it is not treated as an approaching load. 
P1 is simply added to Pd . If a vertical load-deflection (P 
versus E) diagram is available for the compacted backfill, then 
at the anticipated vertical soil pressure P the corresponding 
soil strain E can be read directly. From Equation 6, the 
approximate ring deflection d = E can be predicted. Figures 
7 and 8 show typical plots of high soil cover tests performed at 
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Utah State University on CPEP. The plot relates ring 
deflection d to vertical soil pressure P in granular backfill 
compacted to 85 percent standard Proctor density (AASHTO 
Specification T-99). The most important observation is that 
the pipe- oil conduit is stable up to a vertical soil pressure of 
P = 7.5 kips/ft2. At this pressure, the ring deflection is 
roughly d = 13 percent. Figure 8 shows the relationship of 
ring deflection to soil pressure in loose backfill at 75 percent 
density for which the pipe-soil conduit is stable up to soil 
pressure of P = 4 kips/ ft 2. Equation 5 is of the form 
u = Pr/ A + Kcd/ r( I - 2d) , where K includes modulus of 
elasticity £and a number of minor variables. From Figures 7 
and 8 assuming the same u at dimpling in each, K = 0.329 
ksi, and apparent yield point stress is a = 3.57 ksi . 
Substituting these values into Equation S and solving for P, 

P = A{3.57 - [0 .239cd/ r(I - 2d)]} / r 

For 18-in. CPEP, this equation reduces to 

P = [JO.I - lSd/ (l - 2d)]ksf 

The following is a table of values for 18-in. CPEP. 

d p H H/ sf 
(%) (ksf) (ft) (ft) 

0 10. I 84.4 33 .8 
5 9.3 77.2 30.9 

10 8.2 68.5 27.4 
15 6.9 57.4 23.0 
20 5.1 42.5 17.0 
25 2.6 21.7 8.7 

The values for Hare based on unit weight of soil of 120 lb/ft3. 

The allowable values of H / sf are based on a safety factor of 
sf = 2.5. Figure 9 is a plot of Pas a function of d from the 
table. The safety factor of sf = 2.5 is higher than necessary if 
the backfill is good granular soil. On the other hand, if the 
backfill is marginal, or if the pipe is installed carelessly, a 
generous safety factor may be justified because of the high 
cost of repair or replacement. 

The use of quick-load strength rather than SO-year strength 
is appropriate for design. If polyethylene is held under 
constant deformation, such as the ring deformation of a pipe 
buried in select pipe zone backfill under a high soil cover, 
stresses in the polyethylene relax. The highest stresses are the 
initial stresses generated at the time of installation. 

Example: Maximum Soil Cover 

What is the maximum height of soil cover H allowed for 
18-in. CPEP pipe if the backfill is to be granular soil at 90 
percent standard density? Figure I 0 is a hypothetical graph of 
a laboratory compression test on the granular backfill. The 
answer to the question is simply the point of intersection of 
the graph of Figure 9 and the 90 percent graph of Figure I 0. 
This is easily done by inspection or by plotting Figure 9 on 
Figure 10. P = 9.7 kips/ft 2. If the soil unit weight is 120 
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lb/ft3, then at dimpling, the maximum height of soil cover is 
H = 81 ft. If a safety factor of 2.5 is called for, Hf sf = 32 ft 
of allowable soil cover. 

It is clear that the best control of the pipe-soil conduit 
under maximum soil cover is control of the backfill. 
Specifications should establish minimum values for com
pacted density and should assure competent granular material. 
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FIG URE 10 Hypothetical graphs of vertical soil stress as a 
function of vertical soil strain for granular soil from 
compression tests in the laboratory. 
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Performance of Thin-Wall Concrete Pipe 

L. H. GABRIEL AND H. E. BLOWER 

An analytical and experimental study was conducted of thin
wall unreinforced-concrete pipes of dimension ratios 16 through 
70 under surcharge loads equivalent to 30 ft of fill. Special 
attention was directed towards bedding and trench properties 
and geometries. The advantages and efficiencies of matching the 
stiffnesses of the bedding with that of the soil envelope are 
discussed. Narrow trench widths are shown to be more efficient 
when trench fill is of lesser stiffness than trench walls. Recom
mendations for practice are made. 

Concrete pipes are generally classified as rigid pipes. Thin
gauge metal pipes and plastic pipes are generally classified as 
flexible pipes. Each has its own strategies for design. As one 
criterion of performance, ring compression theory for flexible 
pipes anticipates a stress response to a service load. Stress is 
not employed as a criterion of performance in the case of ring 
deflection theory for flexible pipes, except as a parameter 
related to the possibility of a buckling failure. With the D
load method, neither is stress response to service loads a 
criterion for the design of rigid pipes. 

In recent years , with the introduction of plastic pipe with 
stiffnesses between the extremes of flexible and rigid, the 
profession and industry have faced the difficulty of nesting a 
design strategy for semirigid (or semiflexible) pipe between 
the existing extremes. Neither design strategy may be ex
trapolated for application to the semirigid pipe. 

As regards the use of rigid pipe theory for plastic pipes, the 
three-edge bearing test as a measure of performance cannot 
be adopted. The nonbrittle nature of plastic precludes the 
possibility of a 0.01-in. crack being used as a criterion (1). 
Rigid-pipe theory as a basis for semirigid pipe design has 
therefore been rejected. 

A number of problems exist should either of the two 
common flexible pipe theories be adopted as a basis for the 
design of semirigid pipes. The ring compression theory has all 
the virtues of a theory rooted deeply in the principles of 
structural mechanics, including a stress response. The pre
sumption of membrane action of an easily altered geometry 
of a thin shell under service loads rejects bending in favor of 
an in-plane thrust. Only a flexible pipe is flexible enough to 
satisfy this criterion; a semirigid pipe does not qualify. 

The inconsistencies encountered in the backcalculations 
leading to articulation of soil stiffness E' provide the necessary 
empirical evidence for the rejection of the ring deflection 
theory as a means of predicting the performance of thin-wall 

Department of Civil Engineering, California State University, 
Sacramento, Calif. 95814. 

concrete pipe. Gabriel and Blower (2) showed that the 
coupling of soil and structure stiffnesses in the denominator 
of the equation for the prediction of deflection under service 
load is more complicated than the arithmetic summation of 
the two. The extrapolation of the ring deflection method for 
purposes of semirigid pipe design may lead to gross errors of 
prediction (3) . 

The industry and profession await a consistent theory that 
may be applied to all classes of pipe. Loads are attracted to 
the stiffer elements of the composite structure. The greater 
the stiffness of the pipe relative to its embedment, the greater 
the internal force responses of thrust, moment, and shear 
within the pipe wall . Alternatives of bedding and trench 
geometries, materials, and compactions add complexity to 
the pro bl em. The distribution of normal and shear pressures 
at the pipe-soil interface are important determinants of the 
mode of pipe response to service loads. The ideal always is a 
uniform normal pressure that precludes the excitement of 
flexural stresses within the wall of a circular cross section. 

The larger purpose of the studies was to obtain a sense of 
some favored alternatives for thin-wall concrete pipes. The 
studies were supported by the California Department of 
Transportation (Caltrans) and the FHWA (4) . 

EXPERIMENTAL DESIGN 

Models of structural analysis always include the assumption 
of reasonable correspondence with the material, geometric, 
and connective features of those structural elements being 
modeled. Computer modeling of structures composed of a 
multiplicity of structural elements follows the same pre
scription. 

Computer modeling of structural composites of pipes 
embedded in surrounding soil media was adopted as the 
strategy for gaining, and maximizing, experience with thin
wall concrete pipes. Physical tests were performed to establish 
the parameters needed for the computer analyses and to spot 
check the computer studies. Surcharge loads equivalent to 30 
ft of fill were superimposed on buried pipes in test frames 
designed and built at California State University, Sacramento. 

CANDE (5) was selected as the program for the computer 
analyses. Its three levels of solution include the elasticity 
solution of Burns and Richard (6) and two finite element 
solutions, one of which has self-generating elements. 

The experimental design was as follows: 

1. Model concrete pipes of9-in. outer diameter (OD) and 
wall thicknesses I/ 8 in . to I/ 2 in. (nominal dimension ratios 
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DR = 70 to 16, correspondingly) were buried in one of two 
loading cells with sand of uniform material and compaction. 
Surcharge loadings up to 25 psi, equivalent to over 30 ft of fill, 
were introduced in steps of 2.5 psi. Changes in vertical and 
horizontal diameters were measured (Figure 1). 

2. With the assumed mechanical properties of pipe 
material to be described later and for a range of mechanical 
properties of the sand fill, CANDE was run for the same 
surcharge loadings as were physical experiments. 

3. The outcomes of the physical experiments and the 
computer modeling of these same experiments were compared. 
The mechanical properties of the sand were defined when the 
outcomes matched. 

4. Knowledge of the mechanical properties of the sand 
completed the information required for subsequent computer 
modeling of a buried pipe in the load frames. Parametric 
studies of pipe thickness and bedding and trench geometry 
were conducted with computer models and spot checked by 
physical experiment. 

3'-6;i DIAMETER----

FIGURE I Test frame and computer model (schematic). 

EQUIPMENT AND INSTRUMENTS 

Each of the two load frames consists of 4-ft-high concentric 
sections of 42- and 48-in.-diameter (nominal) corrugated steel 
pipe sections forming and enclosing a nominal 3-in. concrete 
wall. The inside wall corrugations were filled, smoothed, and 
overlaid with two sheets of lubricated plastic to minimize wall 
friction on the boundary of the highly stressed soil. Force is 
transmitted to a rigid plate floating on the composite of 
buried pipe and surrounding soil by means of instrumented 
(with three strain gauges at 120° around the circumference of 
each rod) and calibrated tension rods. These rods, anchored 
below and attached above to a loading platform, are mechani
cally loaded by tightening nuts at the rod ends. The reactions 
to the motion of the loading platform deliver point loads to 
the rigid floating plate, positioned so as to deliver a uniformly 
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distributed load to the entire soil surface of the soil-surface 
composite. 

Contractions and extensions of the vertical and horizontal 
diameters were measured by means of a two-axis floating 
deformation sensor and transducer designed for continuous 
reading (Figure 2) . The device is a pair of independent 
instruments with axes per.pendicular to one another and 
mounted on a common frame . Each gauge is composed of a 
pair of spring steel bows of negligible bending stiffness, 
clamped at the ends , responding to displacements in a 
bending mode. Each bow has two opposing strain gauges, 
one centered on the convex side and the other on the concave 
side. The four gauges of each instrument are wired as a full 
bridge. Initial contact between a steel ball and a smoothened 
inner wall of the pipe was made with an adjusting screw at 
each outboard end. The instrument was able to sense motion 
to 0.000 l ± 0.00005 in.; its response was linear. The sensing 
a rrangement for the vertical pipe diameter change was similar 
to that for the horizontal pipe diameter change. 

TEST PIP E 

FEELER PROBE FOR VERT ICAL 
DIAMETER CHANGE 

(SAME ON OPPOSITE SIDE) 

HORIZONTAL DIAM ETER 

CHANGE (SAME ON 

OPPOSITE SIDE) 

INSTRUMENT SUPPORT 

NOTE' SENSING ARRANGEMENT FOR VERTICAL PIPE DIAMETER 

CHANGE SIMILAR TO THAT FOR HOR I ZONTAL P I PE 

DIAMETER CHANGE. 

FIGURE 2 Two-axis deformation sensor and transducer. 

CONCRETE MODULUS 

The property of stiffness of a stressed structural element is a 
function of the material, geometry, and mode of response. 
Recall that the deflection of a beam is inversely proportional 
to its material and geometric moduli El; the extension of a 
bar is inversely proportional to EA/ L; and the diametral 
change of a ring is inversely proportional to El/ R3; where Eis 
the material stiffness and /, A, L, and R are geometric 
parameters of the element. 



Gabriel and Blower 

Whereas I, A, L. and R are well defined, Eis difficult to 
evaluate when it is other than linearly elastic. The surrounding 
soil and the embedded pipes are both of nonlinear inelastic 
materials. The potential for significant error exists for the 
prediction of the performance of the soil-structure composite. 

In Figure 3, a secant modulus Es and a tangent modulus E, 
are both shown operating at some prescribed limit of working 
stress f of a nonlinear strain-softening material. Because the 
tangent modulus, at any level of stress and at all points in the 
pipe, governs the deflection (the secant modulus is only a 
convenience for design), the assumption of modular values 
has significant effect on the prediction of deflection. The 
nonconstant stress levels within the pipe imply further 
variation in modulus. 

tc 

-"' Ill 

• ... -Cl) 

0.000586 
Strain € 

FIGURE 3 Moduli alternatives. 

TANGENT MODULUS FOR CONCRETE 

Obtaining the measure of tangent modulus is subject to the 
further disability that for soils and concrete the functional 
form of the curve is not generally known. The nonsmoothing 
nature of differentiation necessary to evaluate the tangent 
modulus adds further difficulty. For concrete, the properties 
of the stress-strain curve depend, in part, on the choice of 
materials, manner of preparation and casting, water content, 
method of curing, functional use, and rate of loading of test 
samples. Data developed by Ramaley and Henry (6) (Figure 
4) suggest the appropriateness of a parabolic response 
between zero and a vertex of ultimate strength/'*' at a strain 
of 0.002. The equation for such a curve is 

f = [l - 250,000(E - 0.002)2:] f'c (I) 

The tangent modulus at any point is 

E
1 

= dfj dE = (f'J2)(0.002 - E)(l06 ) (2) 

The measure of the initial modulus is 

E,. = E(O, 0) = l ,OOOfc (3) 

To judge the reasonableness of these equations, the results 

23 

are compared with the estimate of secant modulus for 
concrete of f 'c = 5,000 psi based upon the American 
Concrete Institute (ACI) formula 

Note in Figure 3, the secant modulus lies between the tangent 
modulus and the initial modulus. 

Et 
Es 
E,. 

= 
= 
= 

3,535,000 psi (from Equation 2); 
4,074,000 psi (from ACI); and 
5,000,000 psi (from Equation 3). 

The stress-strain curve described by Equation I was adopted. 
In application, an iterative process was introduced into 

CANDE to establish an appropriate value for the stress
dependent tangent modulus. At each level of load, a tangent 
modulus was assumed. With the other parameters of the 
analysis held fixed, CANDE was run and the maximum stress 
at springline was noted. This stress was then introduced into 
the stress-strain law, Equation I, and the strain was calculated. 
A revised tangent modulus was then computed from Equation 
2, and the process was repeated until convergence, which was 
rapid. 
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FIGURE 4 Concrete stress-strain curves from compres
sion cylinders. 

SOIL MODULUS 

Pointwise definition of the mechanical properties of a solid at 
varying levels of stress permits linear elastic models of 
analysis to be used as reasonable approximations with 
nonlinear inelastic materials. A granular soil, however, is not 
a solid. Movements dissipative of the energy that deforms the 
soil mass inhibit it from being effectively modeled as a solid. 
Slippage not only has the potential to occur at the pipe-soil 
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interface, but also at all points of contact within the granular 
soil mass. 

In spite of this, perhaps because of the absence of 
alternative forms of analysis, the pretense of the solid is 
carried forth . If the pointwise mechanical properties of a soil 
were known, then an elastic solid of precisely those same 
properties would be expected to perform in the same manner, 
enabling the latter to be modeled to predict the former. The 
burden then becomes one of properly defining the mechanical 
properties of the soil. 

SELECTION OF SOIL PROPERTIES 

For the purpose of learning the in-place property of soil 
modulus, the following conditions were applied to both the 
computer analyses and, where appropriate, the physical tests: 

1. Nine-inch pipes, of wall thickness varying from l / 8 to 
l / 2 in. were buried in a homogeneous soil mass. 

2. The Burns and Richard (7) elasticity solution was 
~ssumed operative. 

3. The height of cover above springline was twice the OD 
of the pipe. 

4. The compaction and density of the sand was taken as 
unvarying, achieved in the physical tests by uniform free-fall 
deposition of the sand grains transported with the assistance 
of an industrial vacuum. 

TRANSPORTATION RESEARCH RECORD 1129 

5. Uniform surcharge was added in increments of2.5 psi 
to a maximum of 25 psi. 

The following quantities were extracted from the computer 
analyses: 

• Center-crown displacement Dv (in.) 
• Crown moment M (in.-lb/in.) 

Input into the computer analyses includes: 

• Wall thickness t (in.) 
• Average pipe radius r (in.) 
• OD D 0 (in.) 
• Presumed operating soil modulus Es (psi) 
• Acting concrete tangent modulus Ee (psi) 
• Surcharge pressure p (psi) 
• Poisson's ratio v 

The calculated items include 

• Pipe modulus EP = E/t/r)3/ 12 = (2/3)Ec/(DR)3 (psi) 
• Dimension ratio DR 
• Soil stiffness ra tio K2 = lOOEJ (EP + Es) 
• Displacement ratio % Y= IOODvfr 

Sample results are presented in Table I. Note that Es varies 
from 1, JOO to 1,800 psi. Other results were for presumed 
values of soil modulus increasing with surcharge pressure (5 
to 25 psi) for the following additional ranges: 2,350-3,850; 
3,600-5,900; 4,850-7,950; and 6,100-10,000 psi. 

TABLE I STUDY OF MOMENTS AND DEFLECTIONS- CANOE (LEVEL I) 

cltrns5 STLIOY CF HIJ1ENTS ~o DEFLECTJms - CNIOE iLEVEL I) 

surch soi 1 cone mod pipe crown v.rt Ov/r Eo/ Es slooe:KI 
press llOd Ee psi l'DOd mm H disp Kl K2 vs Ep/ Es 
p psi Es psi xl8H6 Ep psi in-M/ in Ov in xl8H-3 x!9H-3 xl8H-3 

---------------- ----·--------------,----------------------------------------------------------------... ------·------·---
t <in> = .125 s 6199 S.89 19.69 8.45 .88323 2.51 8.73 1.77 99.82 1417 
r <in>= 4.43a 18 7209 5.59 19.41 0.01 .9955 2.2a 1.24 1.45 99.a6 1598 

OR = 71.91 IS am S.49 10.85 1.18 .ma 1.88 1.76 1.21 99.8a 1556 
29 9159 5.21 9.79 1.37 .81933 1.66 2.26 1.86 99.89 1561 

code:858197-151718 25 18889 5.92 9.35 1.61 .81299 1.4a 2.72 8.93 99.91 1578 

t (in)= .25 5 ma 5. 79 93.93 3.15 .88271 21.17 9.61 14.76 98.55 1435 
r ( i ~> = 4.375 !@ me s. sa 86.76 S. 79 .mes !7.59 !.!4 !2.95 98.B! !46@ 

DR = 35.39 15 B3a8 5.40 83.97 7.93 .eem 14.97 1.63 19.12 99 .09 1489 
2a 91 :19 5.22 81.17 9.94 .98904 13.35 2.94 8.87 99.12 1595 

code:850197-IS2e5t 25 19099 5 .0~ 79.52 11 . 73 .81935 12 .01 2.44 7.35 99.22 1538 __ . ____________ , _____ . _______________________________________________________ .. __________________________ .. __________________ ,.. __ 

t <i'nl = .375 s 6109 5.79 317 .14 7.34 .09194 73.61 a.44 51.99 95.96 1416 
r <inl = 4.313 18 7209 5.59 306.19 14.72 .89371 61.23 8.84 42.53 95.92 1449 

OR = 23.39 15 9339 5.48 295.73 20 .56 .99529 52.13 1.19 35.64 96.56 1463 
29 ma 5.22 285.92 26. 18 .08682 46.47 1.54 31.25 96.97 14a7 

code:359197-152729 25 10BS9 5.04 276. 96 31.15 .38829 41.39 1.97 27.61 97.31 1514 

Eo = Ec•l/rH3 = (Ec•!t/r)HJ)/12 = (2/3)~ ( Ec)~<l /DR)H3 

Kl = <N.t<Es•DvtD0))1J88 , where Do= outer dia = 9 in. 
Ov = vert dia disc - crown/center 
OR= Oi11ension Ratio= 2•r/t 
K2 = <Esl<Ep+Es>l•l09 
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Gabriel and Blower 

For the dense silica sand of their study, Duncan and Chang 
(8) assumed a value for Poisson's ratio of0.3 for all values of a 
full range of confining pres ure. The si lica sand of this study is 
also very den e; a relative den ity of98 percent was determined 
by the Caltrans Transportation Laboratory. Based upon the 
comparisons of the sand a value for Poisson's ratio of 0.3 
was adopted for all values of confining pressure. 

Within the bounds of the noted presumed operating values 
of soil moduli, there is assumed to exist one set of modular 
values that closely represents the conditions operating in the 
test frames of the physical experiments. The outcomes of the 
experiments are els of vertical and horizontal diameter 
change for increasing surcharge pressures. The plots of 
deflection versus stiffness ratio (Figure 5) are a result of the 
computer analyses. Introduced into these charts are the 
measured vertical diameter deflections of the physical ex
periments. For example, the vertical deflection, when the 
surcharge pressure is increased from JO to 15 psi in the 
physical experiment, should be laid out on a template to the 
same scale as the appropriate chart and then placed vertically 
so that it is precisely intercepted at its endpoints by the 10-
and 15-psi lines drawn on the chart. Where the extension of 
this line intersects the horizontal axis, the relative stiffness K2 
compatible with Lhe performance of the pipe-soil structure of 
the physical test is evaluated . With EP known £ is evaluated. 
That proce s, extended to the full range of testing, leads to a 
calculation ofaetingsoil moduli. With modification reflecting 
smoothing of results and the adoption of a midrange of values 
between the last two of those developed by analysis, the 
assigned values of soil moduli for varying surcharge pressures 
are noted in the following table. 

Surcharge 
(psi) 

5.0 
7.5 

10.0 
15.0 
20.0 
25.0 

75 BO 

0.5 

0.4 

0.3 

~ 

UI 

;t 
0 . 2 

0 . 1 

75 80 

Acting Assigned 
Soil Modulus Soil Modulus 
(psi) (psi) 

5,150 5,090 
5,900 5,570 
6,920 6,040 
8,100 6,930 
8,200 7,670 

8,350 

85 90 95 100 

PIPE THICKNESS 
, • 318" 

OIMENSION RATIO 

E K2 • _;:.L • 100 
Ep+ Es 

OR•l!.•230 I . 

FIGURE 5 Deflection versus stiffness ratio. 
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BEDDING STUDY 

Practice holds that the D-load strength requirement for a 
rigid concrete pipe, as determined by the three-edge bearing 
test(/) increa es as the quality of bedding fall from Class A 
to Cla s D . A concrete cradle, bedding of the highe t quality 
may be required to longitudinally support a pipe over 
incompetent or irregular ground supports. The crad le shape 
is intended to distribute the reactio.n across the pipe-bedding 
interface. 

A study was conducted on the influence of bedding on the 
performance of 9-in.-OD pipe of varying wall thickness 
(also, varying tiffness) interacting with bedding of varying 
stiffness including cradle span of OD/ 2 and flat bedding. 
Figure 6 hows the geometric layout of the computer model 
using CA DE. Level 3. ote that 12 pjpe elements make up 
the half-circle. lnpul to CA DE include the measures of 
pipe and soil stiff nes es previously discus ed. A shell tructure 
is known to be ensitive to sharp changes in curvature and 
sharp changes in loading, in that each gives rise to large 
moments and the a sociated flexural stresses. Because the 
curvature of a circular pipe is constant, a preferred design 
would be one in which the loading around the pipe 
circumference would also be constant. The study established 
an understanding of the relationships between relative 
stiffnesses of pipe, bedding, and surrounding soil, and 
resulting interface loads, moments, and stresses. 

Analyses were made for the embankment condition of 
9-in.-OD pipes of wall thickness 1/ 8, 1/4, and 1/2 in. (of 

159 
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Fl G URE 6 Finite element network nodal points. 
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DR = 70, 34, and 16, respectively); overburden pressures 5 to 
25 psi; and bedding stiffness 1,000 to 4,090,000 psi. 

For shaped bedding and surcharge loads of 25 psi, Figures 
7 and 8 show the normal pressure at the interface and bending 
moment in the wall. All data pertained to an embankment 
condition with bedding of stiffnesses 1,000, 8,000, 512,000, 
and 4,090,000 psi. A plot of maximum tensile stress at any 
circumferential location along the pipe versus bedding stiffness 
for varying wall thicknesses is shown in Figure 9. Results for 
less pressures are closely proportional to those of 25 psi. A 
comparison of normal pressure and bending moment for 
shaped and flat bedding, of stiffnesses closely matched to the 
backfill soil, is shown on Figure 10. Results and inferences 
fuiiuw. 

I. For the case of shaped bedding, for pipes of all 
dimension ratios and for all levels of surcharge pressure, the 
preferred condition of the smoothest distribution of normal 
pressure occurs when the stiffness of the bedding and the 
stiffness of the backfill are closely matched (8,000 and 8,350 
psi, respectively, for the study of this report). 

2. Shaped bedding of lesser stiffness than the backfill 
(e.g., urethane foam of stiffness 1,000 psi) results in a less 
smooth distribution of normal pressure around the pipe than 
the case of nearly matched stiffnesses. 
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3. As the shaped bedding stiffnesses increase beyond the 
favored condition of matched with the backfill, the departure 
from the preferred smooth di. tribution of normal pressure 
becomes more significant. With the higher stiffnes haped 
bedding (Es> EP)' separation occurs between the pipe and 
the bedding except al the two endpoints of the bedding, due 
to the ovality of the pipe cross secliun. The unyielding 
endpoints of stiff shaped bedding introduce the undesirable 
condition of point loads. 

4. Higher moments, at the edge of the bedding, always 
attend the less uniform loads. 

5. For the condition where the bedding stiffness nearly 
matches the backfill stiffness, flat bedding with pockets of 
softer fill at the 5 and 7 o'clock regions due to poor 
compaction results in less uniform pressure and higher 
moments than shaped bedding. 

TRENCH STUDY 

One design strategy for minimizing loads attracted to a 
buried conduit is to place the conduit in a trench and backfill 
with a material less stiff than the soil forming the walls of the 
trench. The trench width is the variable of interest for the 
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FIGURE 7 Normal pressure versus location on pipe. 
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F IG RE 10 (a) Normal pressure diagram for pipe on shaped and flat beddings, and (b) Tensile stress diagram for 1/4-in. pipe on shaped 
and Oat beddings. 

studies reported herein. The upport at the inverl was always 
taken as shaped bedding with it stiffne · nearly matching 
that of the side wall . The thicknes of the pipe wall (a 
measure of the tiffnes of the pipe) was varied. The measure 
of performance is the maximum ten ile stress in the wall, 
chosen because of the brittle fracture characteri tics of 
unreinforced concrete, and arrived at by the algebraic sum of 
the thrust and bending stresses. CANDE, Level 3, was the 
instrument of analysis with spot checks by physical testing. 

The results point to the incompleteness of the notion that 
reducing the portion of the load attracted to the buried 
conduit by means of less competent trench fill is in general a 
preferred design. Again, as it was with the bedding study, the 
character {distribution) of the loading 1nay dominate its 
performance. Analyses were conducted for the trench con
dition with one diameter (9 in.) of trench fill cover over the 
crown of the pipe. Pipe wall thicknesses were 1/8, 1/4, and 
1/2 in. (DR = 70 34, and 16, respectively). Trench widths 
were 1.25 X OD, 1.50 X OD, and 2.0 X OD, respectively. 
Stiffness of the trench wall, shaped bedding, and the material 
beyond was 5,090 psi; stiffness of the trench fill was 1,000 psi. 
Surcharge pressure was 5 p i. See Figures 11 and 12 for the 
following results and inferences. 

1. The l / 8-in. pipe developed Jess tensile stress, both in 
magnitude and extent around the pipe for all conditions of 
trench width. than the thicker I/ 4- and J / 2-in. pipes. A 
thinner more compliant pipe more rec dily alter its geometry 
under load , lhereby reducing load and moment. 

2. T he narrowest trench, 1.25 X OD, alway presented 
the mo t favo rable performance independent of the wall 
thickness. The greater likelihood of the effective development 
of passive pressure in a narrow trench favor the development 
of a more unjform normal pressure at the soil-pipe interface. 
Less bending is implied. 

3. The level of tensile stress was always significant 
enough to require tensile reinforcement. 

In this study, it was not po sible to get the pipe to survive the 
full 5 psi of surcharge load in the physical te t for the noted 
conditions of bedding, backfill, and trench geometry. This is 
consistent with the analytical predictions of ten ile stress on 
the unreinforced concrete sections. 

IMPLICATIONS FOR THIN-WALL CONCRETE PIPE 

he work of this study ha hown that thin-wall concrete pipe 
can survive loadi11gs that would unlikely ever be predicted by 
the usual design practke. Because th in-wall concrete pipe 
may be expected to fail quite early in its loading hi tory when 
ubjectcd to that test, D·load rigid-pipe theory will most 

likely, not be extended to thin-wall concrete pipe . 
Should thin-wall concrete pipe ever become thin enough to 

be judged semi1·igid as is the case for some of the ections 
con idered in this study, and for reasons previously stated, it 
i unlikely that the Oexible pipe thcorie of ring com pre sion 
and ring deflection will be succes fully extended to include 
such pipes. 
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FIGURE 11 Maximum tensile stress versus location on pipe 
as function of trench diameter. 

Note: D = Outer diameter. Surcharge = 5 psi. 
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as function of pipe thickness. 

Note: D = Outer diameter. Surcharge = 5 psi. 
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The industry and the profession await a consistent theory 
for semirigid pipe. In principle, this theory should be broad 
enough to include pipes of all materials and pipes of all 
stiffnesses (including both flexible and rigid) interacting with 
the surrounding soil matrix. The computational power to 
achieve this end is in place. 

CONCLUSIONS AND RECOMMENDATIONS 

The following apply to all concrete pipes: 

I. Shaped bedding( upportinga surface of approximately 
OD / 2) that i. of greater stiffness than that of the urrounding 
soil i · likely to require greater pipe trength than shaped 
bedding of tiffne s matching that of the urrounding soil. 
Such shaped-concrete bedding. should be rejected for any 
purpo e other than longitudinal upport of the pipe, if 
required. 

2. Shaped beddings more compliant than the su.rrounding 
soil offer lillle advantage, and possibly ome disadvantage, in 
the performance of an embedded pipe. 

3. The mo t favorable bedding i one that i shaped and 
has a tiffne. approximating Lhal of the soil envelope around 
the pipe. Standards ought to reflect thi principle. 

4. arrow Lrenchc. backfilled with material less stiff 

TRANSPORT A T!ON RESEARCH RECORD 1129 

than the outer oil envelope perform more efficiently than 
wider trenches with the same trench fill. Standards should 
specify a maximum trench width, compatible with reasonable 
construction practice, rather than a minimum trench width as 
is sometimes the case. 
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New Bedding Factors for Vitrified Clay 
Sewer Pipes 

JEY K. JEYAPALAN AND NAIYI JIANG 

The present bedding factors used by the clay pipe indu try are 
dependent only on the bedding type. This practice has led to 
extremely conservative designs of these buried pipes and to 
their perceived inability to support deep covers of soil. Due to 
this conservative approach, clay pipe installations under deep 
fills were considered to be impossible and other materials 
have been u ed instead despite the many advantages clay pipe 
has offered for these project . In this study, new bedding 
factors were predicted by the finite element analyses of buried 
vitrified clay pipes with four types of backfill and bedding 
materials. These bedding factors were calculated as the ratio 
of the maximum tensile strain in the computer-simulated 
three-edge bearing test of vitrified clay pipes to that in the 
finite element analyses of buried pipes. The new bedding 
factors are generally higher than those given in the current 
ASTM spedfications. It is sbown that the bedding factors are 
affected by the backfill material type and compaction density, 
backfill height, trench width, and pipe diameter. Design 
practice around the world is also summarized in this paper. 

The design of buried vitrified clay pipes involves determining 
the maximum loads to which the vitrified clay pipes will be 
subjected in service and ensuring that the installed vitrified 
clay pipes under a certain bedding condition will provide 
field-supporting strength great enough to withstand the loads 
with a reasonable degree of safety. For vitrified clay pipes 
transporting sewage and other industrial effluents, the backfill 
loads, which were discussed in another paper (J) by the same 
authors, are usually the most important loads to be considered. 
The purpose of this paper is to study the field-supporting 
strength of buried vitrified clay pipes. 

The field-supporting strength of vitrified clay pipes is 
influenced by many factors, such as physical properties of the 
vitrified clay pipes, bedding materials, depth of soil cover, 
trench width, degree of compaction of the trench materials, 
and workmanship. The physical properties of vitrified clay 
pipe determine its inherent strength (2). The beddiiig factor is 
the ratio of the field-supporting strength to the three-edge 
bearing test strength of the vitrified clay pipe. The three-edge 
strength of the pipe is measured in the test laboratory at the 
manufacturing plant using a statistically significant sampling 
technique. 

Vitrified clay pipes are installed under various bedding 
conditions. Different bedding conditions provide varying 
levels of support around vitrified clay pipes and, hence, give 
different bedding factors. Currently used bedding conditions · 

Wisconsin Hazardous Waste Management Center, 2304 Engineering 
Building, University of Wisconsin, Madison, Wis. 53706. 

and their corresponding bedding factors in the United States 
are given in ASTM Standards (3), as shown in Figure I. 
These bedding factors, except that for crushed stone 
encasement, are based on the research conducted in the early 
part of thi century by Spangler (4) and Schlick (5). Since 
then, there have not been any changes in these bedding 
factors in the United States. 

In addition, the loads used on these clay pipes in the United 
States are still based on the worst possible predictions by the 
old Marston theory. The authors calculated much lower 
loads in comparison to Marston loads and these results were 
reported recently in another paper (J), in which details of the 
finite element model used, distributions of soil pressures 
around the pipe for various bedding conditions, and locations 
of critical stresses and strains in the clay pipe wall were 
provided. Thus, in U.S. design practice conservative bedding 
factors and Marston loads resulted in con ervative de igns of 
clay pipe installations. During these 50 years of conservative 
design practice, several advances have taken place in the field 
of soil-pipe interaction. Large-scale laboratory research on 
the bedding factors of vitrified clay pipes has been conducted 
by Bland et al. (6) and Sikora (7). The soil-pipe interaction 
problems have been successfully analyzed using the finite 
element method by Duncan et al. (8-11), Jeyapalan et al. 
(12-17), Katona (18), Krizek et al. (19), and Leonards (20). 
Thus, the finite element method can provide an accurate 
method of evaluating bedding factors for vitrified clay pipes 
under various bedding conditions. 

The purpose of this paper is to present the bedding factors 
of buried vitrified clay pipes under different bedding condi
tions as computed by finite element analyses. 

MATERIAL PROPERTIES 

The properties of three different sizes of vitrified clay pipes 
used in the analyses are presented in Table I based on 
published data (20). The Young's modulus for vitrified clay 
pipe listed in Table I is based on the test results reported by 
Sikora (7). 

Four types of backfill and bedding conditions were used in 
the analyses; two degrees of compaction level were chosen for 
each type, as follows: 

I. Well-graded gravel compacted to 85 and 95 percent of 
standard AASHTO dry density (GW85 and GW95). 

2. Silty sand at 80 and 95 percent (SM80 and SM95). 
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BEDDING 

BEDDING 

(a) LOAD FACTOR 2.2 (b) LOAD FACTOR 1.9 

BACKFILL 
BACKFILL 

BEDDING 

(c) LOAD FACTOR 1.5 (d) LOAD FACTOR 1.1 
FIGURE I Current bedding conditions and their bedding factors for buried vitrified clay pipes: (a) Crushed stone encasement, (b) 
Class B, (c) Class C, and (d) Class D. 

TABLE 1 PROPERTIES OF VITRIFIED CLAY PIPES USED IN ANALYSES 

Inner Diameter Outer Diameter Thickness 
Pipes (in.) (in.) (in.) 

6-in. 6 7.375 0.6875 
21-in. 21 25.5 2.25 
42-in. 42 51 4.5 

3. Sand-clay-silt mixture at 80 and 95 percent (SM-SC80 
and SM-SC95). 

4. Low-plastic clay at 80 and 95 percent (CL80 and 
CL95). 

Native soil used in all the analyses is low-plastic clay at 90 
percent (CL90). The hyperbolic soil model parameters of 
soils used in the analyses are presented in Table 2. 

FINITE ELEMENT ANALYSES 

The interaction between the vitrified clay pipe and the 
surrounding soils was studied using the finite element method. 

Area Moment of Young's Modulus 
(ft2 I ft) Inertia (ft4 /ft) (ksf) 

0.05729 0.00001567 835,200 
0.1875 0.0005493 835,200 
0.3750 0.004395 835,200 

The computer program used in the analyses is a plane-slrain 
soil-pipe interaction finite element program. The hyperbolic 
stress-strain relationship of soils developed by Duncan et al. 
(11) was used in the program to approximate the nonlinear 
and stress-dependent stress-strain properties of the soils. The 
actual sequence of construction operation was simulated by a 
number of construction layers. The geometry of the trench 
was simulated in the analyses by using a finite width for the 
soil elements placed in each compaction lift. The load from 
the construction lift was applied in the analyses by converting 
the soil weight to equivalent nodal point forces . 

A typical finite element mesh used in the analyses is shown 
in Figure 2. This mesh was used to model a 42-in. vitrified clay 
pipe with a backfill height of 50 ft and a trench width of 8 ft. 



TABLE 2 SOIL PROPERTIES 

Unified RC Standard y c cp Acp K n Rf Kb m K 
0 

Classification AASHTO kc.f ksf degrees degrees 

cw 85 0.130 0 30 2 100 0 .11 0.7 25 0.2 0.5 

95 0.1110 0 36 5 300 0.11 0.7 75 0.2 0.5 

SM 80 0.115 0 28 75 0.25 0.7 50 0 0.5 

95 0.130 0 311 6 1150 0.25 0.7 350 0 0.5 

SM,.,SC 80 0.115 0.1 33 0 50 0.6 0.1 25 0.5 0.5 

95 0.130 0 .11 33 0 200 0.6 0.7 100 0.5 0.5 

CL 80 0. 115 0.05 30 0 30 0.115 0.7 20 0.2 0.5 

95 0.130 0.3 30 0 120 0.115 0.7 110 0.2 0.5 

BACKFILL TRENCH WALL NATIVE SOIL 

............ 
..........._ 

" .. j - - ""' ;u;: :26 270 71 272 273 274 275 117 118 119 

26 26 262 63 264 ' 265 266 267 114 115 116 

H2 2S 25 254 ~s 256 257 258 259 111 112 113 

24 24 246 A1 248 249 250 251 108 109 no 

I ~J 23 238 39 240 241 242 243 105 106 107 

H ~2 22 230 31 232 233 234 235 102 103 104 

tl2 22 222 23 224 225 226 227 99 100 101 

H1 ~I 21 214 IS 216 217 218: 219 96 97 98 

20 20 206 07 208 209 210 211 93 94 9S 

19 19 198 99 200 201 202 203 90 91 92 

8! 89 901 ~I 192 193 194 195 87 88 89 

XCD 181 IR 182 83 1R4 lRS 186 .1R7 84 85 86 ,, , 17 17 174 7S 176 177 178 179 81 82 83 

'. """'""' 
168 169 170 171 78 79 80 

166 
167 "'1. 6)\.163 \ 164 16S 1S 76 77 

~s~1s9\ 160 161 72 7J 74 

'54\lS~ IS6 IS? 69 70 71 

ISO - - Sl 152 153 66 67 68 
146- I- 47 148 149 6J 64 6S 

DM 142 - ~ 41 144 14S 60 61 62 
138 - - 39 140 141 S? S8 S9 

J. 3'J.3s1 136 137 S4 SS S6 

p3o/m / 132 133 SI S2 SJ 

121 fi1¥121 I 128 129 48 49 so 
1 >< ~ 122 123 124 12S 4S 46 47 

I XID 34 JS 36 :n 38 39 40 41 42 43 44 

' 2 24 2S 21 27 28 29 30 31 32 33 

XFD 
12 13 14 IS 16 17 18 19 20 21 22 

XBD I 2 3 4 s 6 7 8 9 10 II ,, 
XS XSD XED XPH - -

FIGURE 2 Typical finite element mesh used in analyses. 



34 

Because of the symmetry only half of the oil-pipe system 
was analyzed. Half of the 42-in. vitrified clay pipe wa divided 
into 18 circu lar curved beam elements and half of thes ii was 
divided into 275 two-dimensional isoparametric soil elements 
with 318 nodes. To obtain sufficiently accurate r ults, 14 
construclion layers were used to imulatc the actua l construc
tion sequence in lhe field .• imilar fin ite element me hes were 
used to model 6- and 21-in. vitrified clay pjpe under variou 
installation condition . he oil load acting on the pipe was 
ca lculated from the finite clement analyse by adding up the 
normal and shear tress resultants acting at the centroids of 
the oi l elements over the pipe wall. The soil load was then 
app lied as a concentrated load to the pipe in the simu lated 
three-edge bearing slnrngth test where a structural analy ·is of 
the vitrified clay pipe was performed by the computer 
program under the simulated supporting and loading cond i
tions of the three-edge bearing lest. The bedding factor wa. 
estimated a tbe ratio of the maximum ten ile strain in the 
simulated three-edge bearing test to that in the finite element 
analyses of the soil-pipe system. he maximum stra ins due to 
bending occurred at the crown and invert of the pipe in all 
cases. T he ratio of the soi l load cau ing fai lure in the buried 
pipe to that load causing fai lure in the three-edge load test 
might be a better definition of the bedding fact.or. Due to the 
fact that the clay pipe industry is committed to the definition 
based on strains, the authors used the maximum strains for 
computing the bedding facto.rs. However, the clay pipe 
industry relied on comparison of strain for computing the 
bedding factor because strains were ca ier to measure than 
load on the pipe in both field test · and controlled laboratory 
test . Therefore the strain ratio wa. selected for defining the 
bedding factor in the present research. 1t should be noted that 
the bedding factors calculated by both methods yield exactly 
the ·ame result when the strain le cl is iinder the fai lure vaJuc 
of about 500 microstrain. 

NEW BEDDING FACTORS 

The bedding factors computed by comparing the maximum 
strains from the finite element arialyses with those from the 
simulated ASTM-specified three-edge loading test are given 

§ -& GW85 
3 ... GW95 

~ .... SMBO 

~ 
... SM95 ... SM-SCBO ; 2 -0- SM-SC95 -CLBO -CL95 

0 10 20 30 40 50 60 

BACKFILL HEIGHT H (FT) 

FIGURE 3 Bedding factor versus backfill height: D = 6 in. and 
Bd=5ft. 
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in igure 3-17. The variiitions of the bedding factor with 
backfill height for 6-, 2 1- and 42-in. clay pipes are shown in 
Figures 3-5. The trench width used for these three figures 
ranges from 1.5 to 8 ft. The bedding factor depends signifi
cantly on the backfill height for the sma llest di.amcter pipe. 
. ·ven for the large-diameter pipes, the dependence on the 
backfill height is significant enough to con ider thi variable 
as an important pa.rameter governing the choice of the 
bedding factor in clay pipe design. It is also clear from these 
figure that the level of compaction and the oil type play 
important roles in the determination of bedding factors for 
clay pipe installations. he ASTM- pecified bedding factors 
vary from I. I to 2.2 whereas the bedding factors from the 
finite clement analyses vary from 1.6 to 3.6 in these figures. 
The bedding factor. in general, increases a· the backfill height 
increases. This is probably becau e the sidefill loading, which 
can increase the bedding factor (7) increases a the back.fill 
height increases. Due to the fact that the overly celebrated 
Marston theory makes much of the trench width the 
influence of trench width on the bedding factorwa tudied in 
great detail in thi research program with typica l results 
shown in Figures 6- 14. The variations of bedding factor with 
trench width for three backfill heights arc shown in Figur 
6-8 for the 6-in. pipe. These figures how that for the small
diameter pipe, the bedding factor decreases as the trench 
width increases. However thi rate of decrea. e is somewhat 
independent of the backfill height but controlled by soi l type 
and compaction density. The variation of bedding factor 
with trench width are shown in ig1.1re 9-11 for three levels of 
soil cover depth on a 21-in. pipe. In omc cases of soil type 
the bedding factor increa es with trench width but in others it 
decrease with trench width. T hi inconsistency could be 
explained by the stiffness and Lhc unit weight of the trench 
soil in compari on to t hose of the native soil. In the cases 
where the oil in che trench is heavier or i, only about the same 
stiffnes as that of the native soil, the bedding factor tend to 
decrease with an increa e in trench width. Variations of 
bedding factor with trench width for three depths of cover are 
shown in Figures 12- 14 fort he 42-in. pipe. In almost all ca e , 
the bedding factor increases with trench width. Variations of 
bedding factor with pipe diameter are hown in Figures 15-J 7 
for three depths of cover. In almost all cases, the beddjng 
factor tends Lo increase with diameter of the clay pipe. 

3.0 

2.8 

§ 
~ 2.6 
u. 

~ 
~ 2.4 

-& GWB5 ... GW95 ... SMBO ... SM95 -SM-SCBO 
-0- SM-SC95 -CLBO 

2.2 -CL95 

2.0 

0 10 20 30 40 50 60 

BACKFILL HEIGHT H (FT) 

FIGURE 4 Bedding factor versus backfill height: D = 21 in. and 
Bd=5ft. 
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~ 2.2 ... CL80 ... CL95 
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FIGURE 5 Bedding factor versus backfill height: D = 42 in. and 
Bd = 8 ft. 
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FIGURE 6 Bedding factor versus trench width: D = 6 in. and 
H = 8 ft. 
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FIGURE 7 Bedding factor versus trench width: D = 6 in. and 
H = 20ft. 

INTERNATIONAL CLAY PIPE DESIGN PRACTICE 

At the conclusion of this research program, the senior author 
visited a number of clay pipe design engi neers and manu
facturing faci lit ies .in Europe to review the procedure in 
effect in Europe and other countries fo r the design o f 
underground clay pipes. D uri ng these visits, it was appa rent 
tha t severa l countries had abandoned the u e of Marston ' 
load theory and its resu lt ing conservative bedding facto rs. A 
summary of the bedding factors used by the various countries 
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FIGURE 8 Bedding factor versus trench width: D = 6 in. and 
H = 32 ft. 
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FIGURE 9 Bedding factor versus trench width: D = 21 in. and 
H = 8 ft. 
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FIGURE 10 Bedding factor versus trench width: D = 21 in. and 
H = 20 ft. 

is given in Table 3. Austra lia is the only country using 
compaction density a one of the parameters contro ll ing the 
choice of the bedd ing facto r used in the design of clay pipes. 
Jn the U.S.S. R. bedd ing factors ignificantly higher than 
those in the United S tates are used. The bedd ing factor used 
in the U.S.S. R. for the weakest bedding y tern is 2.8, which is 
higher than the 2.2 used in the Uni ted S tate for the strongest 
bedding system. T he loads used by the des igners in the 
U.S.S. R. are also lower than those used in the United S tates. 
A review of safety factors used by various countries a lso 
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FIGURE 11 Bedding factor versus trench width: D = 21 in. and 
H = 32 ft. 
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FIGURE 12 Bedding factor versus trench width: D = 42 in. and 
H = 8 ft. 
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FIGURE 13 Bedding factor versus trench width: D = 42 in. and 
H = 20 ft. 

revealed some interesting information, as presented in Table 
4. In Table 4, the new West German ATV rigorous design 
method is used as the standard in arriving at the relative 
margins of safety. In the United States, a factor of safety of 
1.5 is used relative to the ATV rigorous method, and in the 
U.S.S.R., the factor of safety used is 0.9. Switzerland uses a 
factor of safety of 2.0, but it should be recognized that the 
loads used on clay pipes are only half as high as those 
calculated by the Marston load theory. 
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FIGURE 14 Bedding factor versus trench width: D = 32 in. and 
H = 32 ft. 
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FIGURE 15 Bedding factor versus pipe diameter: H = 8 ft. 
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FIGURE 16 Bedding factor versus pipe diameter: H = 20 ft. 

CONCLUSIONS 

Based on the results of this research study, the following 
conclusions can be made: 

1. The bedding factor is dependent on the type of backfill 
and bedding materials used. Well-graded gravel material 
gives the highest bedding factors, while silty and or sand
clay-silt materials gi e the lowest bedding factors. The d gree 
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of compaction of the backfill and bedding materials is also an 
important parameter. 

2. The bedding factor is affected by the backfill height. 
The bedding factor generally increases as the backfill height 
increases. 

3. The bedding factor increases with the diameter of the 
pipe. The trench width also controls the magnitude of the 
bedding factor to be used in design. 

FIGURE 17 Bedding factor versus pipe diameter: H = 32 ft. 

4. The loads used for the design of clay pipes in the 
United States based on the Marston load theory are too high, 
and improved loads are given by the authors in another paper 
elsewhere (J) . The loads used by several other countries 
around the world compare better with the loads reported by 
the authors than with those developed by Marston. 

TABLE 3 SUMMARY OF BEDDING FACTORS USED INTERNATIONALLY 

Bedding U.K U.S. Australia lrda Japan Switzerland W.Germany W.Germany 
aass (Frarx:e) Clayppeind ATV 

(Marston (Marston (Marston (Marston (Marston (Wetzorke 
load theory) load theory) load theory' load theory) load theory) load theory 

s 22 22 I I 2.31 1.5 I I 

B 1.9 1.9 2.5 -1.9 1.9 2.03 I I 2.18 

c I 1.5 1.9 -1.5 1.5 1.68 I 1.5 1.59 

D 1.1 1.1 1.1 1.1 1.08 I I I 

I Bed:fng rot aR)ICalJe. 

TABLE 4 RELATIVE MARGIN OF SAFETY FOR VARIO US DESIGN 
PROCEDURES 

Country Margin of safety Countries with 
Relative to West Similar Design 
German ATV Rigorous Procedures and 
Method Standards 

I I I 
-50% +100% +200% 

Switzerland 

Sweden, India 
U.S. Australia (unless 

Russia 

(Emilianov 
load theory) 

32 

3.1 

3.0 

2.8 

very well compacted) 

U.K. 

Japan France 

West Germany 
(A TV rapid method) 

U.S.S.R. I 
West Germany -
(ATV rigorous method) 

Sweden 

(Marston 
load theory) 

I 

1.88 

I 

I 
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5. The factor of safety used in U.S . practice is also high, 
particularly when the low bedding factor in effect are taken 
into consideration. T hu , use of higher bedding factors, lower 
factor of safety, or lower loads on these vitrified clay pipe 
are more appropriate. These procedures would enable pipe 
design engineers to use ma terials more efficiently while the 
United States is u ndergoi n.g a major infrastructure re ha bi.lita
tion program in many of its olde. l cities . 

6. Based on the available information, it appears that a 
bedding factor of 3.5 for crushed stone encasement and 2.5 
for Class D beddings could be used when the loads calculated 
for the pipe are ba ·cd on Ma r ton theory. 

7. Although the re ea rch and conclusions thereof are for 
vitrified clay pipe ·, the results' ould also be applica ble for 
concrete pipes with some minor modifications . 
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APPENDIX 

Notations 

The following symbols are used in this paper: 

BC = outer diameter of vitrified clay pipes , 

Bd = horizontal width of trench at top of vitrified clay 
pipes, 

D = inner diameter of vitrified clay pipes, 
H = backfill height, 

Kb = bulk modulus number, 

Ko = coefficient of earth pressure at rest , 
m = bulk modulus exponent, 
n = modulus exponent, 

Rf = failure ratio , 
y = unit weight of backfill materials, 

A</J = friction angle parameter, and 

</J = friction angle. 
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Design of Buried Culverts With Stress
Relieving Joints 

MICHAEL G. KA TONA AND ADEL Y. AKL 

Circumferentially slotted boll hole conneclions, a new concept 
for corrugated metal culverts, have proven to be effective in 
reducing thru t tress (ring compression) in deep embankment 
installations. Pragmatically thi means that slotted-joint culverts 
can be buried deeper than standard-joint culverts, or lighter
gauge metal can be used. However, because of the present lack of 
design tables and guidelines, this economical innovation has far 
from re.ached its ruu application potential. 111 an attempi to fill 
thi need, a complete design methodology employing an experi
menta.lly verified culvert-joint-soil system model with analytical 
solutions along with a et of realistic design criteri.a is offered in 
this paper. The d ign methodology is used to generate a 
sequence of desi.gn tables for 6- X 2-in. corrugated steel pipes 
with slotted joints, in which the tables specify the maximum 
allowable fill height cover a a function of pipe diameter wall 
thickness (gauge), and soil stiffness. Even though the design 
methodology is con ervative the slotted-joint pipes can, in some 
case , sustain fill heights more than twice those of standard pipes 
if good-structural-quality soil is used. On the other hand, when 
poor-quality soil is used, the slotted-joint pipes do not provide a 
gain in allowable fill height. 

T he purpose of slotted bolt hole com1ections for corrugated 
meta l culvert in lallali ns is lo relieve the thrust stress a nd , 
thereby, achiev a deeper a llowable burial depth, or a lter
nat ively reduce the requi red wall thickness. a id another 
way by removing lillle bit of metal next to lhe bolt holes the 
design capacity oft he culvert is ignifi cantly improved. Quite 
remarkable, is it not? 

T he concept is simple. Ra ther than allempting to boll 
corrugated trucLUraJ pla te egment into a continuou unit , 
the bolt holes a re lott ed in the circumferential di rection to 
permit relative circumferential contraction of the plates (i.e., 
after the thrust fo rce exceeds a predetermined frictional bolt
cla mping res i tance). A the culvert circumfe rentially con
tracts from joint lippage, the . urrounding soil envelope is 
forced into a compress ion a rch tha t io turn ca rries a greater 
portion of add itional oil loading (i. e. po ·itive soil arching). 
When all joint lip page is complete, the culvert again acts a a 
continuou. unit so that further overbu rden loading will be 
carried by both the structure a nd the soil arch. Ultimate 
fa ilure in thru ·t typically occurs by seam fa ilure tha t is, 
bearing fa ilure, btH a l a bu ria l depth significantly greater than 
a sta nda rd culvert without slolled joints. 

In a recent paper (1), results of a comprehensive research 
program sponsored by the FHW A (2) on the analysis and 

M. G. Katona, TRW Defense Systems Group, P.O. Box 1310, San 
Bernardino, Calif. 92402. A. Y. Aki, Structural Engineering 
Department, Cairo University, Cairo, Egypt. 

behavior of buried culverts with slotted joints were discussed. 
Developments included instrumented field data from func
tional and experimental installations, laboratory data on 
load-deformation behavior of slotted joints, analytical model 
developments for slotted joints and incorporation into soil
structure analysis , parametric studies, and comparison of 
analytical predictions with experimental results. The major 
conclusion, supported experimentally and analytically, is 
that the slotted-joint concept really works; for example, fill 
height gains or increased burial depths on the order of 50 ft 
were achieved. 

In this paper, attention is devoted to design considerations. 
The objective is to provide a set of design tables similar to the 
AISI Handbook, listing the maximum allowable fill height 
for 6- X 2-in. corrugated steel pipes with slotted joints and, 
for comparative purposes, with standard joints as well. Such 
design tables are needed before widespread application of this 
cost-saving concept can realize its full potential. In the 
following sections, a review of slotted-joint behavior and 
modeling assumptions is followed by the analytical treatment 
of the complete pipe-joint-soil system, and finally the design 
methodology (coupling the analysis procedure with the 
design criterion) that leads to the design tables. 

SLOTTED-JOINT BEHAVIOR AND MODELING 

Attentio n is fo cus ·ed on the so-called 'keyhole" lot con
fi gurat ion shown in Figure I. In practice, the keyhold hapes 
are punched into mating pairs of 6- X 2-in . corrugated 
tructura l pla te segment and lap-joined in the field with 

3/ 4-in. bolts torqued to 200 ft-lb. Each joint , o formed, has a 
net slot travel length of I in. that is a I / 2-in. contribution for 
each keyhole lot. 

""·--;-c 

R~CD \' 
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I --

R = Boll Ho le Radiu s ( 7 / 16 in) 

C = Key - Slol Length ( I I 2 in ) 

W =Slot Width ( 518 in) 

I 

FIGURE 1 Standard keyhole slot dimen
sions. 
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Experimental Observations 

Highlighted in Lhe following are ome ob ervation and 
findings obtained from a comprehensive laboratory investi
gation on the load and deformation behavior of slotted-joint 
test specimens loaded in axia l compression with and without 
load ccceOLricity (2). he typical nature of the load-deforma
tion effect is shown in igure 2. The response is characterized 
by four piecewise-linear zones of behavior: the elastic zone 
(stiff) represents the initial elastic !"espon e prior to joinL 
slippage; the slipping zone (soft) begins when the axial load 
overcomes the bolt clamping resi tance and ontinues until 
the . lots are closed; the po tslipping zone(. tifl) begins at joint 
clo. ure that is. when Lhe bolt hank comes into contact with 
the ends of the slots, and continues to maximum load; and, 
the failure zone (flat) exhibits plastic-like deformation until 
ultimate metal bearing failure is reached. · 

Although physical factors uch a slot width slot length 
urface treatment, bo)t torque, and o forth innuence the size, 

slope, and magnitude of eacb respon e zone, the basic 
piecewise linear approximation remains valid . For the stan
dard keyhole slol configuration, thi piecewise description 
will be sub ·equently quantified in terms of a tress-strain 
model simulating slotted-joint behavior. The experimental 
res ults revealed that eccentric loading did not influence the 
load-deformation response; in other words , only thrust load, 
not the applied moment, innuences the joint response. These 
findings are inherent in the following slotted-joint model. 
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length, where joint length is defined as the net slot length per 
joint (e.g., I in. for standard keyhole slots). By thi definition 
the joint strain at the encl of lhe slipping zone i unity. 

With regard to the load-deformation experiments, the 
definiLion of joint strain is important because it e)jminates the 
influence of the length of the test specimen that contains the 
joint length a a subcomponent. By decompo ing the overall 
specimen deformation into joint and nonjoinl contribution 
the re ponse of the joint can be isolated to get the tress-strain 
respon e of tbe joint and hence model parameter E,.. Es, 
EP, ue, and uf' 

To summarize, the slotted-joint stress-strain model is a 
piecewise linear relationship, incrementally defined by 

( 1\ 
VI 

where 8u is an increment of thrust stress, 8£:1 is a corre -
ponding increment of joint strain and £1 is the current joint 
modulus dependent on the rnne of loading. That is, E1 is 
defined in four loading zones by the conditions 

initial elastic modulus when 0 :S £:1 < £:e; 
slipping modulus when £:e :S E1 < £:s; 
postslippi ng modulus when £:s :S £:1 < EP; 

and 

where the zone train limit are inherently determined by the 
five model parameters. Because this paper i concerned only 
with monotonic loading, unloading characteristics are not 
addressed. 

JOINT STRESS 

FIGURE 2 Typical load-deformation response of a slotted- o-e 
joint test specimen in axial compression. 

Stress-Strain Model 

Figure 3 shows the five-parameter stress-strain idealization of 
slotted-joint behavior characterized by three tangent moduli 
values Ee, Es, and EP representing elastic, slipping, and 
postslipping zones, respectively, and two stress measures u e 

and u f representing the elastic limit or initial slipping stress 
and fail.ure stress, respectively. Of course, this model is not a 
classical description of stress and strain. Rather, the param
eters are artificial measures of stress and strain that provide a 
convenient way to unify the experimental data and to 
facilitate model development using the following definitions. 

Joint stress is defined by the thrust (axial load) divided by 
the cross-sectional area of one corrugated plate. Joint strain 
is defined as the change in joint length divided by the joint 

JOINT STRAIN 

FIGURE 3 Five-parameter, pseudo stress-strain model for 
slotted joints. 

For standard keyhole slot configurations punched in 6-
X 2-in. corrugated steel plates with galvanized coating and 
joined with four 3/ 4-in. bolt per foot of seam length each 
torqued to 200 fl-lb the recommended model parameters are 
Ee= 30 X 106 psi Es= 9,000 psi, El'= 15 X 106 p i, u ,, 
= 5,000 psi, and O/ = 33 000 p i. ote that tl1e initial eta tic 
modulus E" is identical lo the modu lus of structural. steel, and 
the joint failure stress is identical to the y.ield stress of 
structural steel. These recommended parameter vaiues are 
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applicable to all standard wall thicknesses (gauges) and are in 
co.nformance with experimental results with some degree of 
conservatism employed. 

SOIL-STRUCTURE ANALYSIS 

In a previous paper (J), two solution methods for soil-culvert 
systems incorporating the slotted-joint stress-strain model 
were presented; an incremental elasticity solution based on 
extending the work ofBurns (3), and a general finite element 
procedure using the CANDE program (4, 5). Both methods 
assume plane-strain geometry; however, the finite element 
a pproach offers a much wider scope of modeling fl exibil ity 
(e.g. nonlinea r soH models and arbitrary hapes) and its 
predictive ca pabilities a llowed matching of experimental 
field data for both lotted-joint and standard-joint instal
lat ion . 

Although the incremental elasticity solution is more limited 
in scope, it was in surprisingly good agreement with the finite 
element solution for idealized soil-structure models with and 
without slotted joints. Further, by appropriate choice of 
ela tic soil properties, the incremental elasticity solution 
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reasonably and conservatively approximated nonlinear finite 
element solutions using hyperbolic soil models. Based on 
these tudie.s, it was concluded that the incremental elasticity 
olutio n could be used to conservatively design circula r pipes 

with (o r without) s.l otted joints in deep homoge neou 
embankment in tallations. 

With th is understanding and motivation, the development 
and assumption of the incremental ela ticity solution are 
briefl y reviewed in preparation for the d~ ign methodology. 

Incremental Elasticity Solution 

Burn 's theory a originally presented (3) provide an exact 
·olution for a n ela tic, ci rcular pipe enca ed i.n an i otropic, 
ho mogeneou infin ite, elastic materia l (soir) with a uni
formly distributed overburden pressure acting on a horizontal 
plane far a bove the pipe. Th in-shell theory is assumed for the 
pipe and continuum elastic theory is used for the surrounding 
soil. Two olutions are offered depending on the pipe-soil 
interface a sumpt ion-completely bounded or frictionless. 

Ta ble I presents Burns's solutions for the key re ponses of 
the pipe for both interface a umptio n . However, the 
so lutions a re cast in a different notation from that originally 

TABLE I ELASTICITY SOLUTION EQUATIONS FOR PRESSURES ON PIPE RESPONSES FOR BONDED AND FRICTIONLESS 
INTERFACES 

- -------------- ·-
Structural Resµonse Co111111011 l\oridc>d l 111 t'I I ;ice Frictionle ss lntert acP 
of pipe 

G· 
factor 

/\* = /\* = (l1K) + 3(5-K) r 

- -~ - ----- --· ~---- -- ---1---- ---------
Radial Presure on Piµe ro «! ( 11 

Pr 

Tany. Pressure on Piµe Po :(1-t: 
Po 

Radial Di sµ. of Pipe ~) Po - 1 I ( ( l -Y.)(l>.,))-\ ! ~H")//\* Jr.us (''1 
w 

ll( l-K) 
Tang. Di sp. of Piµe Pozc;- l ( 2 >2 

v 

Moment in Pipe Wall Pu R2 Bl ( l + n)+ ((6G( 1-K)+l2rirc( l-1'. ) )//\* )cos2o 
M 

Tlirust in Piµe Hall Po R cJ( l+ a) > ! ( 1- K) ( 2 ,~f 6 ~ > 21 "~) ,' /\ * j co s 2 o 
N 

Shear Resultant in Pipe P0 H I ( 1-K )(-12r-- 2 1ar.)/.~' Jsi112o 
Q 

(a) soil lateral µress ure coeff. is related to Poisson ratio by I', v51( 1- v5 ) 

(b) plane-strain modulus of piµe, E = Estee1 /( l- v2) 

NOTE: Definitions are as follows: 

Soil Properties 

G 
K 
Po 

shear modulus 
lateral pressure coeff. (a) 
overburden pressure 

Pipe Properties 

E = plane-strain Young's modulus (b) 
I moment of inertia 
A thrust area 
R average radius 

,.,/( l+a)- \18( 1-K) Bf/\* J co s~•.I 

o.u 

1/( ( 1-K) ( l+'.l) )- !2IA* )co s 2o 

{l lA* }sin2e 

Bl( l+o) > j6( 1-K) 6/A* )cos2o 

al ( l +o)+ j6( 1-K) Bl/\* )cos2 o 

(-12( 1-K) BIA* }sin2o 

Dimensionless Parameters 

a 
/3 

EA /2G~ 
El/2GR 
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presented by Burns. Two dimensionless parameters a and f3 
are defined as follows: 

a = 

f3 = 

EA/ 2G R, the relative circumferential 
and 
El /2G R 3, the relative flexural stiffness. 

stiffness, 
(3) 
(4) 

Here a i the ratio of the pipe's circumferential st iffness EA 
to a corre ponding measure 2GR of circumferentia l soil 
stiffness, where G is the soil hear modulu and R is the pipe 
radius. Similarly, /3 is a ratio of th pipe's flexural stiffness El 
to a mea ure 2G R of flexural soil stiffness. For typical 
pipe-soilsystemswithouts.louedjoints,a >> 1,and/3 <<I. 
In other words. circumferential stiffness is dominated by the 
pipe, and flexural stiffness is dominated by the soil. To 
illustrate the use of Table 1, the average thrust force occurs at 
8 = 45°, and its value is N = P0Raj (I +a), for either set of 
interface conditions. Only the parameter a is influenced by 
joint behavior, and during joint slippage a<< I, thereby 
reducing the thrust force. 

In adapting the elasticity olu.tions to simulate sloued-jo.int 
behavior th equations arc applied in an incremental fa ·hion 
to accommodate change · in the circumferential st iffne 
£*A as over bu rd en pres ure inerca e . E* A, which i a 
smeared average of the elastic pipe wait and a!! slotted joints, 
has four po sible valu'cs corre ponding to th four zones of 
slotted-joint behavior. Initially, E* is the elastic steel modulus 
E,. Wh n the average thru t tress exceeds u~ (the initial 
slipping tress} 'E* i reduced to represent joint slipping 
(shown ub cquently); this value i!! retai.ned until the total 
circumferentia l contraction of the pipe is equal to the sum of 
all sl L length . Upon further loading. E* is increased to 
reprc en( po !slipping until the average thrust strcs reaches 
0"1(joint failure). after which the incremental modulus i · 7.Cro. 

In developing the expres ion for£*, use is made of the 
geometric ratio 

(5) 

where Cmax is the sum of a!I slol lengths. Thus, J is the 
fraction of the pipe circumference con taining slot; £* is 
given by 

E* = E;f [(I - J,)(E) Ee) + J,] (6) 

where Ej is the load-depe ndent joint modulus of Equation 2 
and Ee is the ela tic tee! modulus. (If £. = E or J = O 
E* = Ee.} J e r , 

The derivation of Equation 6 is based on the smeared-joint 
approximation. That is, any differential segments of the pipe 
circumference are assumed to be composed of two subparts, a 
joint portion sj = 1, s and an elastic, pipe-wall portion 
s e = (I - J, )s. By taking the modulus of the joint portion as E. 
and of the elastic portion as Ee, the net effective modulus Ei 
for the differential segment can be determined as given by 
Equation 6. 

Summarizing, increments of overburden pressure are 
prescribed, and incremental responses (e.g., thrusts, 
moments, and displacements) are computed from Table J 
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using the current value of E* to define a (/3 remains constant). 
The incremental responses are summed into running totals Lo 
give the net response values throughout the loading schedule. 

The bonded and frictionless interface conditions represent 
two extreme cases for the coefficient of friction at the pipe
soil interfaceµ = 00 and 0, respectively. By comparison with 
finite element solutions, it was found that an intermediate 
friction coefficientµ = 0.3 (considered to be a realistic value) 
could be simulated by taking a weighted average of the 
bonded and frictionless solutions. Specifically, the weighted 
solutions are formed by adding w times the bonded solutions 
to (1 - w) time the frictionless olutions, where w = 0.7 was 
found to be the proper weight to imulate a friction coefficient 
ofµ = 0.3. These weighted solutions are used to develop the 
design tables presented in a later section. -

Model Behavior 

In order lo properly et the stage for the design procedure, a 
discussion is warranted on the maximum values of thrust 
moment, and vertical deflection. From Table I it can b~ 
readily deduced that for any pipe-soil ystem (slotted or 
unslotted , frictionlCS$ or bonded) the maximum thrust and 
maximum moment always occur at the pringline location 
(8 = 0°), and the maximum radial displacement always 
occurs at the crown location (8 = 90°). The latter displace
ment represents one-half of the diametrical shortening between 
the crown and invert, or more simply, one-half of the vertical 
deflection. 

For standard unslotted pipes, these key structural responses 
increase in direct proportion to overburden pressure, wherea · 
for s lotted-joint pipe , the . tructural resvonses typica!ly 
exhibit the behavior hown in igure 4. Here and in all 
subsequent discussions, overburden pressure is related to fill 
height by the conventional relationship 

P0 =Hy (7) 

where His the fit! height cover above the crown and y is the 
soil density . Hence, H is taken to be a monotonically 
increasing loading variable. 

As shown in Figure 4, the springline thrust N, non
dimensionali~ed by the material yield thrust N

1
,, exhibits a 

sharp reduction rn rate of increase during thai portion of 
loading in which the s lotLed joints are conLracting. After the 
slotted joints are fully contracted , the thrust rate sharply 
increa e again. The p0tentia l fill-height gain AH is defined 
as the difference between the fill height at which the slotted 
joints become closed and the fill height of a corresponding 
standard unslotted pipe experiencing the same amount of 
thrust, as shown in Figure 4. In other words, if the design 
criterion was based solely on some allowable thrust level, say 
NIN.,. = 0.5, then, potentially, the slotted pipe could be 
buried at a depth AH greater than a standard pipe. 

Using thi definition, the incremental elasticity solution 
can be manipulated to provide a general expression for the 
potential fi!I height ga in valid for a!I conditions, that i , 

AH= 2GJ,(l - Esf Ee)/ y (8) 
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This simple yet rather remarkable result shows that the 
potential gain is directly proportional to the soil shear 
modulus G and to the ratio J, of all slot lengths to pipe 
circumference. However, whether or not the full potential 
gain can be realized depends on whether or not complete joint 
closure is achieved before the thrust stress limit is exceeded. 
More important, it depends on the interaction of other design 
criteria. For example, the center graph in Figure 4 shows that 
the springline moment normalized by the yield moment 
increases at a greater rate during slot closure than the 
corresponding moment rate of a standard pipe. Consequently, 
if a moment criterion, say flexure strain, controls the design, 
then no fill height gain will be achieved. This undesirable and 
perhaps unexpected response characteristic of slotted-pipe 
behavior is caused by a shift in the moment distribution, that 
is, duringjoint closure the springline moment increases while 
the crown moment decreases in comparison to the moment 
responses of a standard pipe. 

The last graph in Figure 4 shows that vertical displacement 
(normalized by diameter) increases its rate of deflection 
during joint closure. This behavior, as should be anticipated, 
is caused by the uniform circumferential contraction of the 
periphery of the pipe during joint closure, thereby producing 
an additional vertical deflection superimposed on the standard 
ovaling deformation mode due to flexural bending. Unlike 
the moment behavior, this increased deflection does not 
compromise the design integrity of the slotted pipe, as 
explained in the following design methodology. 
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DESIGN METHODOLOGY 

The goal of the ensuing design methodology is to establish 
design tables that specify the maximum allowable fill height 
for round, 6- X 2-in. corrugated steel pipes with slotted 
joints. Like the Al SI (6) design tables for standard (unslotted) 
pipes, the maximum allowable fill heights will be given as a 
function of pipe diameter and steel gauge (thickness). How
ever, unlike AISI (6) a sequence of tables that accounts for 
varying degrees of soil quality (stiffness) is presented herein. 

The design methodology can be discussed in terms of 
design criteria and analytical procedures along with assump
tions and limitations. Design criteria form a set of maximum 
allowable structural responses or acceptable standards for 
which the pipe-soil system is considered functionally safe. 
Correspondingly, the analytical procedure determines the 
maximum allowable load (fill height) such that the predicted 
structural responses do not exceed the design criteria. 

Design Criteria 

The design criteria adopted here are for the most part in 
conformance with the traditional criteria used for flexible 
pipe design. They are as follows: 

Thrust stress :S a rf 2.0, (9a) 
Percent vertical deflection :S 5 percent + I OOJ, , (9b) 
Flexural strain :S 2.0t Y , (9c) 
Buckling pressure :S Perl 2.0, and (9d) 
Flexibility factor D 2/ El :S FF= 0.02. (9e) 

Thrust stress is usually the controlling design criterion 
when good-quality backfill soil is used. This criterion limits 
the maximum a llowable thrust stress anywhere in the pipe 
wall or in a ny joint lO one-half the steel yield stres u

1 
.. This 

limit implies a afety factor of 2.0 against cornpleie wall 
yielding or joint failure . 

Vertical deflection, that is, the relative flattening between 
the crown and invert of the pipe, is traditionally limited to 5 
percent of the diameter. This criterion is intended to be a 
safeguard against excessive ovaling deformation. (Twenty 
percent ovaling is considered tantamount to failure due to 
reversal of curvature that promotes a complete collapse.) For 
pipes with slotted joints, vertical deflection is caused by 
ovaling and uniform circumferential contraction of the 
joints. Because the latter deformation mode does not cause 
structural distress, the vertical deflection criterion is increased 
by the percentage of diametrical shortening due to joint 
contraction, that is, 1001,, where J,is the fraction of the pipe 
circumference containing slots (Equation 5). Typically, this is 
an increase of L5 to 2.0 percent. 

The criterion for flexural strain due to bending moments is 
usually not used in the design of steel culverts because 
flexural yielding of the pipe wall, even to the extent of 
complete plastic hinging, does not produce a collapse 
mechanism because of the support of the surrounding soil 
envelope. Indeed, some amount of flexural yielding is 
expected to occur in many standard pipe installations. As 
previously discussed, however, pipes with slotted joints 
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experience omcwhat greater moments locally than standard 
pipes. Thus, in the spirit of conservati m, a flexural strain 
criterion is used that limits the maximum outer fiber flexural 
strain to no more than twice the yield strain (E = a j £). In 
effect, this condition limits the maximum plasti~ pen~tration 
to 50 percent of the corrugated cross section. 

F or the buckling pres ure criterion a conservative formula 
is adopted from Chelapati and Allgood (7) in wbjch the 
critical hydro ·tatic pressure causing local instability of a 
plane-strain cylinder in an elastic soil medium is given by 

per= 3G(2/3)1 /2 (IO) 

wl~ere G is the s.oil shear modulus and f3 is the relative pipe
so1l flexural stiffness (Equation 4) . Thus, the maximum 
buckling pre. sure Pal 2.0 infers a afety factor of 2. This 
des ig~ criterion is a tisfied by requiring that the predicted 
buckling pressure, that is, the average radial pressure as 
predicted from the incremental elasticity solution does not 
exceed Pcr/ 2.0. 

Finally , the flexibility factor, which is an a priori 
requirement on the robu tnes of the pipe to sustain handling 
and erection loads, is taken in accordance with conventional 
practice. For each gauge of pipe, this criterion immediately 
e tabli hes an upper Limit on the pipe diameter independent 
of installation and soil conditions. ' l'he worth and justification 
of thi criterion remains controversial; nonetheles it is 
retained here. 

Design Scope and Assumptions 

The design investigation is restricted to circular pipes fabri
cated from 6- X 2-in. corrugated steel plates with slotted 
joints. It is assumed that the soil envelope is homogeneous, 
representative of a deep embankment installation without a 
stiff bedding, and further, it is assumed that live loads are 
insignificant. Nonsaturated soil conditions are presumed, 
such that the soil retains its shear stiffness. 

System parameters to be varied include the complete set of 
standard pipe diameters and wall gauges as listed in the AISI 
Handbook (6). These diameters range from 5.0 to 26.0 ft in 
increments of 0.5 ft, and for each diameter there are seven 
standard gauges available that provide a range of circum
ferential and flexural wall stiffnesses EA and EI, respectively. 

For each combination of pipe diameter and gauge, four 
different soil moduli (Esoil = 4,000, 2,000, 1,000, and 500 psi, 
along with Poisson's ratio = l / 3) are used lo assess the 
influence of soil stiffness. 

The number of slotted joints around the pipe's circum
ference varies from 4 to 16 depending on the pipe's diameter, 
and the characteristics of each joint are patterned after the 
keyhole slot configuration. The following list presents the 
values of all the parameters used in this study. 

Pipe Parameters 

Diameters D = 5.0 to 26.0 ft, in 0.5-ft increments. 
Wall sections = 6- X 2-in. corrugation· gauges = 12 10 8 7 

' ' ' ' ' 
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5, 3, and I; section properties I and A; as taken from AISI 
handbook . 

Steel modulus E = 30 X 106 psi. 
Poisson's ratio v = 0.33. 
Yield stress ay = 33,000 psi. 

Soil Properties 

Young's modulus Esoil = 4,000, 2,000, 1,000, and 500 psi. 
Poisson's ratio v,

0
il = 0.333. 

Density y R = 120 lb/ft3. 

Joint Properties 

Total number of J. oints N = 4 to i· "' o·epena·· · v, mg on pipe 
diameter (see Design Tables). 

Slot length per joint 11 = 1.0 in. 

Initial slipping stress a e = 5,000 psi. 
Slipping modulus Es = 9,000 psi. 
Post slipping modulus E = 15 X 106 psi. 
Joint failure stress a1 = :f3,000 psi. 

Soil- Pipe Interface 

Simulated friction coefficientµ = 0.3. 

Design Procedure 

The design procedure, that is, determining the maximum 
allowable fill height for a particular pipe-joint-soil system, is 
conceptually straightforward. That is, each pipe-joint-soil 
system is analyzed using the incremental elasticity solution in 
the preslip, slip, and postslip regions. At each stage in the 
loading sequence, the predicted thrust stress, vertical de
flection, flexural strain, and buckling pressure are checked 
against the corresponding design criteria, Equations 9a to 9d. 
The exact load level at which any one of these measures 
becomes equal to the allowable design value establishes the 
allowable fill height as well as the controlling design criterion. 
Overall, there are 43 different pipe diameters, 7 pipe gauges, 
and 4 soil moduli, inferring 1,204 design solutions. However, 
because the flexibility factor criterion (Equation 9e) precludes 
certain combinations oflarge-diameter pipe with light gauges, 
the actual number of design solutions is 936. Of course, the 
design solutions were obtained with the aid of a computer, 
and a detailed description of this special-purpose program is 
available (2). 

Clearly, the design criteria and procedures could also be 
applied to standard unslotted pipes with considerable ease by 
holding the pipe's axial stiffness constant at its initial value. 
For comparative purposes , design solutions for slotted and 
unslotted pipes are given in the next section. 

DESIGN TABLES AND GUIDELINES 

Tables 2 through 5 list the a llowable fill heights for both 
Jotted-joint (S!d.J) and t;i ndard-jo int ( td . .J) construction 

ba ed on the preceding design methodology and assumptions. 
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The four tables correspond to the four cases of soil stiffness 
(£soil = 4,000, 2,000, 1,000, and 500 psi), and the format of 
each table is patterned after the AISI (6) height-of-cover 
tables in which the pipe diameter increases with row number 
and pipe-wall thickness increases with column number (in 
terms of gauge measures, the column correspond to gauge 
Nos. I, 3, 5, 7, 8, 10, and 12). 

U pan inspecting these tables, it is observed that the slotted 
pipes permit a substantially larger fill height than standard 
pipes when the D / t (diameter-to-thickness) ratio is relatively 
high. Conversely, when the D / t ratio is relatively low, the 
slotted pipes do not provide a gain in allowable fill height. 
This is denoted by a dash in the tables that indicates that 
slotted pipes should not be used. An explanation of these 
results along with the influence of soil stiffness follows . 

Discussion of Tables 

o better under land and interpret the design tables, Figure 5 
show the domain (diameter and gauge) of the tables 
subdivided into regions that identify the controlling design 
criterion. For good-quality soil, say Esoil 2:: 2,000 psi the 
thrust stress criterion domina tes the domai n however less so 
for slotted pipes than for standard pipes. The moment 
criterion, that is, flexural strain, controls in the region of low 
D / t ratios, that is, the upper right corner of the domain, and 
this region grows as the soil stiffness decreases. Whenever the 

. moment criterion governs, the lotted pipes do not provide a 
gain in the allowable fill height because, as previously 
explained , the maximum bending moment is increased by 
introducing slotled joint . 

The deflection criterion does not become significant unless 
poor-quality soil is employed (e.g., £soil< 1,000 psi), and the 
buckling criterion does not control any of the design solutions 
because it is masked by the flexibility factor limit (the 
handling criterion). That is, the handling criterion auto
matically excludes consideration of pipes with large D/t 
ratios for all soil conditions. If this criterion were not used, 
then the buckling criterion would control in the lower left 
corner of the domain where the D / t ratios are large, and this 
region would grow as soil stiffness decreases. 

Figure 6 provides an overall assessment of the increased fill 
height that can be achieved with slotted pipes as compared to 
standard pipes. Specifically, the ratios of allowable fill 
heights, slotted to standard, are plotted as contours over the 
diameter-gauge domain for each soil condition. For good
quality soil and large D / t ratios, the benefits from slotted
joint pipes are tremendous; burial depths of more than twice 
that of standard pipes can be achieved. On the other hand, for 
poor-quality soil the benefits are marginal. 

The allowable fill heights for standard unslotted pipes are 
more conservative than those of the AISI Handbook (6), even 
for the stiffest soil condition of 4,000 psi. In part, this result is 
due to the additional design criterion for flexure; but more 
generally it is due to AISI's (6) use of ring compression 
theory, which gives a lower estimation of maximum thrust 
stress than the present soil-structure analysis. With regard to 
slotted pipes , the allowable fill heights derived herein are 
significantly greater than the AISI (6) fill heights for standard 

45 

pipes, providing that good-qualily soil and large D/t ratios 
are used . Thus, because the design for unslotted pipes are 
con ervative with respect to the AISJ (6) designs, it is 
concluded that the designs for slotted pipes are also con
servative. 
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TABLE 2 MAXIMUM FILL HEIGHT COVER FOR STRUCTURAL PLATE PIPES (EsoIL = 4,000 PSI; 6-- x 2-IN. CORRUGA TIO:'I) 

-

Maximum . Fl 11 Covor in Feot 

Diameter No. of ,--- Spoclfled Thickness in Inches 

of Ptpe Joints o. 109 o. 138 o. 168 o. 188 0.218 0.249 0.280 

In In Std. J. S I d. J. Std. J. SI d. J. Std. J. Sid. J . Std. J. Sid. J . Std. J. Sid. J. Std. J. SI d. J. Std. J. SI d. J. 
Ft. In 

5.0 60 4 71 103 91 110 111 117 121 122 136 - 151 - 165 -

5.5 66 65 103 83 115 101 121 113 125 129 131 142 - 155 -
6.0 72 60 99 77 112 94 124 104 129 121 134 135 139 147 -
6.5 78 56 96 71 108 87 119 97 126 112 138 128 143 140 147 

7.0 84 52 92 66 105 81 11 s 90 122 105 133 120 143 134 151 

7.5 90 6 49 102 62 112 76 122 8'1 128 98 138 112 14 7 126 151 

8.0 96 46 98 58 110 71 119 79 125 92 134 105 143 118 152 

8.5 102 43 93 55 105 67 117 75 122 87 131 99 139 112 148 

9.0 108 4 I 88 52 100 64 1 11 7t 118 83 128 94 136 106 144 

9.5 114 39 84 50 94 60 105 67 112 78 123 89 134 100 141 

10.0 120 37 80 47 90 57 100 64 107 75 118 85 128 96 139 

10.5 126 35 76 45 86 55 96 61 102 71 112 81 122 91 132 

11.0 132 6 34 85 43 95 52 10'1 5ll 110 68 120 78 130 87 139 

11. 5 136 32 82 41 91 so 100 56 105 65 115 74 124 84 133 

12.0 144 31 78 40 87 48 96 5'1 101 63 110 71 119 80 128 

12.5 150 30 75 38 84 45 92 52 97 60 106 69 1 Is 77 123 

13.0 156 29 72 37 80 45 89 50 94 58 102 66 110 74 118 

13.5 162 26 70 35 78 43 85 48 90 56 98 64 106 71 114 

14.0 168 27 67 34 75 41- 82 46 87 54 95 61 103 69 110 



TABLE 2 continued 

Ml!xlmum Fl I I Cover In Feet 

Specif led lhicknoss In Inches 
01 arneter No. of 
of Pipe Joints 0.109 o., J8 0.1 68 o. 188 0.218 0 . 249 0.280 

In In Std. J. Sid. J. Std. J. Sid. J. Std. J. SI d. J . Std. J. S id. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. SI d. J. 
Ft. In 

14.5 174 10 26 75 33 82 40 89 45 94 52 101 59 109 67 116 

15.0 180 25 72 32 79 39 86 43 91 so 98 57 105 64 112 

15.5 186 24 70 31 77 38 84 42 88 49 95 56 102 62 109 

16.0 192 23 68 30 74 36 8, 41 85 47 92 54 99 61 106 

16.5 198 29 72 35 79 39 83 46 89 52 96 59 102 

17.0 204 28 70 34 76 38 80 45 87 51 93 57 99 

17.5 210 27 68 33 74 37 78 43 84 49 91 55 97 

18.0 216 12 27 74 32 BO 36 84 42 90 48 96 54 102 

, 8. 5 222 32 78 35 82 41 87 47 93 52 99 

19.0 228 31 75 34 79 40 85 46 91 51 97 

19.5 234 30 74 33 77 39 83 44 89 50 94 

21!. 0 240 29 72 33 76 38 81 43 86 49 92 

20.5 246 32 74 37 79 42 84 47 90 

21.0 252 31 72 36 77 41 82 46 88 

21. 5 258 14 30 77 35 82 40 87 45 92 

22.0 264 35 80 39 85 44 90 

22.5 270 34 78 39 83 43 88 

23.0 276 33 77 38 8, 42 86 

23. 5 282 37 80 42 84 

24.0 288 36 78 4, 83 

24.5 294 36 77 40 Bl 

25 . 0 300 16 35 B 1 39 85 

25. 5 306 38 83 

26. 0 312 36 82 

Std. J ~Standard Joints, Sid. J = Slotted Joints 



TABLE 3 MAXIMUM FILL HEIGHT COVER FOR STRUCTURAL PLATE PIPES (EsOIL =. 2,000 PSI; 6- X 2-IN. CORRUGATION) 

Maximum Fi I I Cover in Feet 

Specified Thickness In Inches 
Diameter No. of 
of Pipe Joints 0.109 0.138 o. 168 o. 188 ' 0.218 0.249 0.280 

In In Std. J. Sid. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. SI d. J. Std •. J. Sid. J. std. J. SI d. J. Std. J, Sid, J. 
Ft, In 

5.0 60 4 67 - 82 - 92 - 96 - 102 - 108 - 114 -. 
5.5 66 64 67 77 - 90 - 94 - 99 - 104 - 109 -
6.0 72 59 69 73 75 85 - 92 - 99 - 102 - 106 -
6.5 78 55 68 70 77 81 81 88 - 99 - 102 - 105 -
1.0 84 51 66 65 76 78 83 84 86 94 - 102 - 105 -

7.5 90 6 48 69 61 79 74 82 81 85 9') - 100 - 106 -
0.0 96 45' 67 57 76 10 85 78 87 87 90 96 - 105 -
8.5 102 42 65 54 74 66 83 74 88 85 93 93 95 101 -
9.0 108 40 64 51 72 62 80 70 86 81 94 91 98 98 100 

9.5 114 38 60 49 71 59 79 66 83 77 91 88 99 96 103 

10.0 120 36 58 46 68 56 77 63 82 73 89 84 96 94 103 

10.5 126 34 55 44 65 54 74 60 80 70 87 80 94 90 101 

11.0 132 · 0 33 59 42 68 51 78 57 82 67 89 76 95 86 102 

11. 5 138 31 56 40 65 49 74 55 80 64 87 73 94 82 100 

12.0 144 30 54 39 63 47 71 53 77 62 86 10 92 79 98 

12.5 150 29 52 37 60 45 68 51 74 59 82 68 91 76 96 

13.0 156 28 50 36 58 44 66 
I 

49 71 57 79 65 87 73 95 

13. 5 162 27 48 35 56 42 64 47 68 55 76 63 84 70 92 

14.0 168 26 46 33 54 41 61 45 66 53 74 60 81 68 89 -



TABLE 3 continued 

M<ixlmum Fl 1 I Cover ln Feet 

Spcci fled Thickness In Inches 
Diameter No. of 
of Pipe Joints 0.109 o. 136 o. 168 o. 188 0.218 

In In Std. J. Sid. J. Std. J . Sid • .J. Std. J. Sid. J . Std. J. SI d • .J . Std. J. Sid. J. 
Ft. In 

14.5 174 10 25 50 32 57 39 64 44 69 51 76 

15.0 180 24 48 31 55 38 62 42 67 49 74 

15. 5 186 23 47 30 53 37 60 41 64 48 71 

16.0 192 23 45 29 52 36 58 40 62 46 69 

16. 5 198 28 50 35 56 39 61 45 67 

17.0 204 27 49 34 55 33 59 44 65 

17. 5 210 27 47 33 53 36 57 43 63 

18.0 216 12 26 50 32 56 35 60 4 1 66 

18.5 222 31 54 34 58 40 64 

19.0 2:18 30 53 34 56 39 62 

19. 5 234 29 52 33 55 38 61 

20.0 240 29 50 32 54 37 59 

20.5 246 31 52 36 58 

21.0 252 30 51 36 56 

21. 5 258 14 30 53 35 58 

22.0 264 34 57 

22.5 270 33 56 

23.0 276 32 55 

23.5 282 

24.0 288 

24.5 294 

25.0 300 16 

25.5 306 

26.0 312 

-
0.249 

Std. J. SI d. J. 

58 83 

57 81 

55 78 

53 76 

51 73 

50 71 

49 69 

47 71 

46 70 

45 68 

44 66 

43 64 

42 63 

41 61 

40 63 

39 62 

38 60 

37 59 

36 58 

36 57 

35 56 

34 57 

0.280 

Std. J. Sid. 

66 

64 

62 

60 

58 

56 

55 

53 

52 

50 

49 

48 

47 

46 

45 

44 

43 
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38 

37 

J. 

91 
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eo 
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TABLE 4 MAXIMUM FILL HEIGHT COVER FOR STRUCTURAL PLATE PIPES (EsOIL =. 1,000 PSI; 6- X 2-IN. CORRUGATION) 

MaxiMum Fil I Cover in Feet 

Specified T~lckness In Inches 
Diameter No. of 
of Pipe Joints o. 109 o. 138 o. 168 o. 188 0.218 o. 249 0.280 

In In Std. J. SI d. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. SI d. J. Std. J. SI d. J. Std. J. SI d. J. 
Ft. In 

5.0 60 4 52 - 59 - 65 - 69 - 75 - 82 - 88 -
5.5 66 51 - 56 - 61 - 64 - 70 - 75 - 80 -
6.0 72 51 - 55 - 59 - 62 - 66 - 70 - 74 -

6. 5 76 49 - 54 - 58 - 60 - 64 - 70 - 70 -
7.0 64 46 - 55 - 58 - 59 - 62 - 68 - 68 -

7.5 90 6 45 45 54 - 58 - 59 - 62 - 64 - 67 -
6.0 96 43 47 52 - 59 - 60 - 62 - 64 - 66 -
8.5 102 41 48 52 51 58 - 61 - 62 - 64 - 66 -
9.0 108 39 46 49 52 56 - 61 - 63 - 65 - 66 -
9.5 114 37 45 48 53 55 56 59 - 65 - 66 - 67 -

1 o.o 120 35 44 46 51 53 57 58 59 65 - 67 - 68 -
10.5 126 34 43 43 50 52 57 56 60 63 - 68 - 69 -
11.0 132 8 32 44 42 51 51 57 55 60 62 62 68 - 70 -
11.5 138 31 43 40 50 49 56 54 60 60 64 66 - 72 -
12.0 144 30 42 38 49 47 55 52 59 59 65 65 66 70 -
12.5 150 29 40 37 48 45 54 50 58 58 63 63 68 69 69 

13.0 156 27 39 35 46 53 48 48 57 56 62 62 68 68 71 

13.5 162 26 37 34 45 42 52 4ti 56 54 61 61 66 66 72 

14.0 168 26 36 33 43 40 51 1\5 55 52 60 60 65 65 70 



TABLE 4 continued 

Maximum Fl 11 CtJvor In Feet 

Spoclf ied Thickness In Inches 
DI ameter No. of 
ot · Pl pe Joints o. 109 0.136 o. 166 0.188 0.218 0.249 0.280 

In In Std. J. SI d. J. Std. J. SI d. J. Std. J. o Id. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. Sid. J. Std. J. SI d. J. 
Ft. In 

14.5 174 10 25 37 32 44 39 51 43 56 51 60 58 65 64 70 

15.0 180 24 36 31 43 38 50 42 54 49 60 56 64 62 69 

15.5 186 23 35 30 41 36 48 41 52 47 59 54 64 61 68 

16.0 192 22 34 29 40 35 47 39 51 46 57 52 62 59 67 

16. 5 198 28 39 34 45 38 49 45 56 51 61 57 65 

17.0 204 27 38 33 44 37 48 43 54 1\9 59 56 64 

17. 5 210 26 37 32 43 36 '16 42 52 48 58 54 62 

18.0 216 12 26 38 31 43 35 ~7 41 53 47 58 53 63 

18. 5 222 30 42 34 '16 40 52 45 57 51 61 

19.0 228 30 41 33 45 39 50 44 56 50 60 

19.5 234c 29 40 32 .,., 38 49 43 54 49 59 

20.0 240 28 39 32 43 37 48 42 53 47 58 

20.5 246 31 ·11 36 47 41 52 46 57 

21.0 252 30 40 35 46 40 51 45 56 

21. 5 258 14 29 41 34 46 39 51 44 56 

22.0 264 34 45 38 50 43 55 

22.5 270 33 44 37 49 42 54 

23.0 276 32 43 37 48 41 52 

23.5 282 36 47 40 51 

24.0 288 35 46 40 50 

24.5 294 34 45 39 49 

25.0 300 16 34 45 38 50 

25. 5 306 37 48 

26.0 312 36 47 



TABLE 5 MAXIMUM FILL HEIGHT COVER FOR STRUCTURAL PLATE PIPES (EsOIL = 500 PSI; 6- X 2-IN. CORRUGATION) 

Maximum Fl 11 Covor in Feet 

Specified Thickness In Inches 
Diameter No. of 
of Pipe Joints o. 109 0.138 o. 168 o. 188 0.218 0.249 0.280 

In In Std. J. SI d. J. Std. J, Sid. J, Std. J. SI d, J. Std. J. Sid. J, Std. J. SI d. J. Std. J. SI d. J. Std. J. SI d. J. 
Ft. In 

5.0 60 4 38 - 45 - 51 - 55 - 62 - 68 - 75 -
5.5 66 35 - 41 - 46 - 49 - 55 .. 60 - 65 -
6.0 72 34 - 38 - 42 - 45 - 50 - 54 - 58 -
6.5 78 32 - 36 - 40 - 42 - 46 - 50 - 53 -
1.0 84 32 - 35 - 38 - 40 - 43 - 46 - 50 -

7.5 90 6 32 - 34 - 37 - 39 - 42 - 44 - 47 -
s.o 96 32 - 34 - 36 - 38 - 40 - 43 - 45 -
8.5 102 32 - 34 - 36 - 37 - 39 - 41 - 43 -
9.0 108 33 - 34 - 36 - 37 - 39 - 41 - 42 -
9.5 114 33 - 35 - 36 - 37 - 39 ·- 40 - 42 -

10.0 120 32 - 35 - 37 - 38 - 39 ·- 40 - 41 -
10.5 126 31 32 36 - 37 - 38 - 39 ·- 40 - 41 -

11.0 132 8 30 32 37 - 38 - 38 - 39 ·- 40 - 41 -
11.5 138 30 33 36 - 39 - 39 - 40 - 41 - 42 -
12.0 144 29 32 35 35 39 - 40 - 41 - 41 - 42 -
12. 5 150 28 31 34 36 40 - 41 - 41 - 42 - 42 -
13.0 156 27 31 34 36 39 - 41 - 42 - 42 - 43 -
13. 5 162 26 30 33 35 38 39 41 - 43 - 43 - 44 -
14.0 168 25 30 32 35 37 40 46 40 43 - 44 - 44 -



TABLE 5 continued 

Maximum Fi I I Cover in Feet 

Diartll3ter No. of 
Spc_cl lied 1hicknoss in Inches 

of PI pe Joints 0.109 o. 138 o. 168 o. 188 

In In Std. J. SI d. J, Std. J. SI d. J. Std. J. SI d. J . St-:!. J. Sid. J. St-:!. 
Ft. In 

14.5 174 10 24 30 31 35 36 40 39 41 

15.0 180 24 29 30 34 35 39 38 42 

15.5 186 23 29 29 34 34 38 37 41 

16.0 192 22 28 28 33 33 37 36 41 

16.5 198 28 32 32 37 35 39 

17.0 204 27 31 32 3G 34 39 

17.5 210 26 30 31 35 34 3'l 

18.0- 216 12 25 30 30 35 33 38 

18. 5 222 30 34 32 3 7 

19.0 228 29 33 32 35 

19. 5 234 29 33 31 35 
r 

20.0 240 28 32 31 ) .1 

20.5 246 30 3J 

21,0 252 29 33 

21. 5 258 14 29 33 

22.0 264 

22.5 270 

23.0 276 

23.5 282 

24.0 288 

24.5 294 

25.0 300 16 

25.5 306 

26.0 312 

0.218 0.249 

J, SI d. J, S1 d. J. SI d. J. 

42 - 43 -
42 42 43 43 

41 43 42 44 

40 44 42 45 

39 44 41 46 

39 43 41 45 

38 42 40 44 

37 42 40 44 

36 41 40 44 

35 40 39 43 

35 39 38 43 

34 38 38 42 

33 38 37 41 

33 37 36 40 

32 37 36 40 

32 36 35 40 

31 35 34 39 

31 35 33 38 

33 37 

32 36 

31 35 

31 35 

0.280 

Std. J. Sl d. J, 

44 -
43 44 

43 45 

42 45 

42 46 

41 47 

41 46 

41 46 

40 45 

40 45 

40 44 

40 44 

39 43 

39 43 

38 43 

37 42 

36 42 

35 40 

34 39 

33 38 

33 37 

32 37 

31 36 

31 35 

~ c 
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Design Guidelines and Recommendations 

To use the design tables, the following guidelines and 
recommendations are offered. 

I. The design tables are based on a reference soil density 
of y R = 120 lb / ft 3. For an actual soil density y A• the 
allowable fill height may be scaled by the ratio y RI y A· 

2. For optimum performance, well-graded, granular soils 
should always be used for backfill. Recommended values for 
£soil are given in Figure 7 as a function of percent compaction. 
Allowable fill heights may be linearly interpolated between 
tabled values for intermediate values of £soil· 

3. If the actual total available slot trnvel length 
CA(= number of joints X slot length) is less than the 
reference value C 11 given in the design tables then the actual 
fill height gain (AH, increase above the standard pipe) can be 
found by caling down the reference fill height gain with the 
ratio C Al CR· ote if C ,tf CR > I, l his technique should not 
be used to scale up the fill height gain unless it i known that 
the controlling design criterion will not change. 

4. Finally, for pipe-joint-soil installations outside of the 
scope considered here (e.g., noncircular pipes and nonhomo
geneou soil zones) , the CA DE computer program can be 
used to obtain a de ign solution using finite element tech
niques. The program and documentation are available, free 
of charge, from the FHWA. 

"' c. 3000 

If) 2000 
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_J 

::> 
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1000 
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PERCENT COMPACTION, AASHTO ( T- 99) 

FIGURE 7 Recommended values of Esoil 

versus percent compaction 

SUMMARY AND CONCLUSIONS 

Use of slotted-bolt-hole joints in large-diameter corrugated
pipe culverts permits substantial increases of burial depth up 
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to a factor of 2 or more over that ofunslotted pipes providing 
that good-quality backfill soil is employed. For poor-quality 
soil or smaller diameter-to-thickness ratios, the benefits of 
slotted-joint construction are marginal. 

The maximum allowable fill-height tables presented here 
can be used with conservative confidence providing that the 
slotted-joint culvert system conforms to the stated guidelines 
and assumptions. For other installations (e.g., noncircular 
shapes and stiff inclusions), direct use of the CANDE 
program i recommended. 

Lastly, this design methodology, which is based on sound 
soil-structure interaction theory and backed by experimental 
data, is also applicable to standard unslotted pipes and is 
more rational than the design approach used in national 
standards, such as those of AISI and AASHTO. However, 
the design criterion for flexural strain may be overly con
servative for standard pipes. 
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Wheel-Load-Induced Earth Pressures 
on Box Culverts 

RAYW. JAMES AND DALEE. BROWN 

A full-scale 8- by 8-ft reinforced-concrete box culvert was 
constructed and instrumented with earth pressure cells. Dead 
loads caused by backfill and up to 8 ft of cover were applied in 
2-ft increments. Live loads were applied at each level of cover by 
a test vehicle loaded to represent the alternate interstate design 
load, consisting of two 24,000-lb axles spaced 4 ft apart. 
Measured live-load earth pressures on the top slab are compared 
to various theoretical solutions for concentrated and distributed 
wheel loads and to pressures predicted by a finite element model. 
Empirical equations are presented that for shallow covers more 
accurately model the measured data than do the analytical and 
numerical methods studied. 

The prediction of!ive-load-induced earth pressures on culverts 
under shallow fill is accomplished in design by empirical 
methods such as the AASHTO pyramid loading (J), in which 
the vertical pressure caused by a concentrated or distributed 
load on the surface is calculated by dividing the load by the 
area of the base of a four-sided pyramid having sides with 
specified slopes and apex at the location of the concentrated 
load or truncated top at the rectangular distributed surface 
load. Applicable theoretical methods (2-5) are generally 
based on elasticity solutions, usually involving simplifying 
assumptions oflinearly elastic, isotropic behavior. In addition, 
such methods are cumbersome for application in design. 
Finite element methods using such programs as CANDE (6) 
and SSTIPN (a code written at the University of California at 
Berkeley) have become widely used in design for prediction of 
earth pressures accounting for nonlinear material behavior, 
soil-structure interaction, and complex geometries that cannot 
be easily modeled with the analytical methods. Essential to 
any finite element model are data for testing the validity of 
assumptions regarding material properties and soil-structure 
interaction mechanisms. Anand (7) describes the need for 
reliable full-scale model data as follows: "Most of all, 
experimental data from full-scale models of shallow buried 
rigid pipes are desperately needed to verify the proposed 
analysis." While some recent data (8) have been developed 
concerning blast loading of concrete structures under shallow 
earth covers, few data for wheel-load-induced pressures have 
been reported. 

R. W. James, Department of Civil Engineering, Texas A&M 
University, College Station, Tex. 77843-3136. D. E. Brown, Engi
neering Department, Chandler, Ariz. 85224. 

DESCRIPTION OF EXPERIMENT 

Culvert and Instrumentation 

An 8- by 8- by 44-ft-long (2.44- by 2.44- by 13.41-m) 
reinforced-concrete box culvert was constructed in February 
1982. Thicknesses of the side walls and slabs were 8 in. (20.3 
cm) and 7 in. {17.8 cm), respectively. The culvert was 
constructed according to current Texas SDHPT standard 
specifications for SC-NB Type 3 single culverts-normal. 
The selected 44-ft {13.41-m) length was designed to allow 
construction of a 12-ft (3.66-m) roadway with 2: 1 side slopes 
across the culvert. Twelve Terra Technology ModelT-9010 
total pressure cells were installed in the top slab flush with the 
top surface at locations described in Figure l. The pressure 
cells had a full-scale range of 250 psi ( 1, 720 kPa) and a 
manufacturer's specified accuracy of 0.1 percent full scale. 
The readings were taken with a 50-psi (7.3-kPa) full-scale 
pressure gauge and a resolution of 0.1 psi (0. 7 kPa). Other 
instrumentation included pressure cells on the side walls and 
resistance strain gauges bonded to the reinforcing steel of the 
top slab. Measurements of top-slab deflection were made 
with a deflection dial gauge. The top-slab pressure cells were 
arranged in two banks of six cells each. The pressure cells 
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used were static devices, incapable of indicating dynamic 
loads. 

During February 1982 through September 1984, backfill 
and cover were placed, and measurements of dead- and live
load-induced earth pressures and strains in reinforcing steel 
were made. The measured live-load pressures on the top slab 
are presented herein. Live loads were applied by parking a 
test vehicle at a designated location above the culvert, and 
recording the static earth pressures applied to the culverts. 
Testing was repeated at various cover depths from 8 in . (20.3 
cm) to 8 ft (2.44 m). The soil used to backfill and to cover the 
culvert was obtained at the test site, and has been classified as 
SC-SP, according to the Unified Soil Classification System. 
The liquid limit and plasticity index \Vere 37.5 and 21.3 
percent, respectively. The effective stress parameters C and <P 
were 0 and 31.8°, respectively. The soil properties and 
construction sequence are described in detail by James et al. 
(9). 

Test Procedure 

The test vehicle was a five-axle tractor-semitrailer combina
tion vehicle, having the geometry and axle weights shown in 
Figure 2. The test vehicle essentially simulated the alternate 
interstate design load a tandem of two 24-kip ( i07-kN) axies 
spaced 4 ft ( 1.22 m) apart. The effects of the lightly loaded 
tractor tandem and the steering axle were observed to be 
insignificant in comparison to the effect of the heavily loaded 
rear tandem. 

The test vehicle was parked with the loaded tandem in 
various locations, as presented in Table 1. The pressure cells 
were pressurized according to the manufacturer's specifica
tions, and the indicated pressures recorded. Three separate 
readings were taken for averaging, unless the first two 
readings were in agreement within 0.1 psi (0. 7 kPa). 

Data Reduction and Presentation 

The recorded data were reduced and plotted using a micro
computer. Data reduction con i ted of subtracting the indi
cated pre sure with no live load applied from the indicated 
pressure with live load applied. No temperature correction 
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FIGURE 2 Test vehicle geometry and axle weights. 
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was required because the only observed effect of temperature 
on the cells was a change in the zero pressure offset. The effect 
of this variable offset was eliminated by subtracting the 
indicated pressure for the dead load as long as the temperature 
of the cell did not change between the two measurements. 
Because indicated pressures for the dead load were usually 
measured immediately before application of the live load, this 
temperature requirement was satisfied. The dead-load pres
sures, discussed by James et al. (9), did indicate a significant 
dependence on temperature, attributed to differential thermal 
expansion of the culvert and soil system. 

MEASURED EARTH PRESSURES 

The measured live-load earth pressures are presented in Table 
1. 

EMPIRICAL PRESSURE PREDICTION EQUATIONS 

A number of functions were fit to the data of Table 1 in an 
attempt lo develop an empirical equation for u se in predicting 
design pre. sure under hallow cover . Existing theoretical 
equations for concentrated load n the surface. such as 
Bou sinesq' equation and We tergaard 's equation are not 
applicable for depths of cover that arc not significantly 
greater than some chara.cteri tic di men ion oft he loaded area 
(10) . In addition, the e theoretical equations are based on a 
linearly elastic behavior within the oil and the va lidity of 
thi simplification i not certain. However these equation · 
were included in the set of candidate functions. 

where 

PvL 
W; 

= 

= 
= 

live-load vertical pressure, 
wheel load, and 

(1) 

F(r, z) = reciprocal area that depends on radial distance r 
and vertical distance z. 

The functions considered included the following: 

F(r, z) = (1.5 / 1T)(Az)3[(Br)2 + (Az)2J-2.5 (2a) 

F(r, z) = [1T(Az) 2J- 1[1 + 2(Br/Az)2J-l .5 (2b) 

F(r, z) = (7Tr02)- 1 exp(-z/z0)exp{-[exp(-z/zo)](r/r0) 2} (2c) 

and several members of the family 

F(r, z) = exp[-(Br/ro)2] (2d) 

including functions r 0(z) such as 

= (z/zo) (2e) 



James and Brown 

r0(z) = (z/z~0.5 (2f) 

= exp[(z/z~ 2] (2g) 

= exp(0.5z/z~ (2h) 

Equation 2a is a form of Boussinesq 's equation, as adapted 
to soils engineering by Jurgenson (3) and here modified by the 
dimensionless parameters A and B that multiply the z and r 
position variables, respectively. Equation 2b is a form of 
Westergaard 's equation (I 1), modified here by the dimension
less parameters A and B. Equation 2c is an empirical equation 
that satisfies equilibrium and appropriate boundary condi
tions and that has been suggested as a model of the vertical 
live-load earth pressures (9). The parameters z0 and r 0 are 
constant characteristic lengths that can be determined to best 
fit the data. Equation 2d is a family of functions that also 
satisfy equilibrium and the appropriate boundary conditions, 
but that are expressed in terms of a constant length parameter 
z0 and a function r 0(z) that depends on the dimensionless 
variable z/z0. Functions r0(z) that were considered are listed 
in Equations 2e through 2h. 

These theories do not include the effect of soil-structure 
interaction, and are therefore expected to predict pressures 
slightly greater than the actual pressures. 

Regression Method 

The best-fit parameters A, B, r 0, and z0 for the equations 
listed were determined approximately by nonlinear regression. 
The error norm minimized was 

TABLE I MEASURED EARTH PRESSURES 

EARTH LOAD MEASURED 
COVER LOC . 

in in 5 6 7 8 9 
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where P
1 

and Pm were theoretical and measured earth 
pressures, respectively. 

The weighted error norm was calculated for the various 
equations and local minimums were identified. The weighting 
function was arbitrarily chosen so that pressures near points 
beneath an applied load were more heavily weighted than 
pressures at points some horizontal distance from an applied 
load. The corresponding values of the parameters and the 
ranges checked are presented in Table 2. 

Discussion of Results 

The re ults of the regression ana lysis are presented in Figures 
3- 11, which how the predicted pres ure along a wheel path 
for each of the equations evaluated. The pressure indicated 
for the six pre sure cells along either wheel path are presented 
for compari on. The earth pressures predicted from Equations 
2e through 2h are not presented because the regression 
analysi result in Table 2 indicate relatively poor fit . Also 
shown for comparison are curves representing Boussinesq's 
equation integrated over four uniformly loaded 10- by 20-in. 
(25.4- by 50.8-cm) AASHTO footprints. o parameter were 
introduced to fit these curves to the data. 

The Boussinesq equation (2a) and the Westergaard equation 
(2b) are shown as nearly identical curves, as expected. For 
shallow covers however, these two equations greatly over
estimate the peak pressure directly beneath the wheel foot
print. Because both equations are based on theories of earth 
pressure beneath concentrated loads, this observation is not 
unexpected. Because the maximum earth pres~ure beneath a 
wheel is limited to pressures not much more than the tire 
pressure, which is approximately 70 psi (482 kPa), the 
predicted pressures of over 170 psi (I, 160 kPa) at 8-in. (20. 3-

EARTH PRESSURE IN PSI 
CELL NO. 

10 11 12 13 14 15 16 
feet feet ----------------------------------------------------------
(1) (2) (3) (4) (5) (6) ( 7) (8) (9) (10) (11) (12) (13) (14) 

1 o.o 0.2 0 . 3 - 0.1 -0.3 - 0.l 3.9 34 . 1 -0.1 17 .4 0 . 1 -0.6 -0.3 
2 3 . 0 0.1 -0 . 2 o.o o.o 7.4 3.1 0.3 5.7 6.2 -0.2 3.4 3.0 
2 -4 . 7 0.1 o.o o.o 0.1 o.o 11.l 0.3 0.1 7.5 o.o -0.5 2.3 
2 o.o 0.1 -0 . 1 0.4 7.1 2.5 6.0 13 .2 2.1 11.6 2.2 o.o 3.5 
2 4 . 7 0.1 o.o 0.5 10.5 o.o o.o 8.5 0.6 0.2 1.8 -0.4 -0.2 
4 o.o 0.2 -0.2 0.1 3.3 1.5 2.9 4.1 1.5 2.2 1.8 1.6 2.1 
4 3 . 0 -0.2 -0 . 4 o.o 3.5 0.6 0.3 3.3 1.1 -0.1 1.4 0.7 0.1 
6 0 . 0 -0.2 -0 . 4 0.2 1.2 0.5 1.2 1.9 0.5 0.7 0.8 0.5 0.7 
8 0.0 0 . 7 o.o 0.6 1.9 0.9 1.6 1.7 0.6 1.3 0.7 0.8 0.9 

Note: Load location is the distance from the culvert centerl i ne, 

measured along the perpendicular roadway centerline to the center of 

the loaded tandem. The axle spacing is 4 ft and the tread width is 

approximately 6 , 33 ft. The tandem is centered with respect to the 

roadway centerline . 
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cm) cover a re clearly erroneous. The peak pres ' ure predicted 
by Equation 2c i in much better agreement with the 
measured pres ures and the upper bound approximated by 
the tire pressure. The curve corresponding to the empirical 
Eq uation 2c fits the mi;a ured data at 2 ft better than the 
Boussincsq and Westergaard theories. a llhough the qualita
tive fit of all three cur e to the data at U1i. cover depth is 
judged to be acceptable. T he Boussinesq equation applied to 
the uniformly loaded AA HTO footprints fits the data much 
better than the impler equation. corrcspondi.ng to c n
cent ratcd load ; however, th derivation. from the measured 
pressures are con i tently unconservativc, in spite of the 
expected conservative deviation due to the neglect of so il
structure interaction. T he proposc<l fa1uation 2c fits the data 
better, and deviations would result in conservative de ·igns. 

Also shown in Figure 6 is a comparison to a pretest two
d imensio1ial prcdicti n f live-load pressure distribution over 
the to p slab for an eq uivalent live-load distribution (/ J). 
Al though direct comparison of the numerical so lution to 
mea urements is hampered by the difference in modeled and 
actual l a dings it can be seen that the SSTJ P finite element 
solution obtained in Lhi instance results in unconservative 
pre sures on the top slab. T he assumptions in the method of 
di tributing wheel loads a long the length of the structure are 
thought to be conservative; however the resulting predicted 
earth pre sures are unconservative. A simi lar comparison is 
shown in Figure for 4-ft (1.22-rn) cover. The finite element 
olution for this cover depth more closely approximates the 

measured data, when the difference in the loadings is taken 
into consideration. 

At depths of cover equal to or excecding4 ft ( l.22 m) , the 
Boussine q and Westergaard equation. (2a and 2b) fit the 
~data better than Equation 2c. The difference in predicted 
and measured pres ures are slight for all three equations; 
however, the data indicate locally higher pres ures beneath 
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each wheel, as predicted by the Boussinesq and Westergaard 
theorie for depths as great as 8 ft (2.44 m). The curve 
corresponding to Equation 2c predicts a single loca l maximum 
pressure along the wheel path for depths of 4 fl (I .22 m) or 
mor . The Bou sinesq equations for uniformly loaded 
AASHTO footprints again are consistently unconservative 
compared to the mca ured pressures. 

Several factors account for the comparatively poor pre
dicted pressures by the Boussinesq and Westergaard equations 
at shallow cover depths. First, the actual wheel loads are 
distributed over a finite area, approximated in design by the 
10- by 20-in. (25.4- by 50.8-cm) rectangular AASHTO 
footprint. The Boussinesq and Westergaard equation predict 
the pre · urc beneath a concentrate<l load, resulting in a 
pressure that approaches infinity as the radial and vertical 
coordinates approach zero . For practica l purposes, this 
means the theoretical equa tions should not be used to predict 
earth pre ures in the immediate vicinity of the finite 
footprint , a limitation that has long been recognized. Also 
shown in igure 4 is a pressure distribution calculated using 
the Bous inesq equation applied to a uniformly distributed 
pressure di tributed over the tire contact areas. This curve, 
labeled "Boussinesq (distributed 1 ad)" in Figures 4-7, shows 
that Lhe peak earth pressures predicted by this method are 
ign ifi can lly less than the measured earth pressure . Second, 

the soi l is n~ilher linear elastic nor isotropic as is a ·sumed in 
both theories. Some compensation for these difference is 
made by the parameters introduced in the regression analysis. 
Both the Boussinesq and the Westergaard theories were 
modified by changing variables from rand z to Br and Az, 
with factors A a nd B determined by regress ion to pro ide the 
best fit. In both cases, the data led to values for A and B 
different from I. 

The measured data may include random and systematic 
errors, characteristic of the transducers used . The physical 

TABLE 2 RESULTS OF REGRESSION ANALYSIS 

Equation Parameter Range 
No. Checked 
(1) (2) (3) 

(2a) A 0.5-3.0 
B 0.5-3.0 

(2b) A 0.5-3.0 
B 0.5-3.0 

(2c) ro 0 .6-1.4 ft 

zo 0.6-1.4 ft 

(2e) A 0.5-3.6 
zo 0.3-2.0 ft 

(2f) A 0.02-3.0 
zo 0.5-B.O ft 

(29) A 0.02-3.0 
zo 1-20 ft 

(2h) A 0.02-3.0 
zo 1-20 ft 

Value for 
Best Fit 

(4) 

0.76 
l.50 

0.61 
l.25 

0.62 ft 

l.28 ft 

3.0 
1.2 ft 

0.12 
4.5 ft 

0.1 
12.5 ft 

0.09 
8.5 ft 

Ave. Error 
in psi 

(5) 

1.8 

1.4 

0.7 

45 

45 

50 

45 
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FIGURE 3 Comparison of empirical pressure prediction 
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FIGURE 4 Comparison of empirical pressure prediction equations 
with data from Test 07288352. 

size of the pressure cells results in an averaging of the earth 
pressure over an area approximately 6 in. (15.2 cm) square. 
Locally, high pressures caused by the wheel load may not be 
accurately reflected in the measured pressures, an effect that 
is more significant at shallow earth covers. This effect would 
result in indicated pressures less than actual pressures for cells 
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FIGURE 6 Comparison of empirical pressure prediction 
equations with data from Test 07288342. 

located exactly at the point of maximum earth pressure, and 
indicated pressures more than actual pressures for cells 
located exactly at the point of minimum earth pressure. The 
measured earth pressures are typically several inches from 
local maximum theoretical pressures, at which points the 
errors due to the size of the transducer are expected to be 
negligible. Several data points lie at the location of theoretical 
minimum pressure, and the actual earth pressure may be 
slightly less than the indicated pressure at such points. 
Because the earth pressure gradients are not as great near the 
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FIGURE 8 Comparison of empirical pressure prediction 
equations with data from Test 08108324. 

local minimums, this systematic error is not as important 
near the minimum theoretical pressures as near the maximum 
theoretical pressures. 

H vorslev ( 12) discusses the effect of eccentricity of loading 
on a pressure cell. The presence of earth pressure gradients is 
equivalent to an eccentric loading because the center of 
pressure does not coincide with the geometric center of the 
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FIGURE IO Comparison of empirical pressure prediction 
equations with data from Test 07138426. 

cell. For a 6-in. (15.2-cm) diameter cell, Hvorslev (12) reports 
an average error of 7 percent underregistration for a 33 
percent earth pressure variation across the face of the cell. 
For some of the extreme cases of shallow covers reported 
here, the pressure may experience variations on the order of 
l 00 percent across the face of the cell. The result is that even in 
regions ofuniform pressure gradient without the complicating 
factor of local pressure maxima, the pressure readings may 
include a systematic error. perhaps underregistering on the 
order of 20 percent. 
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H vorslev (12) a I ' o discusses the effect of incomplete 
embedment of the pressure cell in the concrete slab. The cells 
were placed in the plastic concrete of the top slab as nearly 
flush a po sible with the top surface. In spite of installation 
difficulties protrusion of the cell were generally le s than 
0.25 in. (0.64 cm). Hence, any error caused by protrusion wa 
expected to be underregistration in an amount dependent on 
the cell-soil modular ratio. 

CONCLUSIONS 

Data for measured live-load earth pressures is compared to 
existing theoretical and numerical methods, and to proposed 
empirical equations for predicting live-load earth pressures. 
The theoretical equations due to Boussinesq and Westergaard 
can be modified to satisfactorily model the measured earth 
pressure data when the depth of fill is 4 ft (1.22 m) or greater. 
For measured data at depths of cover up to 2 ft ( 1.22 m), the 
theoretical equations, even with empirical scaling parameters 
chosen for best fit, do not fit the data satisfactorily. The 
empirically determined Equation 2c appears to fit the data 
much better, particularly with respect to prediction of 
maximum earth pressure. The Boussinesq and Westergaard 
theoretical earth pressure equations for concentrated loads 
predict earth pressures considerably greater than the tire 
pressure at 8 in. (20.3 cm) of earth cover, whereas the 
Boussinesq equation applied to a uniformly distributed 
AASHTO footprint loading predicts pressures significantly 
less than measured. The potential systematic errors discussed 
probably result in underregistration of maximum earth 
pressures, and the suggested empirical equation appears to 
generally overestimate the measured earth pressures for 
covers up to 2 ft (0.61 m). Because the regression parameters 
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in the proposed empirical equation are determined based on a 
data set including cover depths up to 8 ft (2.44 m), a better fit 
of the measured data for covers of2 ft (0.61 m) or less could be 
determined. However, the apparent conservativism of the 
proposed equation i considered advantageous in the light of 
the potential ystematic mea ·urement errors. 

The predicted wheel-load-induced pressures can be com
pared to the uniform pressures used in the AASHTO design 
procedure. Table 3 provides a comparison of the peak 
pressures calculated by Equation 2c and the AASHTO 
uniform design pressure for the 12-kip (53-kN) wheel loads of 
the let. Impact has not been included, and the 9.33-ft (2.84-
m) wid l h of the culvert top lab has been used as the limiting 
width of the AASHTO design area. From Table 3, it can be 
shown that the proposed equation predicts considerable 
higher pressures at 2 ft (0.61 m) of cover than does the 
AASHTO method. The deviation of the two methods is 
considerably less at greater depths of cover. 

The proposed empirical equation offers the advantages of 
simplicity and accuracy for prediction pressures at cover 
depths of 2 ft (0.61 m) ofless, with deviations from measured 
pre ures generally resulting in conservative designs. It 
should be noted that thei>roposed equation does not provide 
a different pressure distribution transverse to traffic as 
would be expected because of the shape of the wheel 
footprints. 

The finite element oh1tion compares acceptably with the 
mea ured data at depth of fill of 4 ft ( 1.22 m) (13). but at 
shallo\ cover. of 2 ft (0.61 m) or less the finite element model 
resulted in unconservative predicted pressures. The finite 
element method is a two-dimensional solution, and direct 
comparison with the three-dimensional measured and 
theoretical earth pressures is difficult. In addition the finite 
element olution u ed a s.inglc axle carrying 32 kip (142 k ) 
instead of the actual tandem 24-kip (I 07-k ) axles tested. 
The finite element simulation was made in advance of the 
tests, using soils data from laboratory tests at the site and 
proven modeling techniques. 

TABLE 3 COMPARISON OF PEAK EARTH PRESSURES 
TO AASHTO METHOD 

Cover AASHTO 

(ft) 

0.67 
2 
4 
6 
8 

Pressure 
(psi) 

6.8 
2.7 
2.1 
1.8 

Note: Impact is neglected. 

PRACTICAL APPLICATIONS 

Equation (2c) 
Pressure 
(psi) 

40 
15.6 

3.6 
1.6 
o.s 

The measured data are applicable to de. igners of box culverts 
for service under less than approximately 2 ft (0.61 m) of 
cover. Extension of the results to box geometries or oils 
significantly different from those tested hould be done with 
caution. The data or the empirical equations presented can be 
used for design or as a test case for evaluation of finite 
element method to soil-structure interaction for culverts or 
similar structures. 
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Passive Lateral Earth Pressure Development 
Behind Rigid Walls 

S. BANG AND H. T. KIM 

An analytical solution procedure is described to estimate the 
developed passive lateral earU1 pressures behind a vertical rigid 
retaining wall rotating about it toe or top into a mass of 
cohesion less soil . Various stages of wall rotation, from an at-rest 
state to an initial passive state to a full passive state, are 
considered in the analysis. A condition of failure defined by u 
modified Mohr-Coulomb criterion and equil.ibrium conditions 
are used to obtain the necessary equations for solution. The 
development of friction along the wall surface at various tage 
of wall rotation i also taken into account in the ana ly is. Finally, 
the res ults predjcted by the developed method of analysis are 
compared with those obtained from the experimental model 
tests on loose and dense sand. The comparisons show good 
agreements at various stages of wall movement. 

T he estimation and prediction of the latera l ea rth pressure 
developmelll ha ve been among the mo t important aspects in 
geotechnical engi neering. The development of act ive lateral 
earth pressures in particular has received a considerable 
amount of attention, because a majority of retaining structure 
are des igned based on the active lateral earth pressure due to 
the tendency of outward movement. However, design of 
many geotechnical structure require con ~ ideration of pa sive 
la tera l earth pressures. Several a nalytica l and experimental 
studies have been made in the pa t to in ve tigate the 
magnitude a nd di stribut ion of pa ivc latera l ea rth pres ure. 
developed behind the retai ning wa lls (/-5). These studie ha ve 
been helpful for understanding the mechanism of the 
develo pment of passive la teral ea rth pressures. However. 
most of the analytical studies fa il to provide adequate 
comparisons with experimental model test res ult . T his 
failure may be in part due to the uncertainties associated with 
the variations of the soil strength and the wall friction with 
respect to the magnitude of wall movement. A need for an 
analytical solution that takes into account the variation of 
material properties at various stages of wall movement 
therefore has been realized . 

This paper presents an analytical solution method that 
describes the transition of the pa sive lateral earth pres ure 
from a n a t-rest state to an initia l passive state to a full pa ive 
ta te behind a ve rtical rigid wall rotating a bout its toe or top 

into a mas of cohcs ionlcss so il. The at-res t state i defined as 
a stage of no wall movement. The initial passive state refers to 
a stage of wall rotation when only the soil element either at 

Department of Civil Engineering, South Dakota School of Mines 
and Technology, Rapid City, S. Dak. 57701-3995. 

the top or at the toe of the wall, depending upon the location 
of rotation center, experiences a sufficient amount of 
deformation (limiting deformat ion) to achieve a limiting 
passive condition. The full passive state occurs when the 
entire zone of soil elements from the top to the toe of the wall 
is in the limiting passive condition. 

When the retaining wall rotates about its toe, the initial 
passive state will be developed initially at the top of the wall, 
whereas the wall rotation about its top produces the initial 
passive state at the toe of the wall first. The original concept 
of this approach and the theoretical formulation and the 
numerical procedures applied to the solution of active lateral 
earth pressure development have already been described by 
the authors (6). 

The analytical method developed has been applied to 
estimate the passive lateral earth pressures behind a rigid 
retaining wall experiencing rotations about its toe and top at 
various stages of rotation. The results are compared with 
those of experimental model tests and show in general good 
agreements, indicating the effectiveness of the proposed 
method of analysis. 

THEORETICAL BACKGROUND 

Full details of the formulation have been presented by Bang 
and Kim (6) previously; therefore only a brief summary of the 
principal features is given in the following paragraphs. 

The fundamental equations governing the behavior of the 
system are those for two-dimensional plane-strain equilibrium 
(7). 

(1) 

where y indicates the unit weight of the soil. The center of the 
coordinate is located at the top of the retaining wall with x 
and z axes being taken positive toward the backfill and 
downward, respectively. It is obvious from Equation I that 
an additional equation is necessary to solve for the three 
unknown stresses. Using any familiar failure criterion for this 
purpose will lead to the solution at the limiting state, that is, 
at failure . Sokolovskii (8) solved this problem with a Mohr
Coulomb failure criterion in 1965. In this paper, however, to 
describe the transition of the passive stresses from the at-rest 
to the full passive state (the limiting state), a relationship 
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between the major and minor principal stresses has been 
assumed: 

Principal stress ratio= (1 - sin t/J)/(l +sin t/J) (2) 

In Equation 2, the angle t/J describes the slope of the line 
tangent to the stress Mohr's circle (Figure l). Note that ifthe 
angle t/J equals -<I> (the internal soil friction angle), Equation 
2 reduces to Rankine's passive lateral earth pressure 
expression. 

T 

0 

0 

FIGURE 1 Mohr-Coulomb stress relationship. 

The angle t/J is assumed to vary in magnitude from ¢ 0 
to -</>,where <l>o indicates the inclination angle relating CT 1 and 
a 3 in the at-rest state . Note that a negative magnitude of 
friction angle is used for the purpose of developing a general 
formulation, that is, a positive friction angle describes the 
transition of active lateral pressures. The value of <l>o can be 
easily obtained if the at-rest lateral earth pressure coefficient 
K 0 is known. 

¢ 0 =sin-I [(I - KQJ/(J + KOJ] (3) 

By varying the angle t/J from ¢ 0 to -</>, Equation 2 could 
represent both the at-rest and full passive states . However, 
when the wall experiences movements other than translational, 
the resulting rotation may produce different stress ratios at 
different depths. In other words, a portion of the backfill soil 
may experience deformations exceeding the limiting value, 
whereas the remaining portion may not. The former case 
would then achieve the t/J = -<I> state and the latter case the 
<1> 0 > t/J > -<I> tale. Therefore, the angle t/J describing the 
relationship between the major and minor principal stresses 
may have to be described as a function of the depth z. 

Based on this assumption and Mohr's circle relationship, 
three unknown stresses can be expressed as 

ax= a[l + sint/J(z)cos28] 
CT z = a[ I - sint/J(z)cos28] 
r xz = asint/J(z)sin28 

where 

(4) 
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(a 1. + a 3)/ 2 at any depth z, and a = 
B = rotation angle from the x-axis to the direction of a 1 

measured clockwise positive (Figure 2). 

x 

z 
FIGURE 2 Orientation of pseudoslip lines. 

Substitution of Equations 4 into Equations I leads to the 
following pair of differential equations (6): 

da + 2atant/J(z)dB = y (dz+ tant/J(z)dx) 
+ a [ot/J(z)/ oz] dx 

da - 2atant/J(z)dB = y (dz - tant/J(z)dx) 
- a [ot/J(z)/ oz ]dx 

(5) 

(6) 

Equations 5 and 6 contain the four unknowns x, z, a, and 
8. Additional two equations for the necessary solutions can 
be obtained from the geometry of the slope ofpseudoslip lines 
as shown in Figure 2. As can be seen from the figure, the 
slopes can be expressed as 

dz/ dx = tan(B ± µ) (7) 

whereµ indicates a rotation angle from the direction of CT 1 to 
the pseudoslip lines. It is obvious from the Mohr-Coulomb 
stress circle relationship (Figure I) that 

µ = rr/4 - t/J(z)/2 (8) 

Equation 5,8 can be olved simultaneously with ap
propriate boundary condition ·. A backward finite difference 
method ha been applied for the · lution. The resulting 
expressions are as follows: 

z .. - z . 1 . = (x . . - x . 1 ~tan(B. 1 . - µ . 1 ) l,j I· J I,) J- jJ I- J J- J' (9) 

(10) 

-a.1 rx .. -x.1.)o·i./ozl·1 · I- J\ I,] I- ,j 'I' 1- J (11) 
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( <T i,J - <T i,j-1) + 2u i,J-1 ( (} iJ - (} i,j-l)tanl/J i,j-1 

= y[(z;J- z;,1_1) + (x;,1 - xiJ- 1)tanl/J;,J-i1 

+ (T .. 1(X .. - x .. 1)al/1 I az J .. I /,)- I,) 1,)- l,j-
(12) 

Equations 9-12 completely describe recurrence formulas for 
the determination of Lhe pseudoslip line coordina.tc x1J and 
zfJ' the pseudoslip line lope (81J± µ;)•and the a ociated 
average stre (u ;) in term of previous values at coordinates 
i-1 J and i,j-1. The solution process starts from the backfill 
ground surface whose coordinates and stress values are 
known and proceeds to the back face of the wall (8) . 

However, the detailed solution steps require a description 
of the function l/J(z) and its derivative, which define the 
transition of lateral earth pressures from the at-rest to the full 
pa sive tate. As discussed before, the function varies from ¢ 0 
in the at-re t state to -¢in the full passive late. The variation 
between these two extreme values is assumed to be as follows: 

I . Rotation about the toe. Let f3 denote the stage of wall 
rotation so that f3 = 0 for the at-rest state, f3 = 1.0 for the 
initial passive state, and f3 = 2.0 for the full passive state. In 
other words, for values of f3 between 0 and 1.0, transition 
from an at-rest to an initial passive state is described with f3 
directly proportional to the deformation of the wall, that is, in 
the elastic range. 

Values of f3 between 1.0 and 2.0 describe the transition 
from an initial passive to a full passive state, that is, in the 
elastoplastic range. Figure 3 shows the schematic variation of 
l/J(z). At f3 = 1.0, the variation of l/J(z) is assumed to be 
l/J(z) = -</J at z = 0 and l/J(z) = ¢ 0 at z = H, because by 
definition the initial passive state describes a stage of wall 
rotation when only the soil element at z = 0 reaches a limiting 
passive condition. The original concept of this approach was 
first proposed by Dubrova as reported by Harr (9) in his 
method of redistribution of pressures. 

The variations of l/J(z) at various values of f3 assumed in the 
analysis are shown in Figure 3. They can be expressed, for 
0 :::; f3 :::; 1.0, as 

l/J(z) = ¢ 0 - (</J + </Jo)(! - z/ H)/3 

al/J(z)/az = /3(</J + </Jo)/H 

_, 
0 

z 
FIGURE 3 Variation of t/J (z), toe rotation. 

(13) 

~o 

fJ = 0 
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For l.O < f3 :::; 2.0, within a zone already in the limiting 
passive condition [O :::; z :::; (/3 - !)HJ, 

l/J(z) = -</J 

al/J(z)/az = 0 (14) 

Within a zone not yet in the limiting passive condition 
[(/3 - l)H :::; z:::; HJ, 

l/J(z) = ¢ 0 - (</J + </Jo)(/3 - z/ H) 

al/l(z)/az = (¢ + ¢ 0)/ H (15) 

2. Rotation about the top. The description of l/J variation 
in this mode of retaining wall movement remains the same as 
for the case of toe rotation, except the initial passive state 
occurs at the toe of the retaining wall. Applying the same 
logic, one obtains for 0 :::; f3 :::; l.O, 

l/J(z) = ¢ 0 - (</J + </Jo)z/ H/3 

al/J(z)/az = -/3(</J + ¢ 0)/H (16) 

For 1.0 < f3 :::; 2.0, within a zone already in limiting passive 
condition [(2 - f3)H < z :::; HJ, 

l/J(z) = -</J 

al/J(z)/az = 0 (17) 

Within a zone yet to reach the limiting passive condition 
[O :::; z :::; (2 - {3)HJ, 

l/J(z) = ¢ 0 - (<J> + <J>o)(/3 - l + z/ H) 

al/J(z)/az = -(<J> +</Jo)/ H (18) 

The variation of the angle l/J(z) in this mode of retraining wall 
movement is schematically illustrated in Figure 4. 

(2 - fJ) H 

+ 

fJ = 2 

H 

z 
FIGURE 4 Variation of t/J (z), top rotation. 

lfl(Z) 
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COMPARISON WITH MODEL TESTS 

The results from the proposed method of analysis were 
compared with those from model test results reported by 
Narain et al. (4). The height of the wall was 1.5 ft and hand 
tamping was used to obtain the desirable soil densities. The 
tests were performed on dry Ranipur sand using a model wall 
made of steel. Included were two types of passive wall 
movement, rotations about the toe and the top. The normal 
pressures developed on the wall at different displacements 
were measured using three soil pressure transducers, located 
at depths ofO. 33, 0. 88, and 1.33 ft from the top of the backfill. 
The displacements of the wall shown in Figures 5-8 were 
measured at its midheight. 

Figures 5-8 show the detailed comparisons of predicted 
and measured passive lateral earth pressures on the wall at 
various stages of wall rotation. The internal friction angle</> 
of sand and the wall friction angle 6 reported by Narain et al. 
( 4) with other pertinent soil properties used in the analysis are 
also included in the figures. The values of initial at-rest lateral 
earth pressure coefficient K 0 were obtained from the measured 
earth pressure distributions at rest, which were essentially 
constant with depth. The unit weights y of the sand, however, 
were backcalculated from the relationship between the soil 
density and its angle of internal friction reported by Sherif et 
al. (JO) (because ara.in et al. did not report these properties). 
The values of (3 indjcating the variou stages of wall rotation 
as shown in the figures were obtained from limiting deforma
tions defining the passive state. The limiting deformations 
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FIGURE 5 Model test comparison for loose sand, toe rotation. 
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were calculated by assuming that at f3 of 1.8 or greater the 
passive earth pressures were close to the largest measured 
values. 

As shown in Figures 5 and 6, in general the agreements are 
good for the cases when the wall rotates about its toe with 
loose or dense sand backfill, except near the toe of the wall 
with relatively large deformations. When the wall experiences 
a rotation about its top, the comparison shows good agree
ment for loose sand (Figure 7) but not as good for dense sand 
(Figure 8), particularly at the pressure cell located near the 
midheight. It is highly unlikely that, as the middle pressure 
cell measurements in Figure 8 indicate, the passive pressure 
decreases as the wall rotation increases. Overall, the calculated 
lateral earth pressures predict measured values reasonably 
well, considering the uncertain variations in measurements. It 
is also noted that when the wall rotates about its toe, 
para bolically-shaped pressure distributions are obta ined 
dming transi tion periods from both ana lytical and experi
mental results (Figures 5 and 6). Similar observations have 
been made during the study of active lateral earth pressure 
transition, supporting many previous researchers' findings, 
both analytical and experimental, that suggest a similarly 
shaped pressure distribution. 

CONCLUSIONS 

A numerical solution method has been developed to estimate 
the magnitude and distribution of the passive lateral earth 
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pressures behind a vertical rigid wall supporting cohesionless 
backfill soil. Included are various stages of wall rotation 
about either the top or the toe. The developed method is 
capable of predicting the transition of the passive lateral earth 
pressures, starting from the at-rest state associated with no 
wall movement to the initial-passive to the full-passive state 
when the entire soil mass is in limiting equilibrium state. 
Comparisons with several experimental model test results 
have also been made and good agreements are observed. 

The proposed solution method can be further improved 
without difficulty to take into consideration the depth
dependent strength and material characteristics, the sloping 
backfill, and the layered soil deposits. It can also be expanded 
to analyze the transition of lateral earth pressures associated 
with various types of wall movement, including the translation 
and the rotation about the midheight under an active or 
passive condition. 

The developed solution method includes many assumptions; 
namely, the limiting deformation to achieve a passive state, 
the validity of Mohr-Coulomb failure criterion, and the 
relationship between major and minor principal stresses. 
These assumptions should therefore be studied further, as 
additional experimental data become available, so that the 
true behavior of the lateral earth pressure transition can be 
modeled effectively. The effects of various parameters defining 
the system can then be analyzed in detail through an 
analytical parametric study. 

o.5 

1.0 

1.5 

0.5 
,:: 
~ 

:I: ,_ .. 
w 
0 

1.0 

67 

p- 1-6 
6 • 0.7.S In. 

fj = 1.2 
o = 0. 39 in. 

0.5 

.. 
1.0 

400 ~ 1200 

1.5 

1600 400 800 1200 1600 

PRESSURE (PSF) 

DENSE SAND (TOP ROT.) 

0 
1.8 
1.58 In. 

0.5 

• .. 
1 0 

1.5 .. ,-~~---~-... 

<CO 800 1200 1600 0 400 800 1200 1600 

PRESSURE (PSF) 

DENSE SAND (TOP ROT.) 

Soil Sample: ~ = 42" --+-- calculated 
d = 23.5 • & measured 
K

0 
= 0,96 

r 0 106.1 pc l 

FIGURE 8 Model test comparison for dense sand, top rotation. 

REFERENCES 

I. K. S. Wo ng. Elasto- Plastic Finite-Element Analyses of Passive 
Earth Pressure Tests. Ph.D. d.isscrtation, University of 
California, Berkeley, 1978. 

2. R. G . .Ja mes and P. L. Bransby. xperimental and Theorel.ical 
Investigations of a Pa sive Earlh Pressure Problem, Geo
tech'nique, Vo l. 20, No. I, 1970. 

3. J . Gra ham. Calculation of Passive Pressure in Sand. Canadian 
Geoteclmical Journal, Vol. 8, 1971. 

4. J . 1ara in, S. · aran, and P. andakumaran. Model tudy of 
Passive Press ure in Sand . Jo11mal of the Soil Mechanic.t and 
Fou11dtttio11s JJivfsion, ASCE, Vol. 95, o. SM4, July 1969. 

S. P. W. Rowe and K. Peaker. Pas. ive Earth Pressure Mea ure
menl . Geoteclmique, Vol. IS, o. I, 1965. 

6. S. Ba ng a nd H. T . Ki m. At- Re t to Active Earth Pressure 
Tra n iti on. In Transpcmation Research Record 1105, TRB, 

ational Research ouncil, Washington. D.C., 1986. pp. 
4 1-47. 

7. S. P. Timoshcnko and .J. N. Goodier. Theory of Elasticity. 3rd 
ed. , McG raw-Hill , New York, 1970. 

8. V. V. Sokolovskii. Statics of Granular Media. Pergamon, 
Oxford, 1965. 

9. M. E. Harr. Foundations of Theoretical Soil Mechanics. 
McGraw-Hill, New York, 1966. 

JO. M. A. Sherif, I. Ishiba ·hi, and C. D . Lee. Dynamic Earth 
Pressures Against Re1aining Structures. oil Engineering 
Resea rch Report 21. University of Washington, eattle . .J an. 
198 1. 




